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ABSTRACT: Ultrafast photochemical reactions in liquids occur on similar or shorter
time scales compared to the equilibration of the optically populated excited state. This
equilibration involves the relaxation of intramolecular and/or solvent modes. As a
consequence, the reaction dynamics are no longer exponential, cannot be quantified by
rate constants, and may depend on the excitation wavelength contrary to slower
photochemical processes occurring from equilibrated excited states. Such ultrafast
photoinduced reactions do no longer obey the Kasha—Vavilov rule. Nonequilibrium
effects are also observed in diffusion-controlled intermolecular processes directly after
photoexcitation, and their proper description gives access to the intrinsic reaction
dynamics that are normally hidden by diffusion. Here we discuss these topics in relation
to ultrafast organic photochemical reactions in homogeneous liquids. Discussed
reactions include intra- and intermolecular electron- and proton-transfer processes, as
well as photochromic reactions occurring with and without bond breaking or bond
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formation, namely ring-opening reactions and cis—trans isomerizations, respectively.
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1. INTRODUCTION

1.1. Preliminary Remarks and Scope

Direct real-time visualization of the progress of a chemical
reaction has been one of the holy grails in chemistry.' To reach
this goal, two major issues had to be solved: (i) how to initiate
the chemical reaction efficiently and quickly enough and (ii)
how to identify the various chemical species involved in the
process and follow their temporal evolution. These issues were
solved, at least partially, more than 60 years ago by pioneers
such as Eigen, Norrish, and Porter, who used short pulses of
energy (ie., either a temperature jump or a flash of light) to
bring a chemical system out of equilibrium and then applied
optical spectroscopy to monitor its relaxation back to
equilibrium.”® With the invention of the laser and the
development of ever shorter optical pulses, photochemical
reactions proved to be ideal for kinetic and mechanistic
investigations. Since the seminal work of Norrish and Porter,’
tremendous progress in the time-resolution and the probing
techniques was achieved. Nowadays, laser pulses of a few tens
of femtoseconds are routinely available at wavelengths
corresponding to the valence electronic transitions. Moreover,
the temporal evolution of the photoinduced processes can be
monitored in spectral domains ranging from the X-ray to the
THz regions. Thanks to these powerful tools, processes that
were considered as quasi-instantaneous can now be investigated
in detail. Consequently, our understanding of the dynamics of
chemical reactions, especially those occurring from an
electronic excited state, improved remarkably.

As stated in the title, we will focus on the dynamics of
ultrafast photochemical processes of organic molecules in
liquids. The definition of an “ultrafast process” evolved in
parallel with the availability of ever shorter optical pulses. Here,
we will consider a reaction as ultrafast not according to its
absolute time scale, but rather according to its relative time
scale with respect to those of other processes, such as solvent
and vibrational relaxation, or diffusion in the case of
intermolecular reactions. According to the Franck—Condon
principle, optical excitation of a solute prepares its excited state
out of equilibrium. Indeed, in the Franck—Condon excited
state, the surrounding solvent molecules are still in the
orientation of the ground state. Similarly, the intramolecular
nuclear coordinates are also the same as in the ground state.
Equilibration of the excited state involves the relaxation of both
these solvent and nuclear coordinates and takes place on time
scales ranging from a few tens of fs to several tens of ps or
longer, as briefly discussed below. We will consider a reaction as
ultrafast when it occurs on a shorter or a similar time scale as
the time scales of these relaxation phenomena. In this case, the
chemical reaction does not take place from an equilibrated
excited-state population. Consequently, it no longer follows

simple kinetics, characterized by a rate constant, but rather
exhibits nonexponential dynamics with a time-dependent rate
coefficient. Moreover, the dynamics depend on the initial
location of the population on the excited-state surface.
Consequently, it also depends on the excitation wavelength,
in contradiction with the Kasha—Vavilov rule. The latter states
that both emission and photochemistry take place from the
lowest electronic excited states (i.e., the S; and the T, states for
closed-shell molecules) and, consequently, are independent of
the excitation wavelength.”

We will limit ourselves to organic molecules, which, in most
cases, have closed shells. We will thus not address inorganic
molecules, particularly transition metal complexes, whose
photophysics differ substantially from those of organic
molecules, and for which departures from the Kasha—Vavilov
rule are not exceptional. We will also only consider processes
occurring in homogeneous liquid environments and, therefore,
will not discuss photobiological or interfacial processes. Room-
temperature ionic liquids (RTILs) represent a new class of
liquid solvents that have attracted strong attention over the past
decade. These solvents are generally highly viscous and their
structure and dynamics are still not fully understood. As the
dynamics of photochemical reactions in these RTILs were
reviewed recently,” ultrafast processes in these liquids will only
be marginally mentioned.

In the following, we will discuss some of the most elementary
photochemical reactions, where the above-mentioned non-
equilibrium effects can be observed. We will start with electron-
transfer and continue with proton-transfer reactions. As these
two processes involve the transfer of an electric charge, solvent
modes may contribute strongly to the reaction coordinate. On
the other hand, intramolecular modes, especially those affecting
the relative position of the accepting and donating sites can play
a crucial role in proton-transfer reactions. Consequently, the
dynamics of these chemical reactions can be substantially
entangled with the relaxation dynamics of these reactive modes.
We will distinguish between intra- and intermolecular electron-
and proton-transfer processes. The latter require the diffusion
of the reactants to a distance/orientation at which the electron
or proton transfer can take place. Therefore, the rate of these
processes should not exceed that of diffusion. However,
nonequilibrium effects associated with the reactant-pair
distribution can be observed in such diffusion-limited processes,
especially at a short time after excitation. A proper account of
this nonequilibrated stage of the reaction gives access to the
intrinsic reaction dynamics that are normally hidden by
diffusion. On the other hand, the neglect of these early
dynamics, which can extend into the tens of nanoseconds time
scale in viscous environments, can lead to erroneous
conclusions.

We will then discuss photochromic reactions, distinguishing
isomerization processes from those reactions where bonds are
broken and/or formed such as ring-opening reactions. In
general, these processes involve substantial structural changes,
which can, in turn, strongly affect the potential energy
landscape of the electronic states and the energy gap between
the relevant states. These distortions give access to conical
intersections between the potential energy surfaces, which can
often be reached without an intervening energy barrier. As a
result, these reactions are generally ultrafast and their dynamics
often depend on the excitation wavelength.
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Before going into the details of these reactions, we briefly
discuss the most important aspects of solvent and vibrational
relaxation.

1.2. Solvent Relaxation

Elementary chemical reactions, like electron and proton
transfer, as well as electronic excitation of nonsymmetric
molecules, involve substantial charge redistribution and, thus,
changes of the local electric field. As a consequence, the
orientation of the surrounding solvent molecules, especially the
dipolar ones, has to change to minimize the overall free energy
of the product. This process is usually called solvation or
solvent relaxation. As shown in the next section, its dynamics
play a key role in the dynamics of electron and proton transfer
reactions. Access to the solvent dynamics was first obtained
using dielectric spectroscopy in the microwave region.’ The
measured frequency-dependent complex dielectric constant was
analyzed using different line shape functions originating from
dielectric continuum theories,” the simplest being the Debye
equation, which contains a time constant, the so-called Debye
relaxation time, 7p, in the denominator. This quantity is related
to the longitudinal dielectric relaxation time, 7;:

T, = 8(00)‘[
YT oe0) P (1)

where £(0)and &(co0) are the static and optical dielectric
constants, respectively. Some solvents are characterized by a
single Debye relaxation time, like acetonitrile with 7, = 3.4 ps,
whereas alcohols are described by a sum of several Debye
functions and several 7, for example around 1, 7, and 50 ps for
methanol.””

According to the continuum model, the longitudinal
dielectric relaxation time reflects the relaxation of the solvation
free energy after a prompt change of the local field and is thus
the quantity of interest. Therefore, the solvation time of
acetonitrile should be of the order of 200 fs. In general, these
measurements were performed at frequencies up to ~100 GHz,
and therefore relaxation components shorter than ~1-2 ps
could not be resolved.

More direct information on the relaxation dynamics of the
solvent around a solute was obtained from measurements of the
dynamic Stokes shift, ie., the frequency down shift of the
fluorescence spectrum of a probe molecule following optical
excitation. This approach, based on pioneering works in the
60s,""""* started to be really exploited at the end of the
80s>™"7 and is probably the most used method now. The
quantity obtained from this measurements is the spectral
response function, C(t):

v(t) — v(o0)
v(0) — v(o0) ()

where 1(0), v(t), and v(c0) are either the peak or mean (first
moment) frequencies of the fluorescence band at time 0, time ¢
and infinite time, respectively. This function directly reflects the
time evolution of the solvation free energy, as long as the
measured Stokes shift is only due to solvation and not due to
vibrational or structural relaxation following optical excitation.
The first studies, with a resolution of a few picoseconds,
resulted in solvation times consistent with the 7; values from
dielectric spectroscopy.lé’17 However, subsequent investigations
with better time resolution revealed that a large fraction of
solvent relaxation takes place within 100 fs via inertial motion
of the solvent molecules. This contribution, already predicted

C(t) =

by molecular dynamics simulations,"®"” was first experimentally

evidenced in acetonitrile®® and subsequently in many other
solvents.”' ~** Thus, dipolar solvation involves both ultrafast
inertial motion and slower diffusive motion with the latter
depending on the solvent viscosity. A detailed investigation of
the solvation dynamics of coumarin 153 (1a, Chart 1) in 24

Chart 1. Solvation Probes Used in Fluorescence Dynamic
Stokes Shift Measurements
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solvents using fluorescence up-conversion with a 100 fs
instrument response function (IRF) was reported by Horng
and Maroncelli.”* The solvation times reported there are still
used as references.

Apart from dielectric spectroscopy and dynamics stokes shift,
deep insight into solvent dynamics was also obtained using
other techniques, such as photon-echo, spectral hole burning,
2D-IR spectroscopy, or the optical Kerr effect.”*™ The
equivalence between all these methods is based on the linear
response approximation, which states that solvent relaxation
does not depend on how far from equilibrium it starts from,
and that it involves the same motion as solvent fluctuations
around the equilibrium. There are presently very few reports of
a breakdown of this approximation. Most of them concern
electron transfer reactions between atoms.”>*” From transient
two-dimensional infrared measurements on a transition metal
complex, Hamm and co-workers have shown that solvent
fluctuations around equilibrium occur on a different time scale
than nonequilibrium solvent relaxation,” in contradiction with
the linear response approximation.

Another implication of this approximation is that the
solvation dynamics should be independent of the probe, unless
specific solute—solvent interactions are operative. At the
moment, there are only few systematic studies on the probe
dependence of dipolar solvation dynamics. Maroncelli and co-
workers compared the solvation dynamics of 16 organic
fluorescent probes (e.g, 1—6 in Chart 1) in 1l-propanol at
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253 K, using time-correlated single photon counting (TCSPC)
with a 50—60 ps instrument response function (IRF) and did
not detect significant probe dependence as long as H-bondin
interactions between the solute and the solvent were absent.”
More recently, Ernsting and co-workers measured the solvation
dynamics of four probes in water (among them 2d, 7 and 8 in
Chart 1) and five probes in methanol (among them 1a, 2a and
7 in Chart 1) using broadband fluorescence up-conversion
spectroscopy with a 85 fs IRF.” Whereas no probe dependence
of the relaxation dynamics was found in water, the slower part
of the dynamic Stokes shift in methanol was found to vary by a
factor of ~2 depending on the probe. This dependence was
ascribed to the effect of solute motion on the solvent relaxation,
which strongly varies with the size of the solute. The authors
suggested to determine the solvation dynamics of the immobile
solute by dividing the experimentally measured solvation
correlation function by r(t)% where r(t) is the anisotropy
decay of the solute and a is a solute-dependent empirical
parameter. With an «a value varying between 0.6 and 14
according to the solute, the solvation dynamics of the immobile
probe was found to be essentially solute independent. More
recently, the substantial probe dependence of the dynamics
Stokes shift found in RTILs was shown to be still present even
after correction for the reorientation of the solute."

This question deserves more systematic investigation. With
the advent of broadband fluorescence up-conversion spectros-
copy,’"** determination of the dynamic Stokes shift has
become much faster and more reliable than with the spectral
reconstruction method. Therefore, better understanding of the
solute dependence of solvation relaxation and of the limit of
validity of the linear response approximation can be expected in
the near future.

1.3. Vibrational Relaxation

In many cases, optical excitation of an organic molecule does
not only involve the purely electronic 0—0 transition but is
often accompanied by the population of a vibronic excited state.
The vibrational energy initially concentrated in Franck—
Condon active modes spreads into other intramolecular
modes of the molecule via so-called intramolecular vibrational
redistribution (IVR) or dissipates into the environment via
vibrational cooling. IVR occurs via anharmonic coupling and
results in the establishment of a vibrational temperature of the
molecule. Depending on the amount of excess energy
accompanying the optical excitation, an electronic excited
state can in principle reach relatively high temperatures upon
IVR. For example, the vibrational temperature of perylene in
the S, state after vibronic excitation with an excess energy of
~0.2 eV at room temperature and subsequent IVR can be
estimated to be of the order of 370 K.****

The dynamics of a photochemical reaction occurring before
the IVR takes place can be expected to depend substantially on
the amount of vibrational energy, especially if the Franck—
Condon active modes populated upon photoexcitation are also
coupled to the reaction.

On the other hand, if the photochemical reaction is slower
than the IVR, but faster than the vibrational cooling, excess
vibrational energy should have a similar effect to a temperature
rise. If the reaction is thermally activated, such a vibrational
excitation should lead to a strong acceleration of its dynamics.

The dynamics of IVR were mostly investigated in the gas
phase.” Tt was found to occur sequentially: the vibrational
energy flowing first into relatively high frequency doorway

modes, from which it is further redistributed into lower
frequency modes. As a consequence, the efficiency of this
process depends dramatically on the size of the molecule. For
small molecules in the electronic ground state, IVR takes place
on a 10 to 100 ps time scale.”*® It was found to be faster in the
solution phase due to the so-called solvent-assisted IVR.*”**
For example, the slower part of the IVR dynamics of benzene
upon excitation of an overtone of the CH stretch mode was
found to change from 50 to 4 ps upon going from gas phase to
CF,CICCLF solution.”” However, for many small molecules in
solution, vibrational cooling takes place before IVR is
complete.”” In the case of larger molecules, IVR and vibrational
cooling have often been considered to take place on relatively
separate time scales and consequently to occur sequentially.
Indeed, IVR time constants ranging from 10 fs to several
hundreds of fs were reported for molecules in an electronic
excited state,”*>* whereas vibrational cooling times between
~1 ps to several tens of ps were published.’>>*~%*

Such a clear separation between IVR and vibrational cooling
is not fully consistent with the typical width of vibrational
absorption bands of similar molecules in the electronic excited
state, which is of the order of 10—20 cm™,* suggesting 0.5 to 1
ps dephasing times, thus somewhat slower IVR. Moreover,
time-resolved studies of perylene and substituted perylenes in a
wide variety of solvents pointed to a sub-picosecond cooling
component and yielded evidence that IVR and vibrational
cooling share common time scales.***°

Whereas it is well established that the thermal equilibration
of an excited molecule upon vibration relaxation can take
several tens of ps, there is still no general understanding of the
solvent dependence of this process, despite several studies. A
correlation between the cooling rate constant and the thermal
diffusivity of the solvent was reported by several groups.’”***
Kovalenko et al. did not observe such a correlation but
measured faster cooling dynamics of various solutes in protic
than in aprotic solvents.”> Pigliucci et al. investigated the
influence of solute—solvent interactions on the vibrational
cooling dynamics of several perylene derivatives.** Whereas no
clear effect of nonspecific interactions, such as the dipole—
dipole interaction, could be established, an unambiguous
acceleration of the cooling dynamics was observed when the
solute could form H-bonds with the solvent. Such an enhanced
efficiency of the vibrational cooling via H-bond interaction was
also observed in subsequent studies.”>*°

2. ELECTRON-TRANSFER REACTIONS

2.1. Theory

Electron transfer (ET) can be viewed as the simplest chemical
reaction and it has thus been considered a benchmark in the
development of theories of reaction dynamics. The aim of this
section is not to review ET theories but to focus on the models
that are mostly used to rationalize experimental data, and to
illustrate the evolution from the classical Marcus theory to
multidimensional models that account for ultrafast processes.
More thorough discussions on ET theories can be found in
several reviews.”’™®!

2.1.1. Classical Marcus Theory. Although theories of ET
reactions were already developed in the first part of the 20th
century,” the theory formulated by Marcus in the 50s was a
major breakthrough,m”84 and the Marcus model is at the basis
of most theoretical descriptions of charge-transfer processes.
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In this model, the free energies of the reactant and product
states along the reaction coordinate, which comprises both
solvent and intramolecular modes, are described by two
parabolas with identical curvature, that are displaced horizon-
tally and vertically (Figure 1). The horizontal displacement,

A R =3
>
o
e
©
c
©
)
[
-
reaction coordinate
- barrierless
i
Ry J
c } J
L / normal inverted \ J
0.0 05 1.0 1.5 20
-AG, /A

Figure 1. (top) Free-energy curves of the reactant (R) and product
(P) states for ET in the normal (green), barrierless (blue), and
inverted (red) regions. (Bottom) Driving-force dependence of the ET
rate constant according to the classical Marcus theory, eq 3.

that accounts for the difference of equilibrium geometries of the
two states, is quantified by the reorganization energy, A. This
energy is partitioned into the contributions from the solvent, 4,
and from intramolecular modes, 4. The vertical displacement
corresponds to the driving force of the reaction, — AGgr. The
driving force is usually calculated using the redox potentials of
the reactants, and for photoinduced processes, the energy of the
excited state.*> The identical curvature of the two parabolas is a
crucial aspect of the Marcus model, which is based on the linear
response approximation. The original Marcus theory is purely
classical and therein, ET is a thermally activated process with a
rate constant, kg, expressed in an Arrhenius-type form. As the
two parabolas have the same shape, the activation free energy,
AGEr, can be expressed as a function of 4 and AGgry, and the
ET rate constant is given by

AGE | _ Aexp[ (MG + z)z]
©)

kpp = Aexp| —
CLE | 42k, T

where kg is the Boltzmann constant and T is temperature.

This model predicts a Gaussian dependence of the ET rate
constant on the driving force at constant A and thus three
regimes can be distinguished (Figure 1):

(1) The normal region at —AGgp < 4, where kg increases
with driving force;

(2) The barrierless region at —AGgy & A where kgp reaches

its maximum value;

(3) The inverted region at —AGgr > 1 where kgp decreases

with increasing driving force.

In this model, the inverted regime is due to the presence of
an activation barrier and thus the ET rate constant is predicted
to significantly increase with temperature like in the normal
regime.

2.1.2. Quantum and Semiclassical Electron-Transfer
Theories. A quantum-mechanical description of ET, where the
transition probability from the reactant to product states is
formulated in a Golden-Rule form, was originally proposed by
Levich and Dogonadze.86 Later on, a similar Golden-Rule
treatment was carried out by Jortner and co-workers,””*" as
well as by Marcus and co-workers,” who showed the key role
of high-frequency intramolecular vibrations of the product as
energy accepting modes in highly exergonic reactions. As a
consequence, ET in the inverted regime bears a strong
similarity with nonradiative transitions between two electronic
states. The Golden-Rule expression of the ET rate constant is

kgp = 27 \2EcwD

h )
where V is a matrix element accounting for the electronic
coupling between the initial and final states and FCWD is the
Franck—Condon weighted density of states.

In the semiclassical description of ET, the low frequency
modes, mostly associated with the solvent, are treated
classically, while a single high-frequency intramolecular mode
(hw > kgT) is described quantum mechanically. Assuming
that the process occurs from the lowest vibrational level of the
initial state, the ET rate constant can be expressed as a
summation of the ET rate constants for the transition from the
reactant state with the vibrational quantum number v = 0 to
various v values of the product (Figure 2):

kgr = Z kl(i); '
v=0 (5)
with
= —-— e _——
T R 4] kg T ©)

Here, the electronic coupling for each individual transition,
Voo is calculated by multiplying the coupling for the 0 — 0
transition by the corresponding Franck—Condon factor:

Ve, = Vo) = v exp(—S)
vl (7)
where S is the Huang—Rhys factor, also called electron-
vibration coupling constant. The intramolecular reorganization
energy is equivalent to A; = Sh®, @ being the frequency of the
intramolecular mode of the product.
The formation of the ET product in a vibrational excited
state leads to a smaller effective driving force:

AGYT" = AGgp + vhw (8)

Consequently, the inverted region is less pronounced than
predicted by the classical expression (3) (Figure 2) and is
equivalent to the energy-gap law for nonradiative transitions.”

In general, the quantum mechanical treatment of vibrational
modes allows for nuclear tunneling. As the width of the
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Figure 2. (Top) Free-energy curves of the reactant state at v = 0 (R)
and of the product at different vibrational states (P, v = 0 — 3) for an
ET in the inverted regime. (Bottom) Driving-force dependence of the
ET rate constant according to the classical (eq 3) and semiclassical
treatments (eq ).

potential energy barrier is much narrower in the inverted than
in the normal regime, ET in the inverted region is no longer a
thermally activated process but is dominated by nuclear
tunneling. Consequently, it is much faster than predicted by
the classical Marcus expression and is only weakly affected by
temperature.

The classical result, eq 3, with the pre-exponential factor:

272V>

A= ——m
h(47A ey T)"* )

can be recovered from the Golden-Rule expression in the high-
temperature or low-frequency limit, if kyT >> 7w and (1kyT)"/>
> ho, where @ is averaged over all modes.

eqs S and 6 are only valid for small V, i.e, in the nonadiabatic
limit, where the transition probability at the crossing region is
much smaller than unity.

In the adiabatic limit, the electronic coupling and, thus, the
transition probability at the crossing region, are large. In this
case, the reaction proceeds entirely on the lower energy surface
and its rate constant does not directly depend on V but rather
depends on the probability to reach the crossing region. If the
system maintains a quasi-equilibrium distribution as it evolves
along the reaction coordinate, i.e,, if the response of the solvent
and intramolecular modes is faster than ET itself, its motion
over the barrier is uniform and the rate constant can be
calculated within the framework of transition state theory. If
this is not the case, barrier crossing is diffusive and the
dynamics can be discussed within the framework of Kramers’
theory.”!

2.1.3. Zusman Theory and Solvent-Controlled Elec-
tron Transfer. The finite response time of the modes that
contribute to the reaction coordinate can influence the ET
dynamics even if the adiabatic limit is not reached. This

10831

situation was first treated by Zusman, who modeled the process
as a stochastic motion along the reaction coordinate toward the
crossing region between the diabatic energy curves, where the
transition can take place with a probability proportional to V2.”*
In this model, only the solvent modes were considered. The
equations of motion of the populations of the reactant and
product states, p, and p,, are expressed as

p(Q,t) 2z

= YVZ[/;,(Q, t) - p(Q, 1)1&(U, - U,)
+Lp(Q, 1) (10a)

op(Q, t)

o %”Vz[ppaz, t) - p(Q, )18, - U)

+Lp(Q, 1) (10b)
where Q is the reaction coordinate, U(Q) (i = r, p), is the free
energy of the reactant and product state along Q, § is the delta
function and L; is a diffusion operator:
ou 9 0 ] _
— i=r, p

.20, ( PR
L= L b —— + ki T—

7 \0Q"  0QdQ Q (11)
with 7, the longitudinal dielectric relaxation time of the solvent.
The second term on the r.h.s. of eq 10 describes the evolution
of the system along the reaction coordinate, whereas the first
term accounts for the transitions between the reactant to
product states at the crossing region.

The ET rate constant derived by Zusman for this case has a
similar form as the classical Marcus eq 3, but with the pre-
exponential factor:

B

2V 1 A,
" on(AmdkT) P 14+g  1+g (12)
with
27V1, 1 1
g§= +
Ao | 1AGe + A 1AG, — Al (13)

As only solvent modes are considered, the reorganization
energy is entirely due to the solvent. Subsequentlzf, Zusman
also addressed solvents with two relaxation times.” For large
values of 7}, i.e., in slow relaxing solvents, g is much larger than 1
and eq 12 reduces to

1/2
(14)

In this limit, the ET rate constant is no longer a function of the
electronic coupling V but is only determined by the probability
to reach the crossing region, which itself depends on 7. The
same inverse relationship between the ET rate constant and 7
is predicted by Kramers theory in the high friction limit. In both
cases, ET is said to be in the solvent-controlled regime.94

The Zusman result was also obtained using different
approaches.”*”> Rips and Jortner discussed the transition
between the nonadiabatic and the solvent-controlled adiabatic
regimes with the ET rate constant defined as

k

na

1+ H,

~

)VS
167k, T

kET

(13)
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where k,, is the classical ET rate constant in the nonadiabatic
limit as given by eq 3 with the pre-exponential factor, eq 9, and
H, is the adiabatic parameter:

471'V21'1
A,

H, =

(16)

and is equivalent to the factor g in the Zusman expression, eq
12, for AGgr = 0

Eq 13 and eq 16 show that, depending on the magnitude of
V and 7;, ET can range from a purely nonadiabatic (H, < 1)
to a fully solvent-controlled process (HH, > 1). Here again, the
inverse dielectric relaxation time, 7;, sets the upper limit of the
ET rate constant.

Zusman’s model only includes solvent modes, whereas in the
subsequent treatments, intramolecular modes were first treated
classically.”*”> As a consequence, eq 15 predicts an important
slowing down of the ET at driving forces larger than A, To
account for the effect of high-frequency vibrations of the
product as energy accepting modes, Jortner and Bixon modified
eq 15 with k, exgressed in terms of the semiclassical ET rate
constant (eq 5)

0 kO—HJ

kgr = Z —

oo 1+ H, Y (17)
where k§7" is given by eq 6 and with the adiabatic parameter for
the 0 — v transition:

- s

HY = WAJ exp(—S) (18)
For a given value of 7, eq 17 predicts larger ET rate constants
than eq 15 at —AGgr > A, the difference increasing with the
Huang—Rhys factor, S. This is due to the decrease of the
effective driving force upon population of the vibrationally
excited product. However, ET cannot be faster than the solvent
dielectric relaxation in this case either.

2.1.4. Two-Dimensional Models and Non-Equilibrium
Electron Transfer. Sumi and Marcus investigated the
possibility of ET occurring faster than dielectric relaxation by
splitting the reaction coordinate into a fast and a slow
coordinate, g and X, respectively.”””® The former is associated
with the fast relaxing intramolecular modes, whereas the latter
is related to the solvent. The free energies of the reactant and
product state along X and q are represented by two surfaces,
whose intersection corresponds to a line (Figure 3). In such a
two-dimensional representation, the minimum free-energy path
from the reactant to the product states is identical to the
reaction coordinate in the one-dimensional Marcus model. If
the system would maintain a quasi-equilibrium distribution
along both g and X during the reaction, it would follow this
path (dashed line in Figure 3). Here, however, the reaction can
occur along a path that differs from the minimum free-energy
path if it leads more rapidly to the product. Indeed, the reaction
can follow a path where the free energy is not minimal, but for
which the barrier toward the product is sufficiently low to make
ET faster than further evolution along X. Therefore, in this
model, an activation free energy and an ET rate constant can be

defined for each value of X:

AGE(X)

kgr(X) = A exp(— T
B

(19)

10832

X X; G

Figure 3. Free-energy surfaces of the reactant (R) and product (P)
states along the fast intramolecular coordinate, g, and the slow solvent
coordinate, X. The solid black line is the intersection of the two
surfaces, and the dashed line represents the reaction coordinate for an
ET much slower than the equilibration along g and X. X, is the
position along X where the reaction barrier along the g coordinate
vanishes.

with

1 2,
AGE(X) = E(X - XC)ZA_ 20)

where X_ is the value of X where the barrier vanishes (Figure
3):
_ AGgr + 4
(24)"? (21)

C
The temporal evolution of the reactant state population, p,, is
described in terms of a diffusion-reaction equation:

I, 1) _ a[a ]ﬂ(

ot ox| ax
— kgr(X)p (X, t) (22)

where D = kzT/(A1;) is the diffusion coefficient and U,(X) is
the free energy of the reactant and is quadratic along X.

Sumi and Marcus considered several cases, assuming that the
process starts from the thermally equilibrated reactant state
distributed around X = 0.

(1) Slow reaction limit: if the ET process is much slower
than the relaxation of X, the survival probability of the
reactant population follows an exponential decay with a
time constant independent of 7;. In this case, the ET rate
constant can be calculated with eq 3.

(2) Wide reaction window limit (4,/A; > 1): if the process
occurs over a wide range of X values, kpr(X) can be
approximated by a value independent of X and averaged
over the X distribution on U,(X). As a consequence, the
survival probability decays exponentially with a time
constant independent of 7.
Narrow reaction window limit (4,/4, < 1): the process
occurs as soon as X reaches values where ET is as fast as
further diffusion along X. Consequently, the decay of the
survival probability is strongly nonexponential but
depends on 7, on a way that varies according to the
particular case.

Nondiffusing limit: the reaction occurs very rapidly along

q without any motion along X. The initial distribution

along X translates into a distribution of the ET rate

1 dU(X)
kT dx

©)

)

DOI: 10.1021/acs.chemrev.6b00491
Chem. Rev. 2017, 117, 10826—10939


http://dx.doi.org/10.1021/acs.chemrev.6b00491
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.6b00491&iName=master.img-005.jpg&w=206&h=131

Chemical Reviews

constant and the decay of the survival probability is
nonexponential but independent of 7,

Nadler and Marcus investigated some of these limits
numerically and showed that, in some cases, an approximate
analytical solutions for the survival probability can be derived.”

In the Sumi-Marcus model, both solvent and intramolecular
modes are treated classically and ET results in the vibrational
ground state of the product only. As a consequence, its validity
is limited to the normal and barrierless regimes. At high
exergonicity, this treatment underestimates the ET rate
constant and overestimates its decrease with driving force.

This problem was addressed by Barbara and co-workers,"
who tried to reproduce the measured solvent dependence of
the charge-transfer dynamics of a betaine dye in terms of the
Sumi-Marcus model (see section 2.2.2). Here, the initial
conditions differed from those considered by Sumi and Marcus
as the reactant state is initially populated out of equilibrium via
optical excitation in the charge-transfer band of the dye.
Consequently, the initial value of X is not distributed around 0.
Whereas the overall variation of the average survival probability
with 7; could be qualitatively reproduced with this model, the
calculated values were orders of magnitude too slow.

To solve this discrepancy, Barbara and co-workers modified
the Sumi-Marcus model by introducing a high-frequency
vibration of the product state as the energy accepting mode
(Figure 4)."" The resulting model is called the hybrid model as

0

P

kR P v=5-0

free energy

.
-

solvent coordinate

Figure 4. Free-energy cuts of the reactant (R) and product (P)
surfaces along the solvent coordinates. Optical population prepares R
out of equilibrium and ET can occur to vibrational states of P before R
is equilibrated.

it combines the classical Sumi-Marcus approach, eq 19, with the
semiclassical expression for the ET rate constant, eqs 5—8:
[c)
k() = 3 KX

v=0 (23)

where the ET rate constant to the v vibrational state of the
product is

27V
kO—w(X) — 0—-v
& h(4mA, kT
[ (AGYTY + A, — 2XA, + xv)z]
exp| —
4lkaT (24)

where V,_,, and AGy1" are given by eqs 7 and 8, and 4, is the
reorganization energy associated with classical low-frequency
intramolecular modes.

The introduction of the high-frequency accepting modes of
the product has a strong impact on the decay of the survival
probability and leads to much faster ET than the Sumi-Marcus
model. This hybrid model is well suited for the description of
nonequilibrium photoinduced ET processes, as it allows ET to
take place before the optically populated reactant state has
reached equilibrium. Several variants of the Sumi-Marcus and
hybrid models, including multiple solvent relaxation times or
more than one hiigh-frequency vibrational modes, were
developed afterward.'”' "%

As discussed in more detail below, this is the level of theory
that has to be used when discussing ET processes occurring on
a similar time scale as the solvent and the vibrational relaxation.

All the theoretical models discussed in this section can in
principle be directly applied to discuss intramolecular electron
transfer processes. However, as they do not account for the
diffusion of the reactants, they cannot be readily used to
describe intermolecular reactions. In this case, they have to
include diffusion equations and the distance-dependence of the
ET rate has to be explicitly taken into account, as discussed in
more detail in section 2.3.1.

2.2. Intramolecular Electron Transfer

2.2.1. Introduction. Photoinduced intramolecular electron
transfer (ET) reactions have been and are still very intensively
investigated. Two main motivations can be distinguished. The
first is to increase the basic understanding of ET as one of the
simplest chemical reactions.'”” """ Compared to intermolecu-
lar processes, intramolecular ET offers the advantage that the
distance and mutual orientation of the electron donating (D)
and accepting (A) units can be unique and controlled, at least
in some cases. Therefore, the reaction takes place without
diffusion of the reactants and the experimentally observed
dynamics can be directly compared with theoretical ET models.

A second motivation to study photoinduced intramolecular
ET is the potential use of these compounds in various
applications, such as photovoltaics, artificial photosynthesis,
photocatalysis, molecular electronics, or sensing. Over the past
few decades, an impressive number of systems, containing one
or several chromophores (as well as donors and acceptors)
arranged according to different motifs, were developed. Many
of these multichromophoric systems were investigated in liquid
solution by time-resolved spectroscopy to determine the
various ET pathways and their dynamics. Several reviews
have been dedicated to this research.'”’~"** In most of these
systems, all the ET steps, comprising the initial photoinduced
charge separation (CS), the charge recombination (CR) of the
ensuing charge-separated state, and, in some cases, the charge
shifts leading to different charge-separated states and the CR of
the latter, occur on slower time scales than those of the above-
discussed relaxation processes. Consequently, their dynamics
can be rationalized within the framework of semiclassical ET
theory (section 2.1.2).

Here, we will only address a more limited number of cases
where intramolecular ET is ultrafast, in the sense that it occurs
on a shorter or similar time scale compared to thermal
equilibration of the initial state.

These different systems will be sorted according the
electronic coupling, V, between the D and A units. A large
electronic coupling favors ultrafast ET and, thus, the occurrence
of nonequilibrium dynamics. It should be noted that, as a
nonvanishing V requires some overlap between the molecular
orbitals of the D and A units, full CS can in principle not be
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achieved in a dyad with fixed distance and mutual orientation of
the D and A units. Therefore, when V is large, the ET product
state should be considered as an excited state with a large
electric dipole moment rather than as a covalently linked ion
pair. In such case, one usually refers to a charge-transfer (CT)
state rather than to a charge-separated state.

2.2.2. Direct Optical Charge Transfer in Strongly
Coupled Systems. When the D and A units are sufficiently
coupled, the electronic absorption spectrum of the DA dyad
exhibits a band associated with an optical transition from the
ground state to the CT excited state. The coupling V is directly
related to the transition dipole moment, ficr.g, or alternatively

to the molar absorption coefficient at the band maximum, &,
(in M~! cm™!):137 135

~ = B 1
YmaHcr s, 206102 T axEmax A7

V(cm'l) =
IuIP dDA (25)

where Jijp is the permanent dipole moment of the fully charge-
separated state, U,,, and AU are the maximum and width of the
absorption band in wavenumbers, and dp, is the center-to-
center distance between D and A in A. This equation shows
that a CT band with a large transition dipole moment or
absorption coeflicient is associated with a large electronic
coupling and thus, as mentioned in the previous paragraph,
results in an incomplete CS, i.e., the permanent dipole moment
of the CT state, Jic, is substantially smaller than fi;p. This is
typically the case in molecules such as coumarins or other
push—pull molecules, whose S; < S, absorption band is
generally broad and structureless and whose fluorescence is
characterized by a strong solvatochromism. According to the
analysis of this solvatochromism and to quantum chemical
calculations, the excited dipole moment of a standard coumarin
like C153 (la, Chart 1) was reported to be around 14
D,*>"*%137 \whereas Jip can be estimated to be of the order of
25-30 D. Consequently, optical excitation in the CT band of
such compounds cannot be really considered as an electron
transfer but rather as a substantial redistribution of the
electronic density.

A substantial number of ultrafast spectroscopic studies have
been devoted to such systems, because they allow direct
investigation of the relaxation dynamics of the optically
populated CT state. This allows better understanding of the
relaxation phenomena occurring upon full CS, without the
complication from a convolution of the relaxation and the CS
dynamics. Indeed, if CS is not fast enough, these relaxation
processes are not experimentally accessible. Most of our current
understanding on solvent relaxation is based on such
investigations, performed mostly by time-resolved fluorescence,
as discussed in section 1.2,/#?*%1387141

The determination of the dynamic Stokes shift requires
molecules with a sufficiently long-lived CT excited state and a
substantial radiative rate constant, i.e., molecules with a large
fluorescence quantum yield. This is generally the case for rigid
push—pull molecules, where the nonradiative decay, which can
be viewed as a CR process, is relatively slow, mostly because of
the large energy gap between the CT and the ground state.

The presence of a CT absorption band does not necessarily
imply an increase of dipole moment upon excitation. Indeed,
such band can also be present in the absorption spectrum of
molecules that are strongly dipolar in the ground state and
weakly polar in the excited state. This is the case of the
zwitterionic DA biaryls, among which betaine-30 (B30, 9,

Figure S) is probably the most investigated representative. The
S, « S absorption band of B30 exhibits one of the largest
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Figure S. Free-energy curves of the ground and first electronic excited
state of betaine-30 (9) along the classical solvent coordinate. The thin
parabolas represent vibrational excited levels and the green arrows
possible ET pathways.

solvatochromic shift known. For this reason, the S; « S,
transition energy has become an empirical measure of polarity,
the E;(30) scale.'*'** The negative solvatochromism
exhibited by this molecule is due to the zwitterionic nature of
its ground state (jig, = 15 D)'** and to the smaller dipolar

nature of its S, state (Jig, = 6.2 D), resulting in a strong CT

character of this transition. Consequently, contrary to the cases
discussed above, the population of the S, state corresponds to a
CR process and its decay to the ground state to a CS process.

Another major difference with the above-mentioned
molecules is that B30, like several other biaryl betaines, does
not fluoresce, pointing to the existence of a very efficient
nonradiative decay of the S, state. Because of this and of its
unusual dipolar properties, the excited-state dynamics of B30
were intensively investigated over the past three decades.

The first ultrafast spectroscopic studies of betaines were
reported by Barbara and co-workers.'””**™'** As shown in
Figure S, the nonradiative decay of the S, state of B30 was
considered as a CS from DA to D-*A-". The dynamics of this
process were initially measured by a single color pump—probe
measurement at 792 nm, which, in the most polar solvents,
corresponds to the red side of the S; < S, absorption band.
The temporal evolution of the absorption change at this
wavelength reflects the recovery of the ground-state population
as well as its thermalization by vibrational relaxation. As the
absorption spectrum of the vibrationally hot ground state, S},
is red-shifted with respect to that of the equilibrated ground
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state, the contribution of vibrational relaxation to the transient
absorption signal depends on the probe wavelength within the
S, « S, absorption band. The fast ground-state recovery
component was interpreted to be due to ET from the weakly
polar S, state to the zwitterionic ground state. In rapidly
relaxing solvents like acetonitrile and acetone, the obtained ET
time constant was found to be similar to the diffusive solvation
time, pointing to a quasi-barrierless and solvent-controlled
process.'*® However, in slowly relaxing solvents like glycerol
triacetate and alcohols, ET time constants substantially shorter
than those of diffusive solvation were measured. The authors
also measured the effect of the temperature and observed a
small acceleration of the ET dynamics with increasing
temperature following an Arrhenius behavior with an activation
energy of the order of 0.1 eV." In glycerol triacetate at 228 K,
i.e,, about 50 K below the melting point of the solvent, ET was
still ultrafast with a time constant of 5.5 ps.

To account for such electron transfer occurring faster than
solvation, Barbara and co-workers applied first the Sumi-
Marcus model.'** As discussed in section 2.1.4, both slow and
fast modes are treated classically, and therefore, this model
strongly overestimates the decrease of the ET rate constant in
the inverted regime. Consequently, the ET rate constants
predicted by the Sumi-Marcus model were orders of magnitude
smaller than the measured ones. To solve this problem, Barbara
and co-workers developed the hybrid model which includes a
quantum mechanical high-frequency vibration of the product as
energy accepting mode, eq 23."% Application of this model
resulted in an excellent agreement with the experimental rate
constants as well as with their temperature dependence in
glycerol triacetate.'””'*” Consequently, as illustrated in Figure
S, ET in B30 follows nonequilibrium dynamics. Optical
excitation prepares the initial ET state far from equilibrium
and, as relaxation along the slow solvent coordinate takes place,
electron transfer can take place to vibrational excited states of
the product, Sy}, before equilibrium is reached.

Unambiguous evidence for the formation of the ET product
in a vibrational excited state was obtained from time-resolved
anti-Stokes Raman spectroscopy measurements by Elsaesser
and co-workers.'*”™">! The authors monitored the temporal
evolution of the amplitude of anti-Stokes bands associated with
vibrational modes of various frequencies after S; « S,
excitation of B30 in propylene carbonate, glycerol triacetate,
and ethanol (Figure 6). In the two former solvents, where ET
to the ground state is the fastest, with 1 and 3.8 ps time
constants, respectively, a high-frequency band of the electronic
ground state at 1603 cm™" was found to rise with the same time
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Figure 6. Rise and decay of the intensity of the anti-Stokes Raman
intensity of the vibrational mode at 1603 cm™" measured with betaine-
30 in propylene carbonate™® and energy level scheme of the
experiment.

constant (Figure 6), whereas lower-frequency bands showed a
5—7 ps rise. In ethanol, where ET was slower (zzp= 6 ps), all
bands rose with a time constant similar to 7gy. All these anti-
Stokes bands decayed with a time constant between S to 8 ps,
depending on the solvent.

This behavior was explained by assuming that the 1603 cm™
mode, assigned to a pyridinium ring stretch, is directly coupled
to the reaction and is therefore directly populated. On the other
hand, the lower frequency modes are excited indirectly via IVR.
Vibrational cooling occurs afterward and is responsible for the
decay of the anti-Stokes Raman bands. Elsaesser and co-
workers identified the vibrational modes coupled to the
electron transfer using resonance Raman spectroscopy, with
the incident beam in resonance with the CT transition."
McHale and co-workers performed resonance Raman measure-
ments to determine the mode-dependent reorganization energy
associated with ET in B30."”>'>’ More recently, Chen
developed the Functional Mode ET theory, which allows the
contribution of each intramolecular mode to the process to be
determined.** The author found that only 7 among the 210
vibrational modes of B30 were essential to the ET. All these
modes were characterized by a high frequency, in agreement
witlhgthleg : experimental findings of Elsaesser and co-work-
ers. ;

The ultrafast excited-state dynamics of B30 were sub-
sequently investigated by other groups. Schmuttenmaer and co-
workers could directly detect the electromagnetic field
generated by B30 upon photoexcitation in the CT
band.!*>'%® To this end, the authors had first to orient the
dye molecules in solution. This was done by using a high-
voltage electric field pulse and by exploiting the large
permanent dipole moment of the dye in the ground state.
The solution was then excited with a femtosecond optical pulse
polarized parallel to the high-voltage field, and the field radiated
upon ET was detected by electro-optical sampling."**"*” From
the temporal shape of this field, the authors were able to extract
the time constants associated with both the population of the
excited state and its decay back to the zwitterionic ground state.
The former was found to be very short, pointing to a quasi-
instantaneous process, whereas the latter was consistent with
the time constant found by Barbara and co-workers.

More recently, Kubarych and co-workers measured the
electric fields associated with the CT in B30 by probing the
solvent with time-resolved vibrational spectroscopy.'>® They
used NaSCN as infrared active solvent, dissolved in ethyl
acetate. The dielectric enrichment around the highly polar dye
ensured that NaSCN was mostly located in close vicinity to
B30. Upon excitation of B30, the authors measured transient
spectra in the CN stretching region consisting of a negative
band and a positive band downshifted by 19 cm™ (Figure 7,
left). The intensity of this transient was found to decay
exponentially with a time constant similar to that of the excited
state (Figure 7, right). The transient spectrum was ascribed to
the Stark effect on the CN stretch associated with the change of
the local field generated by B30 upon photo excitation.

The first transient electronic absorption measurements of
B30 with broadband detection and with ~20 fs resolution after
deconvolution were reported by Ernsting and co-workers."”
The authors could monitor the time evolution of the stimulated
emission, of the excited-state absorption and of the ground-
state bleach of the dye in several polar solvents. Their
investigation confirmed that in slowly relaxing solvents, such
as ethanol and ethylene glycol, ET occurs faster than the
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Figure 7. (Left) Transient vibrational spectrum measured at zero time
delay after excitation of betaine-30 showing the 19 cm™ red-shift of
the solvent C=N stretching frequency induced by the change in the
local electric field. (Right) Time evolution of the difference amplitude
(induced signal—bleach) with best single-exponential fit (solid) and
90% confidence bounds (dashed). Reprinted from ref 158. Copyright
2010 American Chemical Society.

slowest component of solvent relaxation. However, their data
indicated that low-frequency intramolecular modes of B30,
probably associated with the dihedral angle between the
pyridinium and the phenolate rings, which were not taken into
account in the previous studies, play an important role in the
ET dynamics.

The role of the dihedral angle as a relevant CT coordinate
was confirmed by quantum-chemistry calculations. Lobaugh
and Rossky performed mixed classical/quantum molecular
dynamics (MD) simulations, treatin% B30 with the semi-
empirical Pariser—Parr—Pople method.'*® An ultrafast decrease
of the S§;—S, energy gap on a 100 fs time scale due to the
inertial motion of the solvent was observed, as expected from
the model of Barbara and co-workers. Additionally, their
simulations pointed to the presence of a slower, picosecond
time scale, component in the temporal evolution of §;—S, gap
associated with twisting about the central bond between the
two betaine rings. According to their calculations, the
equilibrium dihedral angle of B30 changes from 52° to 90°
when going from the ground to the S, state. More recent
quantum-chemistry calculations at the CASSCF level of a
betaine analog, with H atoms instead of the phenyl substituents,
were reported by Ishida and Rossky.'®’ They pointed to a
dihedral angle around 47° in the ground state and of 90° in the
S, state in the gas phase. Very similar results were obtained later
at the DFT level of theory.'” In polar solvents, the S, state
potential energy surface was found to be mostly flat for torsion
angles >50°. From this, the authors concluded that the early
excited-state dynamics of B30 involves deplanarization as
suggested previously and that it is strongly linked with the
dynamics of the solvent."®’

Some experimental insight into the structural changes
accompanying charge transfer in B30 was obtained from
femtosecond stimulated Raman spectroscopy (FSRS) measure-
ments in methanol.'® The authors observed several Raman
bands between 1300 and 1700 cm™', which they assigned to
CC and CN stretching modes of the dye in the S, state. All
bands exhibited frequency shifts during the first 500 fs after
excitation, before decaying entirely within a few ps. Based on
quantum-chemistry calculations of the vibrational frequencies
of the betaine in the ground state at different dihedral angles,
the authors assigned the observed frequency shifts to the
evolution of the excited-state population along the twist
coordinate.

10836

In order to obtain a deeper understanding of the role of the
twist coordinate in the ET dynamics of zwitterionic biaryls, a
series of pyridinium phenolates with different torsional angles
between the rings was investigated by Duvanel et al. (10, Chart
2).'%* These molecules differ from B30 by the position of the

Chart 2. Zwitterionic Pyridinium Phenolates

10a: Ry=R,=H 1
10b: Ry =CHy; Rp=H

10c: Ry =R, =CHj

10d: Ry = R, = CH(CH3),

phenolate ring on the pyridinium. The ground-state dihedral
angle was varied from about 10° (10a) to 50° (10d) by adding
alkyl substituents of different sizes at the meta positions of the
pyridinium group. The increasing torsion in this series of
compounds was shown to substantially increase their second-
order nonlinear optical response.165 Like B30, these molecules
exhibit a negligibly small fluorescence quantum yield, indicative
of an ultrafast nonradiative decay of the S, state. Their excited-
state dynamics were investigated using a combination of
fluorescence up-conversion and electronic transient absorption
(Figure 8). The overall excited-state dynamics were found to
slow down when going from 10a to 10d, ie., upon increasing

1 I I
400 450 500 550 600 650 700,

wavelength / nm

Figure 8. Transient absorption spectra recorded with 10a in ethanol at
various time delays after 530 nm excitation. The negative band is the
bleach of the S, < S, absorption and the positive band around 525 nm
is due to the hot ground state. Reprinted from ref 164 with permission
from the PCCP Owner Societies.
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the dihedral angle. A slowing down was also observed upon
increasing solvent viscosity. The data were rationalized with a
three-step model, including relaxation of the Franck—Condon
S, state, ET to the hot ground state and thermalization of the
latter. Relaxation of the Franck—Condon excited state was
proposed to mostly involve the increase of the dihedral angle
toward close to a perpendicular geometry, resulting in a quasi-
nonfluorescent equilibrium S, state. Similarly, the relaxation
dynamics of the hot ground state populated upon ET was
suggested to be mostly controlled by the back-twist toward the
equilibrium geometry. The deceleration of the ET dynamics
from 0.4 ps for (10a) to 1.5 ps (10d) in acetonitrile was
explained by a decrease of the electronic coupling, V, with
increasing twist angle between the rings. A more recent study
showed that the overall excited-state dynamics of these dyes can
also be slowed down by adding bulky substituents such as
phenyl groups on the meta position of the pyridinium ring
(11). In this case the torsional dynamics, which involve larger
amplitude motion, become substantially slower.'®

According to these results, ET dynamics in these zwitterionic
biaryls is even more complex than initially suggested by Barbara
and co-workers,'”'*7* who did not include slow intra-
molecular modes in their model, in particular neglecting the
change of the dihedral angle between the pyridinium and
phenolate rings. Whereas the solvent coordinate X affects the
activation free energy, AG¥r (eq 20), this slow torsional mode
should mostly influence the electronic coupling, V. Therefore, a
theoretical description of the excited-state dynamics of B30 and
similar zwitterionic biaryls should account for both solvation
and structural nonequilibrium dynamics.

2.2.3. Strongly Coupled Systems: Direct Optical CT or
CT from a Locally Excited State? In the cases discussed
above, the first absorption band is associated with a CT
transition, and consequently, the intramolecular CT (ICT)
process takes place directly upon optical excitation. However, in
several other cases, the exact pathway to the CT state is more
ambiguous:'*>'*"7'7 js the CT state populated directly upon
optical excitation or indirectly via a locally excited (LE) state
(Figure 9)?

A

E

Figure 9. Potential energy curves along a generalized coordinate
including intramolecular and solvent modes for (A) direct optical
population of the CT state or (B) local excitation followed by LE —
CT transition.

In principle, this question does not need ultrafast spectros-
copy to be answered. If the photophysics of the molecule
involves two states (ground and CT states), the transition
dipole moments for absorption (CT « S;) and emission (CT
— S,) must be the same. Moreover, in such a case, the
solvatochromism of absorption and emission should be
consistent with a unique set of ground- and excited-state

dipole moments. A value of the fluorescence anisotropy
substantially smaller than 0.4 would also point to an emission
originating from a different state than that populated by
photoexcitation and would thus be indicative of a three-state
system (ground, LE and CT states). Unambiguous evidence of
such a three-state system can be obtained by time-resolved
spectroscopy through the direct observation of the LE — CT
transition. As both population transfer and relaxation (solvent,
vibration) phenomena result in spectral dynamics, the
interpretation of the transient spectra can sometimes be
delicate and prone to confusion.

An illustrative example is given by the push—pull molecule
trans-4-dimethylamino-4'-cyanostilbene (DCS, 12, Chart 3),

Chart 3. Molecules with Debated Excited-State CT
Dynamics
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whose excited-state dynamics have been highly debated for
almost two decades. The first sub-nanosecond investigation of
DCS was reported in ethanol by Safarzadeh-Amiri.'”” The
observed dynamics was interpreted in terms of a two-state
model, with direct optical population of the CT state.

This molecule was reinvestigated a few years later by Rulliere
and co-workers using a Kerr-gate fluorescence spectrometer
with a 80 ps temporal resolution.'” In apolar solvents, a single
emission band peaking around 450 nm and showing no spectral
dynamics was measured. By contrast, the emission band in
polar solvents, initially around 480 nm, decreased within few
tens of ps, while another band around 540 nm showed a
concomitant rise. As the temporal evolution of these bands
followed a precursor-successor relationship, they were assigned
to the LE and CT emission, respectively. Moreover, the CT
state was suggested to have a twisted equilibrium structure and
was thus called TICT (twisted ICT) state.

Later on, this group performed similar measurements on
DCS derivatives, for which the rotation around the various
single bonds was inhibited, and found that the dual
fluorescence vanishes if rotation of the dimethylaniline group
is blocked."”” Moreover, they observed that the dual
fluorescence also vanishes for all the other DCS derivatives if
dilute sample solutions and moderate excitation intensities are
used. From this, the authors concluded that the long-
wavelength fluorescence band was due to a complex consisting
of two molecules in the TICT state, a so-called bicimer. Similar
conclusions on the nature of the excited state and the formation
of bicimers at high excitation intensities were drawn in
subsequent studies from the same group with other DCS
derivatives using transient electronic absorgption, in addition to
the time-resolved emission spectroscopy.'*”'*!

The bicimer hypothesis was challenged by Schroeder and co-
workers, who performed femtosecond fluorescence up-con-
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version and transient electronic absorption measurements of
DCS in acetonitrile and methanol."®> Dual emission with
precursor-successor relationship was observed at relatively low
excitation intensity. The short-wavelength emission band was
assigned to the LE state and the other band to the more polar
CT state.

A few years later, Ernsting and co-workers showed that the
dual fluorescence observed by time-resolved emission was
spurious.'®® The authors performed broadband fluorescence
up-conversion spectroscopy with sub 100 fs time resolution and
found that the presence of two emission bands depended on
excitation intensity and dye concentration, in agreement with
the measurements by the Rulliére group.'”” At low intensity
and concentration, the time evolution of the fluorescence
consisted of a simple red shift of the fluorescence band, going
from ~478 to 547 nm in acetonitrile. Using transient electronic
absorption, the authors measured an intense band around 520
nm due to excited-state absorption which exhibited a blue shift
on the same time scale as the red shift of the fluorescence. The
authors could show that the presence of the two emission
bands was artificial and due to the reabsorption of the
fluorescence by this strong excited-state band. Once this effect
was eliminated by using low concentration and/or very thin
samples, the time evolution of the fluorescence was fully
consistent with the direct optical population of the CT state
and with the dynamic Stokes shift of the emission band due to
solvent relaxation.

A conclusive investigation of the nature of the excited state of
DCS was presented by Maroncelli and co-workers, who found
that the transition dipole moment for emission is essentially the
same as that for absorption.'** Moreover, they showed that the
solvatochromism of the absorption and emission of DCS is
consistent with a two-state model. They also measured the
fluorescence dynamics of DCS in 11 polar solvents using a
combination of Kerr-gate spectroscopy and TCSPC and found
a continuous red shift of the emission band, in agreement with
Ernsting and co-workers (Figure 10)."** Finally, they showed
that this dynamic Stokes shift was identical, within the limit of
experimental error, to that measured with the standard
solvation probe C153. The authors thus concluded that the
fluorescence dynamics of DCS are fully consistent with the
two-state model with direct optical excitation of the CT state,
and that DCS is a very valuable probe of solvation.

The red laser dye 4-dicyanomethylene-2-methyl-6-(p-dime-
thylamino-styryl)-4-pyran, better known as DCM, is another
molecule for which the nature of the emitting state is still
debated (13, Chart 3). This molecule contains a stilbene-like
core with a dimethylaniline push group and a dicyano-
methylene pull group. Solvatochromic investigations pointed
to a CT emissive state with a dipole moment of 26 D.'*

The first ultrafast investigation of DCM was reported by
Easter et al, who monitored the temporal evolution of its
stimulated emission in methanol and ethylene glycol at several
wavelengths using sub-picosecond pump—probe spectrosco-
py.'* The temporal changes of the fluorescence intensity
measured during the first 100 ps after excitation were ascribed
to the dynamic Stokes shift of the emission from the CT state
following its direct optical excitation.

A subsequent transient absorption study by Martin and co-
workers pointed to the presence of two stimulated emission
bands with both an opposite temporal evolution and an
isosbestic point, indicative of a precursor—successor relation-
ship.'®” The time constant associated with these changes was
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Figure 10. Intensity-normalized time-resolved emission spectra of
DCS (12) in acetone, methanol, and ethanol measured using the Kerr-
gate technique. The time-zero spectra were determined as explained in
ref 184, the steady-state spectra (SS) are also shown for comparison.
Reprinted from ref 184. Copyright 2006 American Chemical Society.

found to depend on the solvent and to vary from 2 ps in
acetonitrile to 8 ps in methanol. These spectral dynamics were
interpreted as a transition from the optically populated LE state
to the CT state. No evidence of the twisted nature of this CT
state, as suggested earlier,'®® could be inferred from these
results.

This result was at odds with a fluorescence up-conversion
study of DCM in chloroform and methanol with <100 fs time
resolution.'™ No change of the integrated spectral intensity, as
would be expected for a LE — CT transition, was observed
during the first 25 ps after excitation. Moreover, the
reconstructed transient emission spectra consisted of a single
band. The authors of this study concluded that DCM has a
single emitting state, which is directly populated upon
photoexcitation.

Other fluorescence up-conversion measurements on DCM in
various polar solvents pointed to a biphasic nature of the
dynamic Stokes shift with the faster component being due to
inertial solvent motion.'*”’ Additionally, the authors suggested,
from the initial rise of the integrated fluorescence intensity, that
the emissive CT state is populated within the first 300 fs after
excitation from another state with a smaller CT character.

Around the same time, Kovalenko et al. published a transient
absorption investigation of DCM in methanol with 40 fs time
resolution and found, similar to the findings of Martin et al,'®”
two stimulated emission features with distinct maxima and an
isosbestic point that they assigned to the LE and CT states.'”’
However, the LE — CT transition was found to be much faster
than suggested by Martin et al. and to take place within 300 fs,
in agreement with the conclusion of Glasbeek and co-
workers.'”

This conclusion was challenged in a combined experimental
and theoretical study by Painelli, Terenziani and co-workers,
who showed that both the absorption and emission bands of
DCM in solvents varying from hexane to dimethyl sulfoxide
could be well reproduced using a two-state model accounting
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for the coupling to intramolecular vibrations and to an effective
solvent coordinate (Figure 11)."”> They also stressed that a
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Figure 11. Comparison of the experimental and emission (a) and
absorption (b) spectra of DCM (13) in various solvents with those
calculated assuming a two-level model (¢, d). Reprinted from ref 192.
Copyright 2002 American Chemical Society.

change of band shape upon varying solvent polarity cannot be
considered as an evidence of different emitting states and can
be perfectly accounted for in terms of a two-state model.

A few years later, Fleming and co-workers reported on a
time-resolved IR study of DCM in acetonitrile and dimethyl
sulfoxide.'”® Both the fingerprint region between 1440 and
1620 cm™' and the CN stretching region were probed. The
authors observed excited-state absorption bands in the
fingerprint region with different temporal evolutions: one
around 1440 cm™' showing no shift and others between 1490
and 1600 cm™" exhibiting a frequency upshift and/or changes
in band shape on a few ps time scale. The data were explained
by a LE — CT transition occurring within the 100 fs IRF of the
experiment followed by solvent and structural relaxation toward
a TICT state. Occurrence of the twist around the C—N(CH;),
bond was justified by the time evolution of the 1490—1600
cm™" band ascribed to the change of C—C bonding character
throughout the molecule.

Later on, the nature of the emissive state of DCM in gas
phase and in solution was investigated by quantum-chemistry
calculations at the DFT and time-dependent (TD) DFT levels
of theory."”* The molecule was found to be planar in both the
So and S states, the latter being characterized by a substantial
CT from the dimethylaniline to the pyran group. No evidence
of a TICT state was found and the authors concluded that the
fluorescence dynamics of DCM can be well accounted for by a
two-state model.

The 2D electronic-vibrational (2D-EV) spectroscopy re-
cently demonstrated by Fleming and co-workers seems to be a
promising technique for obtaining deep insight into the nature
of the emitting state.'”> A 2D-EV spectrum at a given pump—
probe delay consists of the transient absorption measured as a
function of the vibrational probe frequency and of the
electronic pump frequency. 2D-EV spectra give rich insight
into the nature of the vibrational modes coupled to the
electronic excitation and, as shown by Terenziani and
Painelli,lg6 should allow differentiating between the direct
optical population of the CT state or the LE — CT transition.

10839

2D-EV spectroscopy was applied on DCM,"”” but the results
finally turned out to be inconclusive.'”®

2.2.4. Strongly Coupled Systems with a LE — CT
Transition. We consider now strongly coupled DA systems,
where full CS is not realized but where a LE — CT transition
can be unambiguously observed. These systems are generally
characterized by dual fluorescence, one band originating from
the LE state and another at lower energy arising from the CT
state. A prototypic molecule belonging to this family is
dimethylaminobenzonitrile (DMABN, 15, Figure 12). Despite
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Figure 12. Transient absorption spectra recorded at two different time
delays after 290 nm excitation of DMABN (15) in acetonitrile. The
0.2 ps (a) and 64 ps (b) spectra were assigned to the LE and ICT
state, respectively. Reprinted from ref 209. Copyright 2006 American
Chemical Society.

the simplicity of this molecule, the excited-state dynamics of
DMABN have been debated for several decades. Whereas
everybody agrees on the presence of dual luminescence of
DMABN originally reported in 1961, the structure of the
state responsible for the CT emission is highly controversial. At
least four different structures were proposed: a TICT state with
the amino group perpendicular to the benzene plane,'”"**° a
planar ICT (PICT) state,””' ~*”* a wagged ICT (WICT) state
with a pyramidal sp* hybridized amino group,”***** and a
rehybridized ICT (RICT) with the rehybridization of the CN
carbon from sp to sp? and the bending of the CN group.*****’

These structures were inferred mostly from the effect of the
environment on the photophysical properties of DMABN and
of many of its derivatives, as well as from quantum-chemistry
calculations. This has resulted in an impressively large number
of studies aiming at a conclusive and unambiguous answer to
this debate. We will not describe all these efforts, which were
thoroughly reviewed in 2003 by Grabowski, Rotkiewicz, and
Rettig, ' who are at the origin of the TICT hypothesis. Before
this review, most of the time-resolved studies had been carried
out using time-resolved fluorescence with a resolution of a few
picoseconds, at best. We will limit ourselves to the most
relevant ultrafast spectroscopic studies, which were performed
subsequently and give an overview of the current status of this

debate.
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The first ultrafast spectroscopic investigation of DMABN
was performed in acetonitrile by Chudoba et al, who used
time-resolved IR absorption to monitor the time evolution of
the N-phenyl and CN stretching bands.”*® The most striking
result was the absence of a CN stretching band of the LE state
at early time delays and the rise of a band at 2112 cm™ with a
time constant of 4 ps. This band, downshifted by 103 cm ™" with
respect to the CN stretching band of DMABN in the ground
state, was ascribed to the CN vibration of the CT state, and the
4 ps rise time to the LE — CT transition. Whereas these results
did not support the RICT hypothesis, they did not allow
unambiguous validation of either the TICT or the PICT
models.

The first ultrafast transient electronic absorption measure-
ments of DMABN were reported by Druzhinin et al.”*’ Very
clear spectral features of the LE and CT states could be
observed in the 300—400 nm region (Figure 12), and the LE —
CT time constant of 4.1 ps in acetonitrile was confirmed. As the
sharp absorption band of the CT state at 320 nm did not show
any temporal shift from 0.2 ps after excitation, the authors
concluded that large amplitude motion to a TICT state does
not occur.

This conclusion is consistent with a previous study from the
same group on fluorinated aminobenzonitrile derivatives.”'’
Fluoro-substitution has a major impact on the redox properties
of the molecules and was found to lead to a strong acceleration
of the LE — CT transition. This process was found to take
place even in the apolar n-hexane with a time constant of the
order of 100 to 300 fs. In acetonitrile, ET was even faster with a
~90 fs time constant for all the fluorinated aminobenzonitriles
irrespective of the amino substituents. This time constant is
substantially shorter than the average solvation time of
acetonitrile (260 fs)** but matches the time constant reported
for inertial solvent motion. The authors thus concluded that the
stabilization of the CT state brought about by the inertial
component of solvation is enough to make ET ultrafast. This
extremely short ET time constant was also considered as strong
evidence that this process does not require a twist of the amino
group to take place.”"

The excited-state dynamics of DMABN in methanol were
examined a few years later using ESRS.”'" Several vibrational
modes of the excited state (aromatic ring breathing stretch, CH
bendingg, C=C and CN stretches) were monitored using
Raman probe wavelengths at 330 and 400 nm. The integrated
intensity of these bands was found to rise with a ~6 ps time
constant, in agreement with the LE — CT transition in this
solvent. Additionally, these bands underwent a frequency up- or
downshift by about 10 cm™ on a similar time scale. By
combining these results to those obtained from transient
electronic absorption, the authors proposed that the transition
from the LE state to the vibrationally hot CT state takes place
in 2 ps and is followed by vibrational relaxation in 6 ps.
However, the FSRS data did not allow firm conclusion on the
structure of the relaxed CT state to be drawn.

More recently, Joo and co-workers reported on a
fluorescence up-conversion study of DMABN in acetonitrile.”"*
Whereas fluorescence up-conversion investigations of DMABN
had already performed previously, confirming the 4 ps LE —
CT transition in acetonitrile,””* Joo and co-workers measured
the time evolution of the whole emission spectrum by scanning
the emission wavelength during the measurement, thus
avoiding the laborious spectral reconstruction from single-
wavelength time profiles. Access to the temporal evolution of

the whole spectrum allowed the distinction between population
and solvent/vibrational relaxation dynamics. The decay of the
integrated LE emission was dominated by 160 fs and 3.3 ps
components. It was accompanied by a red shift attributed to the
solvation of the LE state. Surprisingly, a nearly instantaneous
(<30 fs) rising component was also observed throughout the
whole CT emission band. Additionally, a band with a maximum
at 450 nm was found to rise in 160 fs and to decay and shift to
the red on a few ps time scale. The integrated fluorescence
intensity above 500 nm exhibited the 30 fs rise and a slower 2.7
ps component. Furthermore, the whole CT band red-shifted
with a 4.8 ps time constant, i.e, much slower than the slowest
component of solvation.

These data were explained with a scheme summarized in
Figure 13. Optical excitation populates predominantly the S,
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Figure 13. Energy-level scheme illustrating the charge-transfer
pathways of DMABN (15) in acetonitrile after 276 nm excitation.
Reprinted from ref 212. Copyright 2013 American Chemical Society.

state which, at the equilibrium geometry of the ground state, is
a CT state and is characterized by distribution of the twisted
angle of the amino group around 0 deg. In agreement with
quantum-chemistry calculations by Robb and co-workers which
indicate the presence of a S,/S; CI accessible from a large
distribution of twist angles,”'* the population residing on the S,
surface undergoes ultrafast internal conversion via the CI to the
lower excited state surface. Depending on the torsional angle
and the value of other relevant intramolecular coordinates, the
latter corresponds either to a LE state, to a PICT state or to a
partial TICT state. It was suggested that this pathway accounts
for the <30 fs rising component of the CT emission. The 450
nm band of the CT emission was ascribed to the fluorescence
from the PICT populated via the CI and from the LE state.
Finally, the long wavelength part of the CT emission band
originates from the relaxed CT state, which, according to the
4.8 ps dynamic Stokes shift, corresponds most probably to a
TICT state.”"”

This interpretation was supported by a subsequent
fluorescence up-conversion investigation by the same group
of 1-tert—butyl-é-cyano—1,2,3,4-tetrahydroc1uinoline (NTCé, 16,
Chart 3), a rigid analogue of DMABN.”" In this case, internal
conversion from the S, state was found to take place in 140 fs
and to populate both the LE state and a CT state emitting at
short wavelength (380 nm) and ascribed to a quasi PICT state.
Afterward, this band shifted to 420 nm with a 1.2 ps time
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constant, assigned to the equilibration of the CT state via
solvation and structural relaxation. This shorter relaxation time
compared to DMABN (4.8 ps)*'? was ascribed to a partial twist
of the amino group, full torsion being hindered in NTC6. A LE
— CT transition with a 800 fs time constant could also be
identified.

Additionally, a periodic oscillation of the fluorescence
intensity was observed in the time profiles of the LE emission
of NTC6 in both acetonitrile and in tetrahydrofuran (Figure
14). In tetrahydrofuran the same oscillation, but 7 out of phase,
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Figure 14. (a) Time profile of the LE (black) and CT (blue) emission
of NTC6 in tetrahydrofuran and (b) residuals from an exponential fit
illustrating the phase difference of 7. (c) Fourier transform spectrum
of the residuals and (d) vibrational mode assigned to the observed
coherent oscillation. Reprinted from ref 215. Copyright 2014
American Chemical Society.

was also observed with the CT emission. This oscillation was
assigned to a vibrational wavepacket generated upon coherent
excitation of a low frequency mode around 130 cm™. This
mode was found to mostly involve the bending of the CN
group. The phase shift of the oscillation measured with the CT
emission was explained by a coherent population transfer from
the LE to the CT state, with about 5% of the population
transferred at each period. The absence of oscillation in
acetonitrile was ascribed to the limited signal-to-noise ratio of
the data and to the smaller relative contribution of the LE —
CT pathway to the overall population of the CT state in
acetonitrile, namely 22% vs 100% in tetrahydrofuran.

From the preceding discussion, it appears that although our
understanding of the excited-state dynamics of DMABN has
strongly progressed over the past years, thanks to the
combination of ultrafast spectroscopy and quantum-chemistry
calculations,”*® the question about the equilibrium structure of
the CT state in solution still needs an unambiguous answer.
However, the ensemble of experimental and theoretical data
indicates that the twist of the amino group is probably not
required for CT to take place, contrary to the original TICT
model,””’ where torsion was the main CT coordinate.
Therefore, if DMABN is indeed twisted in the equilibrated
CT state, this twist should rather be viewed as structural
relaxation. Considering the current progress in ultrafast
spectroscopy, one should hopefully not have to wait too long
for a definitive answer to this question.

10841

TICT states were invoked for many other DA or push—pull
molecules, most of these cases having already been reviewed in
detail in ref 171. Therefore, we will not address the question
about the twisted or not twisted nature of the CT state any
further.

One of the main reasons to investigate the ET dynamics in
these push—pull molecules was to test the current ET models,
to determine the modes most relevant to the reaction and to
find out how fast ET can be. The theoretical developments that
evidenced the key role of the solvent dynamics (see section
2.1.3) stimulated substantial experimental efforts to observe
solvent-controlled ET processes.

The first experimental evidence was reported by Kosower
and Huppert, who investigated the fluorescence dynamics of an
N-aryl-aminonaphthalenesulfonate (17, Chart 4) in a series of

Chart 4. Molecules Undergoing Ultrafast Intramolecular
Charge-Transfer upon Photoexcitation
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linear alcohols and found that the LE fluorescence lifetime was
almost the same as the longitudinal dielectric relaxation time of
the solvent, 7;, in agreement with the theoretical models of
solvent controlled ET.*'”*"*

The influence of the finite response time of the solvent was
also detected by a temperature dependence of the ET rate
constant larger than that predicted for conventional non-
adiabatic ET.*'” A transition from a nonadiabatic to a solvent-
controlled adiabatic regime was also shown to be feasible upon
lowering temperature, and slowing down dielectric relaxa-
tion.””” Additionally, the fluorescence decay of the LE state of
N-aryl-aminonaphthalenesulfonates in pentanediol was found
to be nonexponential and to be reproducible using a stretched
exponential function with a time constant equal to 7,.”*' This
nonexponential character was ascribed to a distribution of
effective solvation times due to specific H-bond solute—solvent
interactions.

However, Simon and co-workers proposed that, in the case
of flexible molecules, intramolecular modes involving large
amplitude motion (such as the twist of a phenyl group) could
also control the ET dynamics.”*>*** Therefore, the determi-
nation of whether structural changes or solvation is the rate
determining parameter could be ambiguous from a viscosity
dependence of the ET rate.

Among the various molecules used to address these
questions on the role of solvent and intramolecular modes,
bianthryl (BA, 18a, Chart 4) and 4-(9-anthryl)’-dimethylaniline
(ADMA, 19, Chart S), attracted large attention.

The case of BA is intriguing, because this molecule cannot be
considered as a push—pull compound. BA is apolar in the
ground state with the two anthryl units forming a ~60°
dihedral angle. However, the fluorescence spectrum of BA was
shown to strongly depend on solvent polarity, and to be
characterized by an increase of the solvatochromic slope when
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Chart 5. Molecules Undergoing Ultrafast Intramolecular
Charge-Transfer upon Photoexcitation
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going from weakly to more polar solvents.””* This was assigned
to the presence of two emitting states, a LE state with the
excitation localized on one anthryl and a symmetry-broken CT
state, with partially positive and negative charges on the two
anthryl units.

The ultrafast excited-state dynamics of BA were first
measured by Barbara and co-workers using fluorescence up-
conversion with an IRF of ~1 ps.’*>**° In alkanenitriles of
varying length, the fluorescence decay observed on the blue
side of the emission band was assigned to the LE — CT
transition. It was found to be ultrafast and to correlate with the
longitudinal dielectric relaxation of the solvents. However, the
ET time constants, gy, were systematically longer than 7; by a
factor 3—S. Much better agreement was obtained using the
solvation time, 7,, determined experimentally from the dynamic
Stokes shift of a coumarin. It was concluded that the
microscopic solvation dynamics are not well described by
continuum dielectric theory. As discussed in section 1.2, it was
shown later on that the molecular nature of the solute and
solvents, neglected in the continuum model, plays a crucial role
in solvation, via, e.g., the inertial motion of the molecules.*"**’
For this reason, the solvent relaxation does not follow a simple
exponential kinetics, contrary to the predictions of the dielectric
continuum model for solvents like acetonitrile or dimethyl
sulfoxide, which are characterized by a single dielectric
relaxation time.

Later on, the fluorescence dynamics of BA were simulated
using a model similar to that of Zusman,”” (section 2.1.3) but
with several important differences:*® (1) the temporal
evolution of the population on the excited-state surface was
calculated using the generalized Langevin equation instead of
the Smoluchowski equation; (2) the excited-state free energy
along the reaction coordinate was constructed within the
adiabatic limit from the zero-order free-energy curves of the LE
and CT states using parameters obtained from stationary
absorption and emission spectra; (3) the solvent relaxation
function, determined experimentally from dynamic Stokes shift
measurements with a coumarin, was used as a time-dependent
friction kernel. In general, an excellent agreement between the
simulated and the experimental fluorescence decay of BA was
obtained, confirming the essential role of solvation in the
excited-state dynamics of BA.

The role of solvent fluctuation on the symmetry breaking CT
in BA was further investigated by Mataga and co-workers, who
performed the first ps transient electronic absorption measure-
ments of BA in polar and apolar solvents.'®” The early transient

spectrum in pentanol was found to be similar to that in hexane
and was dominated by positive band around 550 nm ascribed
to the LE state. This spectrum evolved on a ~200 ps time scale
to a spectrum with a band around 700 nm, also observed in
acetonitrile, and assigned to the CT state. The authors also
investigated a BA derivative with one Cl atom on one of the
anthryl unit and measured a faster CT, with a time constant of
140—150 ps compared to 180—200 ps for BA. This acceleration
was assigned to the breaking of the symmetry of the molecule
and of the orientation of the surrounding solvent brought about
by the CI substituent.

A few years later, the same group reported on new transient
absorption measurements of BA with an improved time
resolution and found that the rise of the CT population in
alkanenitriles contains components 5 to 10 times as long as
7.”*” This was considered as an evidence of the involvement of
the torsion around the single bond between the anthryl units in
the CT process.

Torsion was also invoked by Martin and co-workers, who
performed transient absorption measurements of BA and its
derivatives in ethanol and butanol. They found that the ET
time constants of BA and anthryl-carbazole were similar to the
time constant associated with the slowest component of
solvation.”** Additionally, they observed a loss of structure of
the stimulated emission band from the LE state on a 1 ps time
scale which they attributed to an “inertial contribution of the
intramolecular twisting relaxation on the S; state surface out of
the Franck—Condon twist angle”. A strong acceleration of the
ET dynamics was found with the cyano derivative (CBA, 18b
Chart 4), with the CT taking place within the 500 fs IRF of the
experiment. This difference with BA was ascribed to the more
favorable driving force upon CN substitution.

A subpicosecond loss of the structure of the LE emission of
BA was also observed by fluorescence up-conversion.”*" This
process was then followed by a red shift of the emission on the
20 ps time scale in ethanol. The first step was assigned to a
partial planarization of BA through inertial motion and a partial
delocalization of the excitation over the two anthryl units,
whereas the second step was ascribed to the ET process, in
agreement with the interpretation of Martin et al.**

The excited-state dynamics of BA and of its cyano derivative
were revisited by Kovalenko et al. using transient absorption
with 50 fs time resolution.”*” In addition to the band above 500
nm, the TA spectrum of the CT state was found to contain an
intense band peaking at 315 nm and partially overlapping with
an LE band. Global analysis of the data pointed to a LE — CT
transition in acetonitrile with a time constant of 330 fs, close to
the diffusive solvation time (Figure 15). The loss of the
structure of the stimulated emission spectrum, reported by
Martin et al,>*° was also observed, but it was shown to arise
from the LE — CT transition and to the overlap of the bands
associated with these two states. In alcohols, the decay of the
LE state was multiexponential with time constants very similar
to those of solvent relaxation.

Upon CN substitution, the transient band of the CT state
was already observed at the earliest time delay and was found to
increase with a 150 fs time constant in acetonitrile. Like BA, the
decay of the LE state in alcohols was multiexponential, with
time constants similar to those of solvation, apart from the
slowest component of solvation, which was absent. A new
model for the ET in BA and CBA was proposed from these
results. The intrinsic LE — CT transition was suggested to take
place on the 10 fs time scale. When the CT state is not low
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Figure 15. (a) Transient absorption spectra recorded at different time
delays after 393 nm excitation of BA in acetonitrile. The dashed lines
are best-fit spectra obtained by a global analysis assuming LE — CT
transition with a 330 fs time constant. (b) Species-associated difference
absorption spectra obtained from the global analysis. Reprinted from
ref 232. Copyright 2003 American Chemical Society.

enough relative to the LE state, this process is reversible, and
both states are in equilibrium. As solvent relaxation sets in, the
CT state is stabilized and the LE-CT equilibrium shifts toward
the CT state. This shift increases to reach a final equilibrium
value once relaxation is complete. In the more polar solvents,
about 80% of the excited population is in the CT state.
Therefore, according to the authors, the ET dynamics of BA
and CBA are entirely determined by solvent modes and no
significant contribution of the twist coordinate could be
evidenced.

The excited-state dynamics of BA were also investigated
using near-IR transient electronic absorption spectroscopy by
Iwata and co-workers.>*®> The LE and CT states were found to
absorb around 1050 nm and between 1000 and >1500 nm,
respectively. A 380 fs decay time of the LE band was measured
in acetonitrile, in agreement with Kovalenko et al.?*? Later, the
same group showed that the broad near-IR band observed with
BA is absent with nonsymmetric derivatives, like CBA and
anthryl-carbazole.”** This band was attributed to a charge-
resonance transition between the two states that results from
the resonance interaction between the A™-A* and A*-A~ states.

More recently, the same group performed polarization
anisotropy measurements to circumvent the complication due
to the overlap of the LE and CT bands in the near-IR.>** The
anisotropy of the LE band was —0.2, whereas that of the CT
band was 0.4. In acetonitrile, this band with 0.4 anisotropy was
found to shift from ~1500 nm to about 1250 nm with a 600 fs
time constant (Figure 16). The 1500 nm band was assigned to
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Figure 16. Transient absorption bands with an initial anisotropy values
of 0.2 (LE state, solid line) and 0.4 (CT state, dotted line) measured
with BA (18a) at several time delay after 393 nm excitation. Reprinted
with permission from ref 235. Copyright 2009 American Institute of
Physics.

a state with partial charge transfer, PCT, in fast equilibrium
with the LE state. The 1250 nm band was attributed to the fully
solvated CT state and the 600 fs time constant to the PCT —
CT transition, mostly through diffusive solvent motion. Overall,
this interpretation is in good agreement with the model
proposed by Kovalenko et al.”*

Apart from bianthryl, photoinduced symmetry-breaking ICT
between identical units was also reported with other
systems,”**">*! as described in a recent review.”** Ultrafast
spectroscopic investigations pointed to the role of the
environment as the origin of the symmetry breaking. At a
given time, the instantaneous orientation of solvent molecules
around the two identical chromophoric units is not the same.
This is sufficient to make CT in one direction energetically
more favorable than in the opposite direction. Markovic et al.
demonstrated that, if the two chromophoric units are apolar,
the probability that the excited unit acts as a donor or an
acceptor is the same.”*" In this case, the asymmetry of the
solvent orientation around the molecule is totally random and
its direction alternates according to solvent fluctuations. The
situation might be different if the chromophoric moieties had a
permanent dipole that changes upon excitation.

Anthracene and N,N-dimethylaniline (DMA) represent a
prototypic fluorophore/quencher or A/D pair in bimolecular
photoinduced ET studies. In 4-(9-anthryl)’-dimethylaniline
(ADMA, 19), both units are directly connected, offering the
advantage of investigating the ET dynamics without the
complications arising from diffusion. This is why ADMA and
its close derivatives were intensively studied to obtain a deeper
insight into ultrafast ICT processes. The first subnanosecond
investigation of ADMA was performed by Mataga and co-
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workers, who observed a strong solvent dependence of the
transient absorption spectrum measured 200 ps after
excitation.”*® This effect was ascribed to the existence of two
nearby excited states differing in their polarity, in agreement
with previous investigations by Grabowski et al. using stationary
electronic spectroscopy, where dual fluorescence associated
with an LE and a CT emission was reported.”**

Huppert and Rentzepis measured the LE fluorescence decay
of ADMA using a streak camera with S ps time resolution and
found nonsingle exponential dynamics that could be repro-
duced using a biexponential function, with the slow component
correlating well with 7.°* However, the origin of the fast
component could not be established. The authors concluded
that ET in ADMA is mostly controlled by solvation and not by
internal motion like the twist of the DMA unit, for example, as
suggested earlier by Grabowski at al.”**

A few years later, the fluorescence dynamics of ADMA were
reinvestigated using fluorescence up-conversion with a time
resolution of ~100 fs after deconvolution.”*® Using spectral
reconstruction, the authors could monitor the temporal
evolution of the emission spectrum from the LE to the CT
band. The results revealed that, in dimethylformamide, the LE
band is no longer present after ~300 fs and that the ensuing
spectral dynamics are very similar to those due to solvent
relaxation. The LE fluorescence decay was found to be
nonexponential with an average decay time significantly shorter
than the average solvation time measured with a coumarin. To
simulate the observed LE dynamics, the authors applied a
similar theoretical model as that developed for BA based on the
generalized Smoluchowski equation for the diffusion of the
probability distribution on the excited-state potential.”** The
latter was constructed assuming adiabatic coupling between the
LE and CT potentials, with their main parameters determined
from the stationary absorption and emission spectra. Finally,
the solvent correlation function, C(t), eq 1, was used to
calculate the diffusion coefficient. With this model, the authors
could successfully reproduce the absorption spectrum of
ADMA, the temporal evolution of the emission spectrum as
well as the LE fluorescence decay and its nonexponential
character. Furthermore, an excellent agreement between the
measured and simulated average LE fluorescence lifetimes was
found.

In previous experimental investigations of the intramolecular
ET dynamics in such highly coupled DA systems, the ET rate
constant was taken as the inverse decay time of the LE
fluorescence. In these cases, however, the lower excited states,
S, and S,, are neither purely LE or CT states but can be
described as adiabatic mixtures:**®

1S,) = CY(Q)ILE) + CEAQ)ICT), (n = 1, 2) (26)

where Q is the position along the reaction coordinate. The
relationship between experimental observables and the ET rate
constants was addressed by Barbara, Fonseca and co-work-
ers.”?’ They showed that, in this case, the ET rate is time
dependent, kpr(¢), and can be expressed by

dIn[Sg(t) — Sg(o0)]
dt (27)

kgr(t) =

where Sg is the generalized survival of the electronic charge on
the donor unit divided by the charge of an electron. It was
approximated as

Ss(t)
N 1/2 - -2 -2 1/2
_ HiEs, [B()]" - Heres, [ﬂLE<—SU + Heres, — B(t)]

- -2 -2 2
('uLE<—SU + /’lCTeSO)
(28a)
with
A(t)

B(t) o A(0) (28b)

where fjg.g, and ficy.s, are the LE « S, and CT « S,

transition dipole moments, respectively, and A is the
fluorescence intensity integrated over the whole spectrum.

In the nonadiabatic limit, where the coupling between the D
and A units is small and the reactant and the product states are
separated by a well-defined barrier, Sg(t) is well described by
the LE fluorescence decay measured at a single wavelength,
I(At). This is also the case in the adiabatic limit in the case of a
high activation barrier. In other cases, the ET dynamics is
reflected by the temporal evolution of the emission band area.
The time dependence of the ET rate is due to three main
factors: (i) the dependence of the Ciy coefficients on the
reaction coordinate, Q, (ii) the shape of the excited-state
potential at the Q position where the excited-state population is
initially prepared, and (iii) the time dependence of the diffusion
coefficient D(t).

The authors also showed that, in the case of ADMA, the
long-time limit of the ET rate, kgp(o0), in dimethylformamide
is equal to the inverse of the longer solvation time constant. For
ADMA, the ET is essentially barrierless and the time evolution
of the excited-state population along the reaction coordinate is
not far from that associated with pure solvent relaxation. On
the other hand, the ET in BA involves a small barrier, and, as a
consequence, the time evolution of the fluorescence shows the
decay of one band and the rise of the ’product’ band, instead of
a continuous shift as for ADMA. In this case, the survival
probability, Sg(t), can be directly determined from the time
dependence of the LE fluorescence. The authors concluded
that the determination of the intramolecular ET dynamics for
any given highly coupled DA molecule requires first a careful
estimation of the excited-state potential.

Despite the very good agreement between the experiment
and the theoretical model used by Barbara and co-workers that
involves mostly a solvation coordinate, additional experimental
investigations of the excited-state dynamics of ADMA were
subsequently reported. Staerk and co-workers compared the
excited-state dynamics of ADMA and of pyrene-DMA
(PyDMA, 20, Chart 5) in hexanol and octanol using transient
electronic absorption and time-resolved fluorescence.”** No
emission that could be associated with the LE state could be
observed with any of the molecules. This was interpreted as a
LE — CT transition faster than the ~7 ps time resolution of
their experiment. However, a continuous red shift of the
emission band, attributed to the CT emission was observed
with both ADMA and PyDMA. The ~50% slower shift
measured for ADMA compared to PyDMA and to the average
solvation time was interpreted as an evidence of structural
changes such as the population of a TICT state for ADMA, but
not for PyDMA.

More recently, Martin and co-workers reported on a
transient absorption study of ADMA in various solvents with
a ~ 1 ps time resolution.”” Although the transient data did not
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exhibit very strong spectral dynamics except for that associated
with the shift of the stimulated emission band, the authors
attributed the decay of a transient band with a maximum
around 360 nm to the LE — CT transition. In the most polar
solvents, namely benzonitrile, ethanol, propanol and butanol,
this LE band was found to have decay components longer than
the average solvation time. The authors suggested that the LE
— CT transition is not barrierless as proposed by Barbara and
co-workers”*® but is thermally activated with a small barrier.
The authors proposed that this barrier is associated with the
torsion of the anthryl- DMA bond and therefore the CT process
is not entirely controlled by solvation but also involves the twist
coordinate. However, the Barbara model for ADMA predicts
that the long-time limit of the ET rate, kzp(00) is equal to the
inverse of the longer solvation time constant,”*® which, as
shown in ref 22, can be substantially larger than the average
solvation time. For example, the average solvation time of
ethanol is 16 ps, whereas 50% of the solvent relaxation is
associated with a 30 ps time constant. Therefore, LE — CT
time constants larger than the average solvation time, as
reported above,”***° do not contradict the Barbara model and
cannot be considered as an evidence of the involvement of
intramolecular modes with large amplitude motion.

The role of solvation and high-frequency modes in the
intramolecular dynamics of such a DA system was recently
confirmed by a combined fluorescence up-conversion and
transient electronic absorption study of perylene-DMA
(PeDMA, 21a, Chart S) and its cyano derivative (CPeDMA,
21b, Chart 5) in solvents ran§ing from tetrahydrofuran to
acetonitrile, including a RTIL.>** Whereas with PeDMA, the
ET dynamics coincided well with the diffusive component of
solvation, the ET in CPeDMA was substantially faster but
remained slower by a factor ~2 than inertial solvation (Figure
17). This difference was ascribed to the larger ET driving force
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Figure 17. (left) Transient absorption spectra recorded at various time
delays after 490 nm excitation of CPeDMA (21b) in dimethyl
sulfoxide. The arrows point to the changes due the LE — CT
transition. (Right) Time evolution at three representative wavelengths
and best fits from a multiexponential global analysis. The LE — CT
transition is associated with 480 fs and 1.8 ps time constants.
Reprinted from ref 249. Copyright 2008 American Chemical Society.

for CPeDMA and was qualitatively discussed in terms of the
Sumi-Marcus model (section 2.1.4). For CPeDMA, inertial
solvation almost suffices to make the activation barrier low
enough for CT to be ultrafast. In this case, the high-frequency
intramolecular modes play an important role. For PeDMA on
the other hand, the entire solvation energy is needed to make
the CT energetically feasible and thus ET cannot be faster than
solvent relaxation.

Even faster intramolecular ET was reported. For example,
Baigar et al. investigated a DA system consisting of Nile Blue
covalently linked to a ferrocene donor (22, Chart 6) in ethanol

Chart 6. Molecules Undergoing Sub-120 fs Intramolecular
Electron Transfer upon Excitation

using pump—probe spectroscopy with a 15 fs IRF and deduced
an ET time constant of <100 fs, close to the inertial response of
the solvent.”>" A similar ET time constant was observed by
Kubo et al. with a free-base porphyrin linked to a ferrocene (23,
Chart 6) in benzene and tetrahydrofuran.”>* Like Baigar et al,,
the authors observed a periodic oscillation of the pump—probe
signal due to the excitation of a vibrational coherence.
However, Baigar et al. concluded that, in their case, the
oscillation was due to a wavepacket on the Nile Blue unit and
did not play a significant role in the ET.**" In the other case,
Kubo et al. found that the Fourier-transform spectrum of the
oscillation measured with the DA system contained bands that
were not present with the porphyrin alone.””” From the relative
phase of the oscillations, the authors concluded that the
wavepackets observed with the porphyrin alone were associated
with ground-state vibrations and were generated upon
impulsive stimulated Raman scattering (ISRS). However,
other oscillations present only in the DA system were ascribed
to the S, state. As they remained visible until time delays of a
few picoseconds, the authors suggested that they might still be
present in the CT state and could point to coherent electron
transfer.

More recently, Riedle and co-workers reported on the ET
dynamics in phenolphthalein (24) which can be viewed as a
D,A system.”>” Upon local excitation of one of the subunits of
24 at 270 nm, ultrafast buildup of the donor cation with a rise
time of 50 fs was observed in acetonitrile by transient
absorption (Figure 18). The authors concluded that the ET
in phenolphthalein is even faster than the inertial component of
solvation and that the process is largely dominated by
intramolecular modes. This was also supported by the
observation of ultrafast ET in the structurally similar malachite
green lactone in nonpolar solvents.”*”
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Figure 18. Time profiles of the transient absorption at 475 nm
measured with phenolphthalein (24) and phthalide in acetonitrile. The
transient absorption of 24 was ascribed to the phenol radical cation
and that of phthalide to a local excited state. Simulated profiles
assuming instantaneous rise (solid) or 35 and 70 fs rise times (dotted)
are also shown. Reprinted from ref 253. Copyright 2003 American
Chemical Society.

The above examples reveal that a general picture of the
intramolecular ET dynamics in highly coupled DA systems is
difficult to draw. Indeed each system behaves differently
depending not only on the driving force, but also on the
electronic coupling and on the structural flexibility. These
parameters influence the shape of the excited-state potential
along the reaction coordinate. In this respect, the approach
proposed by Barbara and co-workers seems to be the most
rigorous. They consider the reaction coordinate to be
essentially a solvent coordinate. However, extensions of this
model should be envisaged to account for ET in flexible
molecules as well as for ET processes occurring on a similar or
faster time scale than inertial solvation.

2.2.5. Charge Separation in Moderately to Weakly
Coupled Systems. Like ADMA, systems with moderate to
weak electronic coupling contain well-defined donor and
acceptor units. However, contrary to ADMA, these units are
generally not directly linked by a single covalent bond but
rather through a bridge that ensures a larger distance and hence
a smaller coupling between the D and A moieties. Therefore,
these systems will be hereafter abbreviated as D-B-A, where B
stands for the bridging unit. A consequence of this smaller
coupling is that, in general, the electronic absorption spectrum
of such D-B-As does not exhibit a CT band. In fact, the
absorption spectrum is essentially the composite of that of the
individual D, B and A constituents. For the same reason, CT
emission is usually not observed unless the bridge is long and
flexible enough to allow folding and large through-space DA
coupling. As a consequence, CT in these systems is almost
complete and the ensuing state is usually called charge-
separated state. For the majority of these D-B-As, the ET
dynamics, which comprise the initial photoinduced CS and the
ensuing CR, was rationalized using the semiclassical model for
nonadiabatic ET or that for solvent-controlled ET. This is due
to the moderate to weak electronic coupling that makes ET
generally slower than relaxation phenomena. However, this is
not always true and we will focus here on cases where the
reaction occurs from a nonequilibrated state. There are
numerous literature examples where ultrafast ET taking place
on shorter time scales than that of diffusive solvent relaxation
was observed, and for which nonequilibrium dynamics can be
expected.””*"**® However, we will only discuss cases where
nonequilibrium electron-transfer dynamics were specifically
addressed.

2.2.5.1. Influence of Structural Fluctuations on the
Electron Transfer Dynamics. Depending on its nature, the
bridging in D-B-A systems can introduce substantial conforma-
tional flexibility that can lead to different mutual orientations
and/or distances between the D and the A moieties. This can
have a significant impact on the ET dynamics mostly because of

Chart 7. D-B-A Systems with Flexible Bridging Units
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the dependence of the electronic coupling on the distance and
the orientation. If this flexibility leads to a strong modulation of
the coupling, the reaction might only be possible in a limited
range of conformations. Therefore, depending on the
equilibrium distribution of geometries, conformational changes
may be required before the CS can become operative. This
situation bears some analogy with the intermolecular ET
processes, where the reactants have to diffuse, but here motion
is much more restricted. In such cases, the observed decay of
the excited state or the charge-separated state can follow
complex nonexponential dynamics.

A strong entanglement between diffusion and CS was already
reported by Mataga and co-workers with D-B-A systems
consisting of a dimethylaniline or a dimethylamine donor
covalently attached to an anthracene or a pyrene acceptor
throu%h an alkyl chain of varying length (25, 26, Chart
7).2%%%% The rise of the charge-separated state population was
found to become faster with increasing solvent polarity but to
slow down as viscosity was increased. This was ascribed to the
occurrence of partially hindered rotation and translation of the
A and D units associated with the alkyl chain dynamics that
lead to favorable conformations for the CS. However, given the
state of the transient absorption spectroscopy at that time, the
data did not allow for detailed analysis of the CS dynamics to
be performed.

Clear departure from monoexponential CS dynamics were
reported in several more recent investigations of D-B-A system
with flexible bridges, such as 27—29 (Chart 7).2402617263 Iy
many cases, the decay of the excited-state population could be
well reproduced with a biexponential function. A bimodal decay
does not necessarily imply the existence of two conformers with
distinct CS time constants but may be due to a distribution of
conformations, and hence, of CS time constants. Kinetics
resulting from a Gaussian distribution are indeed well-known to
be properly reproduced with a biexponential function.***>%

However, if conformational fluctuations occur on the same
time scale as the charge separation, the observed dynamics can
become strongly nonexponential. Zhong and co-workers
observed such a situation with the D-B-A 30 (Chart 7).*” In
water, this molecule was shown to exist in two different forms:
1) a stacked form, where the DA distance is the shortest and
the CS is the fastest, with a ~ 700 fs time constant, 2) a C-
clamp form with a fluctuating DA distance and with CS
occurring on a 100 ps time scale (Figure 19). In acetonitrile,
only the C-clamp form was present. The fluorescence decay
associated with the C-clamp population was best reproduced
with a stretched exponential function with a stretch factor
between 0.7 and 0.8 depending on the solvent.

The authors rationalized this fluorescence dynamics, I;(t), in
terms of a time-dependent CS rate coefficient, kcg(t):

t

I(6) = 13(0) expl—ket — [ keg(t) ]

0 (29)
where ky is the rate constant for the deactivation of the excited
chromophore in the absence of charge separation. The time
dependence of kg was associated with the temporal variation of
the DA distance, itself assumed to be periodic with an angular
frequency w:

kes(t) = kg . exp[—pAdp,cos(wt)] (30)

where kcg. is the CS rate constant at the equilibrium DA
distance, f§ is the attenuation factor, and Adp, is the variation
amplitude of the DA distance. The authors could reproduce the
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Figure 19. Fluctuations of the center-to-center distances between the
indole ring and the thymine ring of 30 obtained from molecular
dynamics simulations in water (top) and acetonitrile (bottom). The
red and blue dashed lines correspond to the stacked and partially
folded C-clamp forms, respectively. Reprinted from ref 267. Copyright
2012 American Chemical Society.

observed CS dynamics with this model assuming an oscillation
period, T = 27/ w, between 20 and 50 ps, an attenuation factor
J between 1 and 1.4 A" and a Adp, value ranging from 0.7 to
1.6 A, depending on the solvent. They showed that the
stretched character of the fluorescence decay increased with
Adp,.

Other studies focused on conformational changes that only
affect the mutual orientation of D and A but leave the through-
bond distance constant. Hochstrasser and co-workers inves-
tigated the relationship between the charge-separation dynam-
ics and torsional angle between the aromatic planes of the D
and the A moieties in the D-B-A system 31 (Chart 7), using
polarized transient IR absorption spectroscopy.”®® The initial
anisotropy values of the transient bleaches pointed to a mean
interplanar torsional angle of about 50° in the ground state. On
the other hand, from the time evolution of the anisotropy of the
anion band, and considering that the charge recombination in
this D-B-A is about 7 times faster than the separation, i.e., kcg =
22 ps! and kcg = 3.3 ps~', the authors concluded that the CS
occurred first in the D-B-As with the smallest torsion angle
(~50°) and then in the D-B-As with increasingly large angle.

A strong correlation between rotational diffusion and CS was
observed by Duvanel et al. with the D-B-A system 32 (Chart
8).”*” In moderately to highly polar solvents, the fluorescence
lifetime of the bodipy donor was found to vary between 18 to
50 ps vs 3.3 ns in toluene. This lifetime was independent of
solvent polarity but correlated very well with solvent viscosity
and with the experimentally measured reorientational time of
the bodipy chromophore alone (Figure 20). This dependence
was explained by a decrease of the through-space DA distance
upon twisting motion of the bodipy around the single bond to
the tripticene. Therefore, the measured dynamics reflected this
motion rather than the charge separation itself.

2.2.5.2. Electron Transfer Faster than Solvation or
Independent of Solvent Polarity. Ultrafast charge separation,
either controlled by solvent relaxation or occurring on shorter
time scales, was also observed with D-B-A or moderately
coupled DA dyads. One of the earliest observations was
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Chart 8. D-B-A Systems Undergoing Ultrafast Intramolecular Charge Separation upon Excitation
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Figure 20. Time profile of the fluorescence intensity of 32 in
acetonitrile and valeronitrile. Inset: correlation between the
fluorescence lifetime of 32 and the reorientational time of the bodipy
dye alone in solvents of increasing viscosity (ACN: acetonitrile; PrCN:
propionitrile; BuCN: butyronitrile; VaCN: valeronitrile). Adapted
from ref 269. Copyright 2007 American Chemical Society.

reported with a zinc porphyrin-quinone D-B-A system, where
CS was found to occur with a 5.5 ps time constant in
benzonitrile, very close to the 5.3 ps relaxation component of
this solvent.”’® A few years later, MacPherson reported even
faster CS in the D-B-A 33.””" The rise time of the charge-
separated state population was found to be essentially
independent of the solvent polarity with time constants of
250, 200, and 330 fs in benzene, dichloromethane and
benzonitrile, respectively. This is clearly faster than the diffusive
relaxation components of dichloromethane and benzonitrile.””
The absence of a solvent dependence was explained by the
substantial CS driving force increasing from 0.23 to 0.8 eV with
polarity. Therefore, solvation energy is not needed to make the
CS energetically favorable. The authors suggested that CS in
this dyad is mostly driven by intramolecular modes.

Ultrafast CS and weak solvent polarity dependence were also
observed with the triad 34 and the dyad 35 (Chart 8).””* In
both cases, the CS driving force was already positive (—AG,, =
0.2 €V) in toluene. In this solvent, CS in the triad was found to
take place in less than 130 fs. The transient absorption band of
the pyromellitimide acceptor anion was initially broadened on
its red side and narrowed in a few picoseconds. This was
explained by the population of the charge-separated state in a
vibrational excited state and the subsequent cooling by
intermolecular vibrational relaxation. This observation pointed
to the predominant role of intramolecular modes in the CS
dynamics of this triad. Interestingly, charge separation from the
excited chromophore to the pyromellitimide was found to be
slower in the dyad than in the triad. However, a 280 fs CS time
constant was measured with the dyad in butyronitrile, i.e., much
shorter than the diffusive relaxation time of 3.8 ps measured
with this solvent.””

2.2.5.3. Electron Transfer from an Upper Locally Excited
State. We now address intramolecular electron transfer
processes occurring from an upper electronic excited state of
the chromophoric unit. Although such processes do not
necessarily follow nonequilibrium dynamics, they are worth
discussing because they are exceptions of the well-known
Kasha-Valilov rule that states that emission and photochemistry
takes place from the lowest electronic excited states, ie., the S;
and T, states for closed-shell molecules. This rule is based on
the ultrashort lifetime of upper excited states originating from
the efficient internal conversion to nearby states of the same
multiplicity and very fast vibrational relaxation. Thus, to take
place from an upper excited state, ET has to be ultrafast and to
occur on a similar time scale as internal conversion. Upper
excited states were mostly exploited for ET reactions because of
their higher energy, enabling ET reactions that are not
operative from the S, state or for exploring highly exergonic
processes.

10848 DOI: 10.1021/acs.chemrev.6b00491
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Chart 9. D-B-A Systems Undergoing Charge Separation from an Upper Locally Excited State
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Zinc porphyrin (ZnP) is one of the few exceptions of Kasha’s
rule as it exhibits S, — S, emission (B/Soret band emission).
However, contrary to the well-known azulene,”>*’* its S,
fluorescence lifetime is very short, and, in the case of zinc
tetraphenylporphyrin, varies from 1 ps to about 2.5 ps
depending on the solvent.””>*’® However, this lifetime can be
sufficiently long for intramolecular CS to take place, as shown
by Mataga and co-workers who investigated the S, fluorescence
dynamics of dyads consisting of a ZnP unit covalently attached
to acceptors of varying strength (38b—h Chart 9).''"*77*7
The authors found that the S, fluorescence dynamics of the
ZnP unit accelerated substantially, but remained exponential, in
the presence of the attached acceptor. Transient absorption
measurements with 38g showed a buildup of the A radical
anion, pointing to the occurrence of CS from the S, state.

The CS rate constants determined by comparing the S,
fluorescence decays with and without A was found to increase
from 3.5 ps™' (38b) to 6 ps™' (38e) with increasing driving
force up to —AGgg ~ 1 eV in acetonitrile and then to decrease
down to 1.5 ps™' (38h) by further increasing the driving force
to 1.5 eV (Figure 21). This bell-shape dependence of the CS
rate constant could be well reproduced with the semiclassical
expression for nonadiabatic ET (eq S). This result represents
the first unambiguous observation of the Marcus inverted
region for intramolecular photoinduced CS. Similar CS
dynamics and driving-force dependence were observed in the
viscous glycerol triacetate, despite its very slow average
relaxation time.”*® To explain this, the authors invoked the
inertial component of the solvation that is enough to make
ultrafast CS operative. Very similar dynamics were observed in
the quasi nonpolar toluene.””” This unexpected result was
explained by the crucial role of high-frequency intramolecular
modes in ultrafast ET processes.

Charge separation from the S, state of ZnP was also
exploited by Hammarstrom and co-workers for the conception
of an A;-D-A, optical switch, in which the CS direction could
be chosen depending on whether the ZnP donor is excited to

)

10" f--oi

-AG, (eV)

Figure 21. Driving-force dependence of CS in 38b—h upon local S,
excitation of the ZnP unit in tetrahydrofuran (empty circles), glycerol
triacetate (empty triangles) and acetonitrile (filled circles) and best fit
of eq 5 (1: 38b, 2: 38c; 3: 38d; 4: 38e; S5: 38f; 6: 38g, 7: 38h).
Reprinted from ref 111. Copyright 2001 American Chemical Society.

the S; (Q-band excitation) or to the S, state (B band
excitation).””” To explore the feasibility of this idea, the authors
investigated the excited-state dynamics of A,-D and D-A, (38i)
dyads. In the first dyad, the CS state was below the local ZnP S,
state allowing CS upon S; « S, excitation. The charge-
separated state of the second dyad (38i), D*-A,”, was between
the locally excited S, and S, state of ZnP in apolar and
moderately polar solvents, and below the S, state in more polar
solvents (Figure 22). Ultrafast, <1 ps, population of the D*-A,~
state upon local S, excitation could be observed upon
monitoring the absorption of A,” in tetrahydrofuran and
more polar solvents. In tetrahydrofuran, the population of the
charge-separated state was found to decay very rapidly to zero,
whereas in the more polar solvents, it exhibited an initial decay
on the sub-picosecond time scale followed by a ~10 ps rise.
The results in tetrahydrofuran were explained by ultrafast CR of
the D'-A,” state back to the lower-lying neutral S; state,
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Figure 22. Energy-level scheme illustrating the charge-transfer
processes in the dyad 38i with hot charge recombination to the
locally excited state of the Zn porphyrin unit. Reprinted from ref 279.
Copyright 2010 American Chemical Society.

D*(S,)-A,. In the other solvents, the initial decay was
attributed to CR from the vibrationally hot D*-A,” state to
D*(S,)-A,, and the ensuing rise was explained by CS from the
equilibrated D*(S,)-A, state to D'-A,” (Figure 22). The
authors concluded that optical switching in an A;-D-A, should
indeed be operative but would require optimization to inhibit
CR to the local S; state.

The intramolecular CS dynamics from the locally excited S,
state of ZnP-based dyads as well as the ensuing ET process
were investigated theoretically by Ivanov and co-workers using
the so-called stochastic point-transition model of electron
transfer.”**">** For this, the authors numerically solved the
equations of motion of the diagonal elements of the density
matrix. They considered three or four electronic states (S,, S;,
charge-separated and ground state) as well as vibrational levels
of a single or of multiple high-frequency modes (Figure 23).
These equations included the diffusion on the free energy
surfaces along the solvent coordinate, the probability of ET
from vibrational sublevels of the initial state to sublevels of the

free energy

solvent coordinate

Figure 23. Cuts in the free energy surfaces of the ground, first, and
second electronic excited states and charge-separated state along the
solvent coordinate for a ZnP-based D-B-A system. The thin parabolas
stand for vibrational excited states. The green and red arrows represent
vibrational and solvent relaxation, respectively. ET can take place at
each intersection of the parabolas. Adapted with permission from ref
284. Copyright 2015 Elsevier B.V.

final state, and the decay of the vibrational excited levels.
Solvent relaxation was described as a sum of exponential
functions to account for the inertial and diffusive components
of solvation. The ET rate was calculated using the Zusman
expression, and a vibrational relaxation time constant of 100 fs,
corresponding to the fastest stage of the intramolecular
vibrational redistribution of the high-frequency modes, was
assumed. The authors could qualitatively reproduce the
population dynamics of the ZnP-based dyads reported by the
Mataga’s and the Hammarstrom’s groups.' ' ">””

Apart from those mentioned above, unambiguous observa-
tions of CS from the local S, state of ZnP are scarce. One of the
reasons is that the S, lifetime of ZnP tends to shorten upon
attachment to a bridging or quenching unit. Such functionaliza-
tion leads to a distortion of the molecule and a decrease of its
symmetry that enhances internal conversion to the lower
electronic excited state.”® %" As a consequence, an accel-
eration of the S, fluorescence dynamics upon attachment of a D
or an A unit cannot simply be ascribed to CS unless the charge-
separated state is clearly identified.

ZnP, like other metallo-porphyrins, has D, symmetry with
degenerate S, and S, states, which can be populated from the
ground state via the Q,/Q, and B,/B, transition dipole
moments, respectively.288 Using polarization anisotropy meas-
urements with magnesium porphyrin (MgP), Hochstrasser and
co-workers were able to show that the population transfer from
one Q substate to the other takes place in 1.6 ps and is driven
by solvent fluctuations.”®” Asymmetric substitution of these
porphyrins lifts the degeneracy of the Q and B states. The
Hochstrasser group investigated the effect of this loss of
degeneracy on the CS dynamics of a MgP-benzoquinone
dyad*”® The Q, state with its transition dipole moment
oriented along the long molecular axis was found to experience
a larger electronic coupling with the benzoquinone and to be at
lower energy than the Q, state. Upon excitation at 620 nm,
mostly in the Q, < S, band, ultrafast CS from the MgP to the
quinone moiety in 350 + 40 fs was observed. The authors
suggested that this time constant did not correspond to the CS
step itself but rather to the Q, = Q, transition, which acts as a
rate limiting step.

Charge separation from an upper local excited state was also
recently reported with a carotenoporphyrin dyad (39, Chart
9).””" Here, optical excitation was performed to the local S,
state of the carotene unit. The charge-separated state was
identified by the absorption band of the carotene radical cation
around 1060 nm and the bleach of the porphyrin B band. From
the multiexponential buildup of the charge-separated state
population, the authors concluded that the CS occurs from the
S, state, from the vibrationally hot S; state and from the
thermalized S, state of the carotene. Charge separation from
the S, state was estimated to take place in 600 fs, whereas CS
from the equilibrated S, state had a time constant 11 ps. Such
ultrafast dynamics was ascribed to the substantial driving force
that decreased from ~1.53 to 0.74 eV upon relaxation from the
S, to the S; states of the carotene.

Photoinduced ET processes from upper electronic excited
states are still poorly documented and clearly deserve further
attention. Recent investigations on conjugated polymers for
organic photovoltaics have shown that the charge-transfer
dynamics in these materials can be influenced by applying a
second optical pulse in the visible region, a so-called push pulse,
at a variable time delay after the initial pump pulse.””> This
approach is similar to that introduced by Wasielewski and co-
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workers to realize an optical switch.”” Using a D-A}-A, triad
40, where A, is a stronger acceptor than A, the authors
demonstrated that two different charge-separated states could
be populated, depending on whether single or double optical
excitation was performed (Figure 24). The second excitation

on temperature and a subpicosecond and temperature-
independent component. The relative amplitude of the fast
component increased from about 0.1 to 0.4 upon lowering the
temperature from 145 to 80 K. This behavior was rationalized
using the energy level scheme shown in Figure 25. The slower
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Figure 25. Energy-level scheme accounting for the temperature-
dependence of the charge-separation dynamics in 41. (A) At low
temperature, hot charge separation (kcs,) is as fast as vibrational
relaxation (k,) and is thus operative. (B) At high temperature, k, is
larger than k¢g, and only thermally activated charge separation (kc;)
is observed. Reprinted from ref 295. Copyright 2007 American
Chemical Society.

Figure 24. Energy-level diagram for the triad 40 with the various
electron-transfer pathways and time constants. Adapted from ref 293.
Copyright 1997 American Chemical Society.

lead to the population of a local excited state of the radical
anion A7 and was followed by CS to an upper charge-separated
state. Apart from its potential practical applications, this pump—
pump—probe approach opens interesting perspective for a
deeper understanding of the role of upper excited states.

2.2.5.4. Electron Transfer from a Vibrationally Hot State.
In the examples discussed just above, CS from the vibrationally
hot S, state was also invoked, in addition to CS from the S,
state. Although the overall energy of the hot S; state just after
internal conversion is essentially the same as that of the S, state,
the ability of these two states to undergo ET is not the same.
First, differences in the electronic coupling, V, can be expected
as the electronic wave functions of these two states differ.
Second, the partition of the energy among the electrons and the
nuclei is not the same in both cases. According to the Golden-
Rule formulation of the ET rate constant, eq 4, this should have
a direct impact on the charge separation dynamics through the
magnitude of the FCWD.

Evidence of intramolecular CS from a vibrationally hot
electronic excited state, so-called hot CS, was reported by
Zewail and co-workers with aminopurine covalently attached to
one or two adenines, guanines, or 7-deaza guanines.294 By
comparing the decay of aminopurine fluorescence with the rise
of the transient absorption of the charge-separated state, the
authors proposed the existence of two ET pathways: (i) CS
from the vibrationally hot S, state of aminopurine in less than
~200 fs and (ii) thermally activated CS from the equilibrated S,
state with a ps time constant depending on the nature of the
quencher, ie, on the driving force.

Competition between hot and thermally activated CS was
observed in a m-stacked ZnP-B-quinone D-B-A system (41,
Chart 9).*”° In methyltetrahydrofuran, the rise of the ZnP
cation absorption reflecting the population of the charge-
separated state was found to be monoexponential between 320
and ~150 K with a time constant increasing from ~2 to 20 ps.
At lower temperature, the rise was better reproduced by a
biexponential function, with a ~ 20 ps component depending

and temperature-dependent rising component was ascribed to
thermally activated CS from the S; state and the faster
component was attributed to hot CS. As the latter was only
observed below 145 K, this hypothesis implied that vibrational
relaxation of the hot S, state decreased from (340 fs)™! to ~ (§
ps)”, by going from 310 to 80 K. Therefore, at high
temperature, vibrational relaxation is faster than the hot CS
and only the thermally activated pathway is operative (Figure
25A). At lower temperature, the hot CS starts to compete with
vibrational relaxation and becomes more effective as temper-
ature decreases further (Figure 25B). On the other hand, the
thermally activated CS was proposed to take place in three
different regimes depending on temperature: nonadiabatic at
high temperature, solvent-controlled at medium temperature
and independent of solvent dynamics at lower temperature.

This temperature dependence of CS in 41 was subsequently
investigated theoretically by Ivanov and co-workers using the
stochastic point transition model discussed above.””® The
authors simulated the temporal evolution of the hot and the
equilibrated S, states and that of the charge-separated state.
The hot CS was found to be generally faster than the thermally
activated one, mostly because of a lower barrier and a more
favorable Franck—Condon factor. The temperature depend-
ence of the slow CS component could also be reproduced.
However, for this, the authors had to assume that at high
temperature, CS takes place in the normal regime and its
dynamics are solvent controlled, whereas at lower temperature,
the process is in the inverted regime and is no longer affected
by solvent dynamics.

Hot charge separation was also reported in an A-D, pentad,
consisting of a naphthalene diimide with four ZnP substituents
at the core positions (42, Chart 10).”*” The rise of the charge-
separated state population was found to depend significantly on
the excitation wavelength (Figure 26). Excitation at 600 nm to
the S, state, centered mostly on the naphthalene diimide unit,
was found to lead to a 4.6 ps exponential rise in polar solvents.
Excitation at 550 nm to the local Q state of ZnP lead to the
presence of a faster rising component of small amplitude, which
however became dominant upon 400 nm to the B state of ZnP.
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Chart 10. D-B-A Systems Undergoing Ultrafast Charge Separation upon Photoexcitation
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Figure 26. Time profiles of the transient absorption of the charge-
separated state of 42 in benzonitrile upon local excitation of a
porphyrin unit in the B band (blue) or Q-band (green) and upon
excitation of the central naphthalene diimide core (red). Adapted from
ref 297 with permission from the from the PCCP Owner Societies.

This ~500 fs rising component was ascribed to hot CS from
the ZnP S, state rather than to CS from the local ZnP S, state.

In the above examples, no indication of vibrational coherence
in the CS process was observed, indicating that either the
relevant vibrational modes were not coherently excited or the
charge separation was not fast enough to compete with
vibrational dephasing.

Evidence of vibrational coherence in CS was reported with
an A-D;-D, triad, consisting of a free-base porphyrin (D)
substituted on one side by a fullerene (A) and on the other by a
carotene (D,) (43, Chart 10).””® Local excitation of the
porphyrin with a 10 fs pulse centered at 550 nm resulted in an
ultrafast population of the CS state with the electron on the
fullerene and the hole on the porphyrin. The hole was found to
subsequently hop to the carotene on a 100 ps time scale to
populate a long-lived A™-D;-D," state. Due to the large spectral
width of the pump pulse, the carotene was also excited. Because
of this, the temporal evolution of transient absorption exhibited
a strong periodic oscillation due to the coherent excitation of
three vibrational modes of the carotene. However, after
subtraction of the contribution due to direct carotene excitation

10852

from the transient spectrum, the data revealed the presence of
additional vibrational coherence with a ~30 fs period which was
assigned to carbon backbone vibrations across the porphyrin/
fullerene region.

These observations of the effect of vibrational excitation on
the dynamics of photoinduced CS in weakly to moderately
coupled organic DA systems opens an interesting prospect for
the control or at least the tuning of CS using selective
vibrational excitation, as recently reported with platinum-based
D-7—A compounds.””’

2.3. Intermolecular Electron Transfer

2.3.1. Diffusional Effects. The most general way to
describe irreversible bimolecular electron transfer (as well as
proton- or resonance energy-transfer) reactions may be to use a
diffusion-reaction equation (DRE) approach. The following
simple reaction scheme between an excited fluorophore, F*,
and a reaction partner, Q, may serve as starting point:

F* + Q — products
——
(31)

Here, the relevant quantity of interest is given by the distance-
and time-dependent pair distribution function, n(rt), for the
F*/Q_pair, the evolution of which can be described by the
following diffusion reaction e%uation with appropriate boun-
dary and initial conditions:****""

on(r, t) L()nlr, t) — w(r)n(r, t)
——_—— N—_—,—

diffusion

n(r,t)

ot
(32)

where L(r) is the diffusion operator and w(r) is the reaction
probability for the disappearance of the F*/Q_pair. Depending
on the specific type of problem under investigation, this
equation may now be subject to different forms of the diffusion
operator and of the reaction probability. The diffusion operator
may account for Coulomb attraction, in the case of charged
reactants, interparticle potentials of mean force as a result of the
solvent structure or allow for a distance-dependent diffusion
coefficient as a result of the hydrodynamic effect. The reaction
term, on the other hand, may account for a pure contact

reaction
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reaction at distance o with rate k, in the form of a delta
function, w(r) = (k/476>)8(r — 6), or for a distance dependent
reaction probability of any suitable form. The experimentally
observable quantities, like the time-dependent rate coefficient
k(t), or the excited-state survival probability, N(t), can be
obtained from the solution of the DRE via:

k(t) = 4n f " w(n(r, O dr (33)

N(t) = N(o)exp(—i —f k() dt’)

To (34)

where the first term in the exponent of N(t) accounts for the
intrinsic fluorophore decay with its fluorescence lifetime in the
absence of quencher, 7, and ¢ is the bulk quencher
concentration.

For certain simple reaction terms, analytical solutions to the
partial differential equation and the ensuing time-dependent
rate coefficient can be found, which made them popular for
widespread use. Using a delta function reaction-term with an
infinitely fast k gives rise to the famous “Smoluchowski”
equation (cf. eq 35),’*” which, when modified to account for a
still contact but now finite rate, is usually named
“Smoluchowski Collins Kimball” model.**> When the diffusion
term contains a Coulomb potential to account for charged
species, the “Debye” version of the model ensues.

ksmolu

R
(t) = 4ﬂDNR(l + )
~ 7Dt (35)
Expanding the DRE approach to account for the irreversible
recombination of the geminate radical ion pair, produced in
(1), is straightforward.

cs . + CR
F¥F+Q - F+Q —F+Q
—— N —

n(r,t) m(r,t) (36)
Now the pair distribution function of interest is that of the
charge-separated state, m(r,t). The DRE resembles the one for
the F*/Q pair but is expanded with a source term, which
depends on the dynamics of the F*/Q pair.

om(r, t)

o = \LCR(r)m(rl tz - l"CR(”)m(rl tz

' '
diffusion sink

+ wcs(r)n(r, t)N(t)
— —
source (37)

Now the experimental observable is the survival probability of
the ion pair, P(t), which can be calculated as follows:

(o)
2
P(t) = 4nc /; m(r, t)r" dr (38)
From this it is clear that, whereas for the CS process it is only
necessary to solve eq 32, bimolecular CR is obviously more
complicated, as it requires the solution of the coupled CS/CR
problem, ie, eqs 32 and 37.

The concentration dependence of N(t) is straightforward as a
higher quencher concentration yields a faster F* decay. The
concentration dependence of the charge recombination step,
on the other hand, is significantly more complex. Inspection of
eq 38 reveals that, in a first approximation, the quencher
concentration only affects the amplitude but not the time-

dependence of the observed ion signal. However, the more
subtle effect of the influence of ¢ on P(t) stems from the third
term on the right-hand side in eq 37 and is introduced via the
generation of ions and their ensuing spatial distribution, which
strongly depends on quencher concentration, viscosity, driving
force, etc.***% The most striking difference between the initial
CS and the ensuing CR step however can be found in their
intrinsic nature. While bimolecular CS constitutes a bulk
process, the subsequent CR process is considered to be a pair
process.

Comprehensive early reviews on diffusional effects in
bimolecular reactions can be found in refs 306—308. A review
exclusively focusing on the kinetics of fast fluorescence
quenching processes can be found in ref 309. Burshtein
wrote several comprehensive reviews on the DRE approach and
its extensions and applications to diffusion influenced reactions,
including irreversible and reversible charge separation, charge
recombination and the effect of spin and external magnetic
fields on the latter.’*"'%3"!

2.3.2. Charge-Transfer Dynamics of Excited Donor—
Acceptor Complexes. Solutions containing an electron
donor and an electron acceptor are often characterized by an
electronic absorption band that is not present in the spectra of
the individual units. This band is due to a DA complex (DAC)
and is associated with a transition involving substantial charge
transfer from D to A.”'? Its transition energy correlates closely
with the redox properties of the constituents. These species are
sometimes called CT complexes, which is a misnomer, because
these complexes are weakly polar in the ground state, as
demonstrated by the weak solvatochromism of their absorption
band. Whereas the structure of several DACs was determined
in crystals,”'>*'* that in solution is not really known, although a
m-stack structure is generally assumed.’'”*'® Several DACs,
such as those containing substituted benzene donors, are
characterized by two CT absorption bands.*"’~**° This is due
to the loss of degeneracy of the two HOMOs of benzene upon
substitution.””' Consequently, the two CT bands are associated
with a one-electron transition from the HOMO and HOMO-1
of the donor to the LUMO of the acceptor. It was suggested
that the two CT bands correspond to DACs with different
mutual orientations of the constituents, favoring either the
HOMO/LUMO or the HOMO—1/LUMO overlap.***

Most DACs are not fluorescent because of a very short
excited-state lifetime and a small radiative rate constant
associated with the CT emission. However, the fluorescence
of the few emitting complexes was shown to be essentially
identical to that of exciplexes generated upon diffusional
fluorescence quenching.”*’

The first ultrafast spectroscopic investigations of DACs were
mostly carried out by the Mataga group, using picosecond
transient electronic absorption spectroscopy.”***** These
authors found that upon excitation in the CT band of the
complexes, the transient absorption spectra corresponded
essentially to that of the radical ion pair D*A™. Some band
narrowing was observed at early time delays and was ascribed
to small structural relaxation. In most cases, these ion-pair
populations were found to decay entirely to zero via charge
recombination to the ground state. In the other few cases, the
ion signal decayed only partially and remained constant within
the time window of the experiment. The longer-lived residual
was ascribed to free ions generated upon dissociation of the ion
pair.
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Chart 11. Typical Constituents of Donor—Acceptor Complexes
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Mataga and co-workers performed the first investigation of
the driving-force dependence of the CR dynamics of excited
DACs in acetonitrile.”>***” Compared to the CR dynamics of
ion pairs generated upon diffusional ET quenching, which can
be rationalized in terms of the semiclassical ET theory, eq S,
CR of excited DACs was found to be substantially faster and its
rate constant exhibited an exponential driving-force depend-
ence between 0.5 eV < —AGy < 3 eV. Measurements in other
solvents pointed to a small influence of the polarity on the
driving-force dependence. The authors suggested that the
charge recombination in these complexes should rather be
described with the expression developed for nonradiative
transitions in the weak coupling limit.*****’

After these pioneering studies by Mataga’s group, a
substantial number of femtosecond studies on the excited-
state dynamics of DACs were reported. Barbara and co-workers
investigated arene/Br complexes and observed ultrafast ground-
state recovery dynamics as well as an acceleration with
increasing donor concentration.”””*' No definitive explanation
for this effect could be given, but the quenching of the excited
complex by a donor and the ensuing formation of a DDA
complex was tentatively ruled out. On the other hand, Jarzeba
et al. found direct evidence of the formation of 1:1 and 2:1
complexes with the iodide/methylviologen systems.”*” In this
case, CR of the 1:1 excited complex was found to be much
faster than in the 2:1 complex, with time constants of 1 and 20
ps, respectively.

More recently, Mohammed et al. observed biphasic CR
dynamics upon 800 nm excitation of the charge-transfer band
of the methylperylene (49)/tetracyanoethylene (51,TCNE)
complex (Chart 11).>** About 90% of the excited-state
population were found to decay with a 170 and 220 fs time
constant in acetonitrile and dichloromethane, respectively, the
remainder decaying on a ~10 ps time scale.***> Moreover, the
early transient absorption spectra were dominated by a band
similar to that of the methylperylene radical cation but broader
and having a maximum at 555 nm instead of 540 nm (Figure
27). This band decayed almost entirely with the subpicosecond
time constant to a residual band with a maximum at 540 nm.
These dynamics were explained by the simultaneous excitation
of DACs with different structures and coupling strengths:
strongly coupled complexes with only partial CT character and
undergoing ultrafast CR and less coupled complexes with

|
500 550 600

wavelength / nm

Figure 27. Transient absorption spectra recorded after 800 nm
excitation of the methylperylene/TCNE complex in acetonitrile
(black) and absorption spectrum of methylperylene radical cation
(gray). Adapted from ref 333. Copyright 2008 American Chemical
Society.

almost complete CT character and exhibiting a slower CR. The
existence of a distribution of DA distances and its effect on the
CR dynamics and, hence, of the free ion yield had previously
been proposed by Braun and Sutin.*****°

In most of these ultrafast investigations, the CR dynamics
were found to be consistent with the semiclassical ET theory
(Section 2.1.2) for the inverted region.‘%‘%’337

Wynne et al. studied the CR dynamics of the excited
hexamethylbenzene (HMB, 46)/TCNE complex in a large
variety of solvents and measured CR time constants ranging
from 650 fs in acetonitrile to 2.75 ps in benzonitrile and 11.2 ps
in carbon tetrachloride.”*® The authors tested different
theoretical models to rationalize these findings. To limit the
number of adjustable parameters, they used the frequencies of
all the Franck—Condon active vibrational modes of this
complex determined from its resonance Raman spectrum.
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The electronic coupling, the solvent reorganization energy, as
well as the driving force were obtained from the analysis of the
CT absorption band. Using these parameters, they found that
the semiclassical model overestimated the ET rate constants by
a factor between 3 to 10 depending on the solvent. The best
agreement was obtained with a variant of the hybrid model, eq
23, where all Franck—Condon active vibrational modes of the
DAC were explicitly taken into account. With this approach,
the amount of energy deposited in each vibrational mode could
be determined. The results revealed that most of the energy is
released into the high-frequency modes (>1000 cm™).
Whereas all the above ultrafast investigations were performed
with a single DAC, Nicolet et al. investigated the CR dynamics
of a series of substituted benzene/pyromellitic dianhydride (52,
PMDA) complexes in acetonitrile, acetone, valeronitrile, and
ethyl acetate.”” The driving force for the charge recombination
could thus be varied between 1.4 and 2.4 €V. In all cases, the
decay of the transient PMDA anion band could be well
reproduced with an exponential function with a time constant
ranging from 200 fs to 60 ps depending on the driving force
and the solvent. In all solvents, the CR time constant was found
to have a nearly exponential dependence on the driving force as
previously observed by Mataga and co-workers.””***” As shown
in Figure 28, this dependence as well as the effect of the solvent
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Figure 28. Driving-force dependence of the rate constant of charge
recombination of excited benzenes/pyromellitic dianhydride com-
plexes in acetonitrile (ACN) and valeronitrile (VaCN) and driving-
force dependences calculated with the hybrid model, eq 23, and with
the semiclassical model, eq 5. Adapted from ref 339. Copyright 2002
American Chemical Society.

could be well reproduced with the hybrid model, eq 23. The
figure also shows the driving-force dependence predicted by the
semiclassical model, eq 5, using the same parameters but
without taking the finite solvent response into account. The
predicted rate constants are substantially larger than the
experimental ones, as also found by Wynne et al.’*® The
hybrid model predicts intrinsically nonexponential dynamics
with a slow initial decay and acceleration with time as relaxation
along the slow coordinate X takes place. No clear evidence of a
departure from exponential decay could be evidenced in this
investigation. This was explained by a relatively small solvent
reorganization energy and consequently a larger contribution of
the high-frequency intramolecular modes.

An interesting feature of the hybrid model, which can be seen
in Figure 28, is that, with the parameters used by Nicolet et
al,*” the CR is predicted to be independent of the solvent and
ultrafast in the driving-force range where the normal region is
expected. This suppression of the normal region was explained

by the nonequilibrium nature of the CR: the ion-pair state is
initially populated far from equilibrium and the crossing region
between this state and the neutral ground state is reached upon
relaxation (Figure 29). If the electronic coupling is large

—
non-equilibrium
charge recombination

DA DA DA DA

thermally activated
charge recombination

free energy
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Figure 29. Free energy of the ground and excited states of a donor—
acceptor complex along the solvent coordinate. The thin parabolas
represent vibrational excited states, the green arrow the solvent
relaxation, and the red arrows the charge-recombination pathways.
(Left) charge recombination is faster than solvent relaxation and
occurs out of equilibrium; (right) charge recombination is slower than
solvent relaxation and is thermally activated.

enough, recombination takes place before the ion pair has
equilibrated. On the other hand, if recombination does not
occur during relaxation, the process is thermally activated and
follows Marcus theory in the normal regime. Moreover, the
independence of the solvent predicted in the low driving-force
region was explained by the fact that inertial solvent relaxation,
occurring on a sub-100 fs time scale in all solvents, is enough
for the CR to become operative. However, if the CR driving
force is larger, both inertial and diffusive relaxations are
required and consequently an influence of the solvent on the
recombination dynamics is observed.

The driving-force dependence of the CR of DACs, as well as
the suppression of the normal region could be reproduced
theoretically by Frantsuzov and Tachiya, who described CR as a
nonradiative transition between two adiabatic states.”*’ In this
model, CR takes place from the equilibrated excited state and,
thus, follows exponential dynamics. However, the upper
adiabatic state is no longer a pure ion-pair state but rather a
state with a partial CT character. This was in contradiction with
the transient absorption results discussed above that revealed
that the excited DACs are close to ion pairs.

A suppression of the normal regime due to the non-
equilibrium nature of the CR was also predicted by theoretical
investigations from Ivanov and co-workers.'”>**" The authors
numerically solved the set of differential equations for the
temporal evolution of the electronic ground- and excited-state
populations as well as the population of the vibrationally hot
ground state. These equations contained (i) a term accounting
for the diffusion along a slow solvation and a fast intramolecular
coordinate, (i) the Zusman ET rate constant accounting for
the transition from the excited state to a vibrational level of the
ground state, and (iii) a term accounting for vibrational
relaxation. The authors also proposed two different approaches
to obtain an analytical expression for the description of such
nonequilibrium dynamics.

These numerical simulations also showed that the non-
exponential character of the decay of the excited-state
population can be strongly attenuated by assuming a substantial
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contribution from the high-frequency intramolecular modes to
the total reorganization energy (Figure 30).

0.01
0.0 0.2 0.4 0.6

Figure 30. Simulations of the effect of the high-frequency intra-
molecular modes (S is the Huang—Rhys factor) on the time-
dependence of the excited-state population of a donor—acceptor
complex in acetonitrile (AG = —0.5 eV, 4, =1 eV, V=0.08 eV, ® =
0.1 eV). Reprinted from ref 10S. Copyright 2006 American Chemical
Society.

The hybrid model was also shown to adequately account for
the excited state dynamics of stilbene/viologen complexes.”*”

Because of its nonequilibrium nature, the CR dynamics of
excited DACs depend on how far from equilibrium the excited
CT state is initially prepared and should thus be influenced by
the excitation wavelength (Figure 29). This idea was first
explored theoretically by Ivanov and co-workers using a similar
formalism as described above.***** These authors showed
that, unless very weakly exergonic (—AG < 0.4 eV), the CR
slows down with decreasing excitation wavelength. This can be
understood by considering that short wavelength excitation
populates the excited state far from equilibrium and far from
the crossing region between the excited and the ground state.
Consequently, substantial relaxation is required before the
crossing region is reached (Figure 31).

A DA DA

free energy

solvent coordinate

Figure 31. Free energy of the ground and excited states of a donor—
acceptor complex along the solvent coordinate. The thin parabolas
represent vibrational excited states, the green arrow the solvent
relaxation, and the red arrows the charge-recombination pathways.
Short-wavelength excitation (purple arrow) prepares the excited state
further from equilibrium than long-wavelength excitation (orange
arrow).

The excitation wavelength dependence of the excited-state
dynamics of DACs was experimentally investigated by Nicolet
et al. using substituted benzene/TCNE and substituted
benzene/PMDA complexes in nitriles characterized by different
relaxation times.”*> Three different types of excitation wave-
length dependences were reported, one of them unrelated to

nonequilibrium dynamics. The latter was observed with DACs
exhibiting two CT absorption bands such as diethylaniline
(47)/PMDA. Charge recombination upon excitation in the
high-energy CT band was found to be slower by a factor of
~1.5 than upon low-energy CT excitation. This difference was
explained in terms of a distribution of geometries, resulting in
different overlaps of the HOMO and HOMO-1 of the donor
with the LUMO of the acceptor.

Another excitation-wavelength dependence was observed
with the isodurene (45)/TCNE complex in valeronitrile and
octanenitrile but not in acetonitrile.”* The decay of the
TCNE™ band was found to be slower upon 480 nm than upon
620 nm excitation and to be nonexponential. These decays
could be well reproduced using a compressed exponential
function, f(t) o exp[—(kt)”] with 8 varying from 1.3 to 1.6 with
decreasing excitation wavelength. A § > 1 reflects the slow CR
at early time as the excited state is populated far from the
crossing region between the reactant and product states (Figure
30). This effect was not observed in acetonitrile, because the
recombination is slower (~1 ps) than diffusive solvation.

A third type of excitation-wavelength dependence was
measured with 1,2,4-trimethoxybenzene (48)/TCNE complex
in acetonitrile only.”*> The decay of the TCNE™ signal upon
long-wavelength excitation (620 nm) was found to be
monoexponential with a <100 fs time constant. Upon
shorter-wavelength excitation, the decay in acetonitrile was
biphasic with a dominant <100 fs component and a minor >100
ps component. Only the fast decay component was measured
in the other solvents, irrespective of the excitation wavelength.
This effect was explained in terms of the free energy curves
shown in Figure 29. The fast decay component of the excited-
state population was attributed to hot CR, which is ultrafast
because the excited-state population is not prepared far from
the crossing region, independently of the excitation wavelength.
In all cases, inertial solvent relaxation should almost suffice to
reach this crossing region and to make the CR operative. The
slow decay component was assigned to a fraction of the excited-
state population that does not undergo the hot recombination
and reaches equilibrium, from where the CR is thermally
activated and, thus slower. The fact that the hot CR was only
observed upon short-wavelength excitation was again explained
in terms of a distribution of geometries as this complex exhibits
two CT absorption bands. Finally, the absence of the slow
component in valeronitrile and octanenitrile was accounted for
by the longer time spent by the excited-state population in the
reactive region due to the slower diffusional relaxation.

Several investigations of the excited-state dynamics of DACs
with sub-100 fs time resolution revealed the presence of a
temporal oscillation of the signal intensity due to vibrational
coherence. The first observation was reported by Wynne et al.
with the HMB/TCNE complex in apolar solvents.”*® An
oscillation with a period of ~200 fs corresponding to a
frequency of 165 cm™' and a damping time of 1.2 ps was
superimposed to the ground-state recovery dynamics measured
using single wavelength pump—probe spectroscopy. This
oscillation was assigned to a wavepacket generated upon
impulsive stimulated Raman scattering (ISRS).

A similar oscillation in the ground-state recovery dynamics of
a mesitylene (44)/Br complex in methanol was subsequently
reported by Jarzeba et al.**' The oscillation corresponded to a
120 cm™' vibration that was assigned to an intermolecular
stretching mode of the complex in the ground state populated
by ISRS.
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A more detailed investigation on the origin of vibrational
coherence in excited DACs was performed by Wynne et al. on
the pyrene (50)/TCNE complex in several polar sol-
vents.”****” Oscillations corresponding to a frequency of 170
cm™" were detected in both the ground-state bleach and in the
stimulated emission signal recorded at 1215 nm. Whereas the
latter could be undoubtedly assigned to a vibration of the
complex in the excited state, the former could have two
different origins: (i) coherence of a ground-state vibration
produced by ISRS and (ii) coherent CR, i.e., modulation of the
ground-state recovery due to the vibrational coherence in the
excited state. Whereas ISRS induces a wavelength dependent
phase, coherent CR leads to a stepwise decrease of the ground-
state bleach. The latter should result in a stepwise increase of
the ground-state recovery dynamics, as recombination occurs
every time the wavepacket enters the region where the energy
gap is close to zero (Figure 32B). As the measurements were
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Figure 32. (A) Simulated time evolution of the ground-state
population of a donor—acceptor complex with coherent charge
recombination assuming the model illustrated in B. The inset shows
the oscillatory component obtained as residuals of an exponential fit to
the ground-state recovery. (B) Model used for simulating coherent
charge recombination: the initial distribution on the excited-state
potential is illustrated by the Gaussian distribution. The lower
exponential curve represents the probability of the excited-state
population to undergo charge recombination as it approaches the
crossing region. Reprinted with permission from ref 346. Copyright
1996 American Institute of Physics.

performed without spectral filtering and as the phase of the
oscillation was found to depend on the solvent, the authors
suggested that the oscillation originated from coherent CR. The
authors simulated the ground-state recovery dynamics assuming
different dependences of the CR probability on the energy gap
and found that, if the distance dependence is not too strong,
the steps in the ground-state recovery cannot be well
distinguished from an oscillation (Figure 32). Therefore, the
authors ascribed the observed oscillation to coherent ET
associated with an intermolecular vibration of the excited
complex.

Vibrational coherence in the excited state of the HMB/
TCNE complex was also observed by Rubtsov et al. using
fluorescence up-conversion.”****’ The fluorescence time profile
was biphasic with a 105 fs component assigned to vibrational
relaxation and a ~ 10 ps component due to CR to the ground
state. The superimposed oscillation, corresponding to a 160
cm™" vibration, similar to that observed by Wynne at al. in the
ground-state recovery dynamics,”*® was tentatively assigned to
an intermolecular mode of the excited complex. The authors
stressed that large differences in intermolecular frequencies are
expected between the ground and the excited states due to
strong Coulombic interaction in the latter. Therefore, an

assignment of the oscillations on the fluorescence signal cannot
be made on the basis of resonance Raman spectra.

To get a better insight into the nature of the coherently
excited mode, Rubtsov et al. performed similar fluorescence up-
conversion measurements with eight DACs, some with
different donors but a common acceptor, namely TCNE and
chloranil (53), and others with a common donor, hexame-
thylbenzene, but different acceptors, ie., TCNE, chloranil and
fluoranil (54).%*° Oscillations were observed in the fluorescence
time profiles of all complexes (Figure 33). The oscillation
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Figure 33. Fluorescence time profile measured with the HMB/TCNE
complex at two wavelengths together with the instrument response
function and (bottom) oscillatory component. Reprinted from ref 350.
Copyright 1999 American Chemical Society.

frequency was found to only depend on the nature of the
acceptor: around 155 cm™ for all D/TCNE complexes, 180
cm™" for D/chloranil and 212 cm™" for D/fluoranil complexes.
From this, the authors concluded that the vibrational
wavepacket originates from an intramolecular mode of the
acceptor rather from an intermolecular mode as previously
proposed. This was further supported by the good agreement
between the oscillation and vibrational frequencies of the
acceptor anions reported in literature. Several reasons for the
absence of vibrational coherence from intermolecular modes
were also proposed: (i) the frequency of these modes in the
electronic ground state is small and thus several excited levels of
these modes are populated at room temperature; thus,
complexes with different distances are excited, leading to a
randomization of the initial phase of the oscillation; (ii) the
small binding energy of these complexes in the ground state
leads to a distribution of geometries and thus of frequencies;
and (iii) several intermolecular modes with similar frequencies
can exist.

The authors also discussed the two mechanisms responsible
for the presence of oscillations in the fluorescence time profiles:
(i) the modulation of the transition energy due to the coherent
wavepacket motion on the excited-state surface. This
mechanism leads to a periodic shift of the emission band and
consequently gives rise to a different phase of the modulation
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Chart 12. Structures of the Acceptors and Donors Used in the Studies Presented Here
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depending on whether the fluorescence is detected on the high
or low energy side of the band; (ii) the modulation of the
transition dipole moment due to vibronic coupling. In this case,
the intensity of the whole emission band is modulated and no
wavelength-dependent phase shift is observed. If both
mechanisms are operative, their interference leads to an
enhancement of the oscillation on the high-energy side of the
spectrum (same phase of the oscillation) and to an attenuation
of the oscillation on the low-energy side (z phase shift). As
vibrational coherence was more visible when looking on the
blue side of the emission band of the complexes, the authors
concluded that both mechanisms were in operation.

Because of their ultrafast CR dynamics, these complexes are
particularly well suited to investigate nonequilibrium effects.
Despite the ultrafast spectroscopic investigations described
above, there are still several aspects that need further scrutiny,
such as the excitation wavelength dependence and the
occurrence of coherent electron transfer.

2.3.3. Bimolecular Charge Separation in Pure Donat-
ing Solvents. Investigation of intramolecular electron transfer
reactions allows deep insight into the dynamics of this process
without the complication of the diffusion of the reactants, but
the use of a covalently linked DA pair imposes several limits
such as constrained spatial and orientational positions of the D
and A units. The insights from electron transfer between freely
diffusing reactants, on the other hand, are severely obscured by
material diffusion processes, which may mask the intrinsic
dynamics, especially if the latter are ultrafast.

One ingenious way to overcome this apparent dilemma
consists in investigating charge-transfer reactions in pure
electron-donating solvents, i.e., using the solvent itself as one
of the reaction partners.””’ By doing so, the restrictions
imposed on the mutual orientation and distance between the
reactants are virtually lifted, while, at the same time, the effects
of translational diffusion (at least for charge separation
reactions) are minimized. Almost all examples in the literature
in this respect, with exception of the initial works on this
topic,”*"*** rely on aliphatic or aromatic amines as solvent and

fluorophores with relatively simple photophysics as electron
acceptors (cf. Chart 12).

As shown below, this approach was revealed to be extremely
powerful to investigate ultrafast, mostly faster-than-solvation
charge-separation reactions.

The pioneering work was performed by Kemnitz, who
monitored the fluorescence quenching of xanthene-based laser
dyes in molten anthracene, phenanthrene and 1-chloronaph-
thalene and deduced rate constants as high as 10'* s7'.**" The
driving-force dependence of these rate constants, which were
obtained indirectly from relative fluorescence quantum yield
measurements, could be adjusted with a Golden-Rule form of
the ET rate constant, assuming an extremely low solvent
reorganization energy of 50 meV. In a follow-up paper,
Kemnitz and Yoshihara expanded the study to time-resolved
fluorescence experiments of xanthene-based dyes in electron-
donating, as well as electron-accepting solvents, such as p-
benzoquinone, m-nitrobenzonitrile, or 1-chloronaphthalene,
confirming the ultrafast character of these types of reactions.”*”

Later on, Kandori, Kemnitz, and Yoshihara confirmed that
the ultrafast diffusionless fluorescence quenching of $S in
aniline (65a, AN) and N,N-dimethylaniline (65b, DMA)
indeed arises from an ET reaction by directly monitoring the
charge separation products using sub-picosecond visible
transient absorption spectroscopy.”’>® They found multi-
exponential charge separation with components as short as
100 fs, followed by charge recombination to the electronic
ground state within 2.7 and 4 ps for AN and DMA, respectively,
thus having a full photocycle occurring within less than 10 ps.
The ultrafast charge-separation step, which is significantly faster
than solvation dynamics, was attributed to the small values of
the (inner and solvent) reorganization energies. Yoshihara and
co-workers also performed femtosecond fluorescence up-
conversion experiments on a series of 7-aminocoumarin dyes
dissolved in AN and DMA, observing nonexponential
dynamics, with the fast processes being at least an order of
magnitude faster than the relaxation of these solvents.”>* In
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later works (vide infra) the authors went on to analyze these
data using the 2D Sumi-Marcus model for ET (see section 2.1).

Nibbering and co-workers investigated the full photocycle
between a coumarin (58) and three differently N-substituted
anilines using fs Vis-pump/IR-probe spectroscopy.”>> The
charge separation for all three reactant pairs was observed to
proceed on two different time scales (500 fs and 7 ps) with
hydrogen bonding not playing a crucial role in the dynamics.
Charge recombination, on the other hand, took place on the
40—110 ps time scale.

Fleming and co-workers investigated the full photocycle of
59 in pure DMA and N,N-diethylaniline (47, DEA) using
single color transient grating (TG) and three-pulse photon-
echo peak-shift (3PEPS). While both techniques are four-wave
mixing methods, TG and 3PEPS provide complementary
information on population- and solvation-dynamics, respec-
tively.”*® The TG and 3PEPS data were modeled using a three-
level system using nonlinear response functions, accounting for
reaction- as well as solvation-dynamics allowing the authors to
treat the elementary ET reaction and the solvation process
independently. It was found, that while the charge separation
step occurred with 85 and 165 fs, for DMA and DEA,
respectively, charge recombination was proposed to occur in 4
and 6 ps, and to be followed by vibrational cooling of the
ground state in 20—50 ps. The assignment of the recombina-
tion was shown by Fayer and co-workers to be incorrect (vide
infra).>’

The full photocycles of the two xanthene-based dyes 59 and
62 in pure DEA were studied by Jiang et al.”>*** using fs time-
resolved multiplex transient grating and fs visible TA
spectroscopies. The authors could disentangle the dynamics
into three different regimes: (i) CS on the 200 to S00 fs time
scale, (ii) IVR of the product state between 1 and 7 ps, and (jii)
CR on the time scale of approximately 50 ps. None of the last
three studies explicitly addressed the faster-than-solvation
aspect of the charge separation reaction.

Tachiya and co-workers found indications for the pivotal role
of intermolecular stretch vibrations in an ultrafast electron
transfer reaction resulting in an exciplex.’®® They investigated
the driving-force and emission-wavelength dependence of the
fluorescence dynamics of various cyanoanthracenes (63) in
pure AN and DMA using fluorescence up-conversion with a
240 fs IRF. It was found that the locally excited state
fluorescence was quenched with a significantly faster-than-
solvation time constant of approximately 200 fs for all 6
systems studied, covering a driving force range from 0.36 to
1.47 eV. This observed driving-force dependence was in
striking contrast with the findings of Mataga and co-workers
for charge recombination reactions in DA complexes (see
section 2.3.2).°°" The experiments also showed the rise with
the same 200 fs time constant of a weak and broad fluorescence
band at significantly lower energies (see Figure 34), which the
authors assigned to an exciplex. In summary, these observations
were rationalized by invoking an adiabatic and barrierless
exciplex formation along the coordinate of the intermolecular
stretch vibration (cf. Figure 35).

2.3.3.1. Coherent Vibrations. The groups of Zint
Nagasawa,365’366 and, recently, Scholes™” invested significant
experimental effort in elucidating the role coherent vibrations
may play in electron transfer reactions. All of these

362-36
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investigations concentrate on the full photocycle of 56 in
pure reactive DMA and inert 1-chloronaphthalene.
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Figure 34. Fluorescence dynamics measured upon excitation of 9-
cyanoanthracene in DMA at the wavelength of the locally excited state
(460 nm) and of the exciplex state (5SSO0 nm). Reprinted with
permission from ref 360. Copyright 2000 American Institute of
Physics.
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Figure 3S. Tentative potential energy diagram for the ultrafast exciplex
formation as a function of intermolecular distance, Q. Dashed lines
denote diabatic electronic states, while solid lines indicate adiabatic
potential curves. Reprinted with permission from ref 360. Copyright
2000 American Institute of Physics.

Zinth and co-workers used fs transient electronic absorption
with a time-resolution better than 20 fs to monitor the ground-
state bleach and the stimulated emission region of 56 (580—
720 nm),*** and later the charge-transfer products’ absorption
(440—500 nm).*** This allowed them to split the dynamics of
the photocycle into three main characteristic processes: (i)
highly nonexponential ultrafast ET from DMA to 56 within
30—80 fs, (ii) recombination to the vibrationally hot ground
state within 3.8 ps, and (jii) cooling of the latter on a 7 ps time
scale. In addition, high-frequency vibrational wavepackets were
observed not only in the ground-state bleach and excited-state
absorption of 56°° but also in the product dynamics, thus
pointing to the importance of vibrational motions in the ET
process.364 Simulations using a microscopic quantum mechan-
ical model consisting of three relevant electronic states, two
strongly coupled vibrational modes and a dissipative environ-
ment allowed the observed charge separation dynamics to be
semiquantitatively reproduced. Whereas the fast dynamics
could be assigned to an adiabatic reaction, the subsequent
slow-down of the reaction was assigned to relaxation and
coupling to the thermal bath.***

Nagasawa and co-workers used a combination of degenerate
four-wave-mixing in the range of 620 to 660 nm with a sub-15
fs time-resolution and broadband transient electronic absorp-
tion with a 30—45 fs time resolution.”*>**° In line with the
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previous findings by Zinth and co-workers, the authors could
quantify the slight difference of roughly 6 cm™ between the
wavepacket frequency of 56 in the S, (567—569 cm™) and the
S, states (561—562 cm™"). The authors could also confirm that
the dephasing time for the S; vibrational coherence exceeded
the ET time of 60—80 fs by a factor of 2 to 3 (see Figure 36).
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Figure 36. (a) Pump—probe signals measured upon 600 nm excitation
of 56 in I-chloronaphthalene (1ICN) and DMA and (b) the
normalized oscillatory parts. Reprinted with permission from ref
365. Copyright 2014 Elsevier.

However, the limited time-resolution in the spectral regions of
the product (400—500 nm) did not allow for the observation of
coherent oscillations, as previously observed by Engleitner et
a1 364

The most recent contribution to this topic was reported by
Scholes and co-workers, who used narrow- and broadband-
pump transient electronic absorption, as well as 2D-electronic
spectroscopy in the visible.>*” Here, on the one hand, the
authors found the electron transfer to take place with a time
constant of 100 fs, while on the other hand, they could recover
the S, and S, vibrational wavepackets and their respective
frequencies, observed in previous investigations. However,
based on their findings, they concluded that the observation of
vibrational coherence surviving the electron transfer step was
not to be interpreted as the outcome of a coherence transfer,
i.e,, a direct participation of this particular mode. Instead, the
observed vibrational coherences were interpreted as being
noninterfering “spectator” rather than electron transfer
“promoter” modes.

2.3.3.2. Electron Transfer in the Framework of the Sumi-
Marcus Model. The group of Yoshihara dedicated substantial
effort to the systematic study of the effect of isotope
substitution,>**>¢’ temperature,370 driving force, #3937 mo-
lecular size, and electronic structure®’* on the fluorescence
quenching of phenoxazine- (55, 56)°"”**~*"° and 7-amino-
coumarin-based (58)*%**%*71372375 flyorophores in pure
anilines (65) or hydrazines (66). To this end, mostly single-
wavelength fluorescence up-conversion with a time-resolution
of 60—80 fs was used to record the charge separation dynamics.
In all these investigations, the two-dimensional Sumi-Marcus

model (cf. section 2.1) was applied to rationalizing the
observed dynamics.

The observed fluorescence decays of phenoxazine-based laser
dyes (55 and 56) in reacting solvents were hardly affected by
solvation,””>™*"> as these dyes exhibit very small Stokes shifts,
or by excess energy, given that excited-state thermalization was
shown to be ultrafast.’”> While the quenching of 55 and 56 in
unsubstituted aniline was found to be multiphasic with the
fastest component ranging from 300 to 470 fs, respectively, that
in DMA was originally found to be essentially monoexponential
with time constants of 280 (56) and 160 fs (55).””* This made
this initial CS step almost SO times faster than the shortest
diffusional component of solvent relaxation and more than 100
times faster than the mean relaxation times of these anilines,
which had been determined to lie in the 10—30 ps range.*”” In
addition, the authors found that, whereas the dynamics of 56 in
DMA were monoexponential and temperature independent,
the long-time components of the multiphasic quenching
dynamics in aniline exhibited a temperature dependence
corresponding to an activation energy of 1 keal /mol.>7¢
Surprisingly, the authors found that the solvent relaxation
times of aniline did not vary in the investigated temperature
range (273 to 373 K).*”° The Sumi-Marcus model could not
only reproduce the mono- and multiexponential decays for the
different systems, but was also able to account for the
temperature dependence of the latter, when realistic sets of
ET parameters were applied.”’”*”**® A few years later, the
same group reinvestigated the 56/DMA system using a
fluorescence up-conversion setup with improved time reso-
lution (70 fs) and signal-to-noise ratio (S/N = 10%),>”7 and
found highly nonexponential fluorescence decays, ranging from
sub-100 fs to tens of ps, not only in AN but also in DMA.
Additionally, they found that, contrary to their previous
measurements,””> the quenching of the $6/DMA system
depends on the fluorescence wavelength, the rate decreasing
with increasing wavelength. Given that 56 exhibits almost no
dynamic Stokes shift, the authors attributed both the
nonexponentiality and the wavelength dependence to different
configurations of 56 and DMA, each associated with different
excited state energies, leading to different ET driving forces and
rate constants (see Figure 37).

In a second series of studies,®®®*¢%37137%375 yoshihara and
co-workers used fluorophores based on the 7-aminocoumarin
core (58), which, contrary to the phenoxazine dyes, exhibit

\ |
J
J

¢}

[

Figure 37. Tentative energy diagram explaining the wavelength
dependent rate constants observed with the 56/DMA system. (a)
Vertically offset excited state surfaces denote the distribution of
configurations. (b) Configuration with blue-shifted fluorescence and
“fast” ET. (c) Configuration with red-shifted fluorescence and slow
ET. Reprinted from ref 377. Copyright 1999 American Chemical
Society.
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significant dynamic Stokes shift, of the order of several 1000
cm™L. In this case, as electron transfer and solvation occur on
similar time scales, the fluorescence dynamics were found to
vary strongly with the emission wavelength.””* While the ideal
approach for studying these reactions would consist in
analyzing the entire time-resolved emission spectra, the authors
found that recording the fluorescence time profiles at a single
properly chosen wavelength allowed complications due to
solvent relaxation to be minimized.*”* Again, using the 2D
Sumi-Marcus model with a nonequilibrium initial distribution
of the excited fluorophore population (X(t = 0) # 0 for eq 20)
the authors obtained excellent agreement with the experimental
energy-gap dependence of the ET rate and could reproduce the
observed turnover from quasi monoexponential decays at large
driving forces to multiexponential decays at small driving force.
This model also allowed the decrease of the observed Stokes
shift with increased reaction rate to be explained, an effect that
the authors denominated “chemical timing” of ET on the
solvation process. While for fast systems the reaction proceeds
via excited vibrational states before solvation is completed, the
slower systems react with the solvent molecules already in the
equilibrium configuration around the excited fluorophore.

The same group also systematically investigated the effect of
H/D-isotope substitution on donors and acceptors as well as of
the length of the alkyl substituents on the anilines.*****” The
ET dynamics was found to be affected by the isotope exchange
of the aniline hydrogens but not by the isotope exchange of the
coumarins or of the aromatic and aliphatic hydrogens of the
anilines.>*® In the former case, a slowing down of the ET rates
by almost 20% was observed.***** It was found to be more
pronounced for the slower ET components and at low driving
forces. In other words, ultrafast ET reactions were virtually
unaffected by the H/D exchange on the quencher. In order to
investigate the origin of these findings, the authors performed a
thorough sensitivity analysis of all the relevant ET parameters
in the framework of the Sumi-Marcus model, such as the
reorganization energies, the driving force or the solvent
relaxation times. The authors finally suggested that the small
reduction of the driving force in deuterated solvents (by tens of
meV), which is most likely being brought about by changes in
the intermolecular hydrogen bonds, constituted the main origin
of the observed isotope effect.’*®

In addition, the authors observed significant changes in the
barrierless ET rates in anilines with differing numbers of alkyl
N-substituents, which they attributed to changes in the
electronic coupling element, V.**’ Varying the size of the
alkyl substituents of N-monoalkylanilines did not lead to a
significant effect on the dynamics, whereas a substantial
slowing-down was observed with increasing the alkyl chain
length of N,N-dialkylanilines.*® In a similar series of experi-
ments, Shirota et al. exchanged the anilines by aliphatic and
aromatic hydrazines (66) as pure donating solvents and
observed huge differences between these two types of donors,
namely ET being almost 1 order of magnitude slower for the
aliphatic hydrazine than for the two aromatic ones. The
experimental findings were ascribed to electronic structural
effects, with the coupling matrix element for aliphatic
hydrazines being significantly smaller than for aromatic ones.*”*

2.3.3.3. Population Distributions. Beddard and co-workers
investigated the full photocycle of 57 in AN and DMA at
various temperatures using fs transient electronic absorption for
the reaction dynamics, as well as optical Kerr effect and nuclear
Overhauser effect measurements to obtain the solvent
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relaxation times of the pure solvents.””® Both charge separation
and recombination were found to be ultrafast (sub-picosecond
and sub-10 ps, respectively), almost temperature independent
and significantly faster than the independently determined
solvent dynamics. While the authors discarded the use of the
Sumi-Marcus model, their attempts to describe the exper-
imental observations using a Golden-Rule description failed. As
a consequence, they proposed charge-separation from
preformed “optimal” subensembles or electron transfer limited
by nuclear tunneling,

Walker and co-workers probed the anisotropy of the product
and reactant state of a 7-aminocoumarin derivative in pure
DMA using fs transient electronic and vibrational absorption
and concluded that ultrafast (4 ps) charge separation was
preferentially occurring between reaction partners with their
long axes oriented perpendicular.’”

Very much in line with the series of experiments conducted
by the Yoshihara group in the 1990s, Castner, Kennedy, and
Cave thoroughly (re)investigated the fluorescence quenching
dynamics of coumarins in pure electron donating solvents.**" In
particular, they studied (i) the quenching of six 7-amino-
coumarin derivatives (58) in DMA, (ii) the quenching of one
coumarin in eight electron-donating solvents, comprising
substituted aromatic and aliphatic anilines as well as one
phthalate, and (iii) the concentration dependent quenching of
one coumarin by DMA in two nonreactive solvents using fs
fluorescence up-conversion. These experiments were comple-
mented with a combination of MD simulations, semiempirical
quantum mechanical calculations, and application of the
generalized Mulliken-Hush theory to evaluate the electronic
coupling matrix element, V. The first two sets of experiments
yielded results, which were mostly in line with the previous
findings by Yoshihara and co-workers (vide supra). The
fluorescence decays were observed to be nonexponential in
almost all cases, and emission wavelength independent for fast
and only moderately emission wavelength dependent for the
slower reactions. Similar to ref 372, a significant slowing down,
which could not be related to different driving forces but was
attributed to changes in the electronic coupling, was observed
for the aliphatic amines compared to the aromatic ones. In
addition, and at odds with previous experiments, all
fluorescence dynamics required an ultrafast (sub-200 fs) rising
component, which the authors assigned to be consistent with
the inertial part of the dynamic Stokes shift, thus constituting a
prerequisite for the ultrafast electron transfer. The most striking
insight, however, was obtained from the “dilution” experiments
with nonreactive solvents. Upon exchanging only 2 of the
approximately 15 nearest neighbors with an inert solvent led to
a dramatic decrease of the observed ET rate by a factor of
almost 3. From the MD simulation and quantum chemical
calculations, the authors found that the electronic coupling, V,
was not only dependent exponentially on interparticle distance,
indicating that indeed only the first solvation shell is of
importance, but that it was also strongly affected by the mutual
orientation of the reactants (see Figure 38). This latter aspect
led to dramatic temporal variations of V. From this, the authors
concluded that, although many potential donors are available
when working in pure donating solvents, only very few fulfill all
the necessary requirements to undergo ultrafast ET, owing
mostly to V being a highly dynamic and strongly fluctuating
parameter.

The group of Vauthey opted for a different, structurally
simpler class of fluorophores, namely perylene derivatives (64),
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Figure 38. (a) Snapshot of the MD simulations of a coumarin and its
nearest-neighbor DMA molecules at 40 ps. The coumarin is
represented in colored spheres. The DMAs (sticks and cylinders)
are color-coded according to the size of the electronic coupling
element, V (gray: <50 cm™'; yellow: 100—150 cm™; red: >150 cm™).
(b) V as a function of time for a single coumarin-DMA pair. Adapted
from reference 380. Copyright 2000 American Chemical Society.

. . 381,382 382
for studying charge separation and recombination”” in

pure donating solvents. To this end they performed
fluorescence up-conversion measurements of a series of
perylene derivatives in DMA,**" and carried out, additionally
to time-resolved fluorescence, femtosecond multiplex transient
grating measurements of 64a and 64b in a series of amino
substituted aniline derivatives.’®” In order to rationalize the
pronounced nonexponentiality encountered with all fluoro-
phores in pure DMA, the authors developed a phenomeno-
logical model accounting for three different subpopulations of
fluorophore/quencher pairs within the first solvation layer:**!
(i) donors in an optimal position for electron transfer with k.,
(ii) donors that first have to rotate with k., and (iii) donors
that need to undergo certain translational motion, ki, before
ET. The total number of donor molecules in the first solvation
shell, as well as k, and k., could be estimated independently,
leaving as adjustable parameters only k, and the probabilities
for the donor to occupy any of the three “positions”. The so-
obtained k,, values of approximately 1 ps™' were found to be
significantly faster than solvation in DMA, which the authors
rationalized using the Sumi-Marcus model. The average
number of highly reactive sites, as also proposed by Castner
et al,, was found to be below one for apolar 64a, but amounted
to 3—4 for polar 64b. This provided a clear-cut indication that
dipole—dipole interactions and prealignment already in the
ground state may play a crucial role for such types of reactions.
Similar results were obtained in the second work, when
comparing the dynamics of 64a and 64b in various anilines.’**
Again, similar intrinsic k., were found for both fluorophores,
but with a 3—4 times higher number of molecules in a proper
geometry for the dipolar fluorophore. The observed solvent
dependence could be ascribed to effects of the driving force and
steric hindrance, especially in the case of bulky substituents on
the aniline nitrogen. Observation of the charge separation
products by monitoring either the exciplex by fluorescence or
the excited state absorption using transient grating, clearly
showed that the reaction products were formed in non-
equilibrium, undergoing subsequent solvent relaxation. It was
also observed that, once the charge separation had occurred,
the pure donating solvent behaved just as any inert solvent,

with the reaction products essentially resembling the behavior
of contact ion pairs. The charge recombination rates were
found to show the typical behavior for systems in the Marcus
inverted region, and showed different electronic couplings for
the different anilines, which again could be traced back to steric
hindrance on the amino nitrogen.

Pal and co-workers reinvestigated the quenching of a
coumarin derivative (58) by three different amines®*” in the
pure amines and upon dilution on isodielectric binary mixtures
of cyclohexane and ethyl acetate.’® Both the results and their
interpretation were in agreement with the findings by Castner
et al. and Vauthey and co-workers. The shortest lifetime
contribution, which was assigned to the intrinsic electron
transfer in perfectly oriented DA pairs, was found to be almost
identical up to a critical amine dilution. The differences in the
value of this critical dilution among aliphatic and aromatic
amines were ascribed to differences in the electronic coupling
element, V, due to differences in the localization of the HOMO
of the amines.

Letrun and Vauthey brought additional insight into the
above-mentioned interpretations by studying the effects of
excitation wavelength and dielectric enrichment on the ET
quenching of a set of 64a and coumarin fluorophores with
different permanent dipole moment by aromatic amines in
apolar and polar solvents.”® In apolar solvents only, a
broadening of the absorption and emission spectra of the
polar fluorophores, with a distinct excitation wavelength
dependence was observed upon addition of slightly polar
anilines. In addition, the strongly nonexponential fluorescence
decays, as judged by the 1/e-time, accelerated by up to a factor
of 4—5 when exciting at the very “red-edge” of the absorption
band compared to the “normal excitation” at the absorption
maximum. The magnitude of this effect was found to increase
with the polarity of the fluorophore. It is noteworthy, that upon
“red-edge” and “normal” excitation, merely the relative
amplitudes, but not the time constants changed, with the
shortest lifetime around 1 ps being close to that observed by
Yoshihara and co-workers in pure DMA.>* The quencher
concentration dependence of the red-edge over normal
excitation rate, kgpp/kyp, exhibited a clear maximum at
approximately 0.5 M, with the effect disappearing at lower
(0.01 M) and higher quencher concentrations (2—3 M) (see
Figure 39). These observations clearly pointed toward dielectric
enrichment, i.e., a preferential solvation of the polar
fluorophore with the polar quencher in the otherwise apolar
solvent environment, with subpopulations of increasing number
of solvating quencher molecules absorbing more and more at
lower energies. Using a distribution model of nearest neighbors,
taking into account dielectric enrichment, provided a semi-
quantitative explanation of the experimental findings.

2.3.3.4. Diffusion Theories. Fayer and co-workers tested the
performances and limitations of the DRE approach for the
combined problem of charge separation and recombination on
the full photocycle of the 59 and 60 in DMA.>>” To this end
the authors employed broadband fs transient electronic
absorption covering a time window up to 12 ns with sub-100
fs resolution. The dynamics of the two main observables, i.e.,
the excited state and ion pair survival probability, were
monitored experimentally by following the fluorophore
stimulated emission signals and the excited state absorption
of the neutral radical products. In doing so the authors obtained
almost identical results for the two investigated systems. In
brief, charge separation occurred nonexponentially on a time
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Figure 39. (A) Quencher concentration dependence of the effect of
excitation wavelength (N: normal excitation; REE: red-edge
excitation). (B—D) Probability to find n DMA molecules in the first
solvent shell of the acceptor for different bulk concentrations with
(red) and without (blue) accounting for preferential solvation.
Reprinted from ref 384. Copyright 2014 American Chemical Society.

scale of 260 to 500 fs, with 59 being faster, followed by
nonexponential charge recombination on the 22—25 ps time
scale. In addition, both systems gave rise to constant charge
separation signals at long times, indicating the formation of free
ions with an efficiency of 2—3%. Given the significantly longer
time-window of observation for the charge separation products,
these findings complement the observations made for the 59/
DEA system in refs 358 and 359 and are at odds with those
found in ref 356. While Jiang et al. had missed the free ions,
owing to the significantly shorter observation window of 130 ps
(vs 12 ns), Xu et al. had assigned the 20 ps component to
vibrational cooling in the electronic ground state. This
misinterpretation may be attributed to the fact that only the
ground-state recovery was monitored, while Fayer and co-
workers using broadband detection found that the product
decay matched the ground-state recovery.

Using the diffusion-reaction equation approach with a
nonadiabatic Marcus expression for the charge separation
process and an exponential recombination rate, Fayer and co-
workers obtained qualitative agreement with the experimental
findings, reproducing the time scales and essential features of
the dynamics, like the nonexponentiality and the presence of
free-ions. This is indeed quite remarkable, given the intrinsic
limitations of the theoretical model, which is only suited for
concentrations not higher than approximately 0.5 M and
assumes an isotropic electronic coupling. The latter assumption
has to be taken with caution, as in fact, the authors had, in line
with the findings by Walker and co-workers,””” observed a weak
polarization anisotropy on the DMA cation signal, indicative of
preferential mutual orientations of the reactants for charge
separation.

Inspired by the results described in refs 381 and 382 and the
success of the diffusion-reaction equation approach, Angulo et

al. revisited the charge separation reactions of perylene (64a)
and 3-cyanoperylene (64b) in DMA.*** Using fs fluorescence
up-conversion, the authors studied the effect of dipole—dipole
interactions and orientational diffusion on the concentration
dependent quenching of dipolar 64b and dipolar 64a by weakly
polar DMA in benzylacetate over a range of concentrations
varying by 3 orders of magnitude, including pure DMA. At
DMA concentrations up to 0.1 M, the ratio of the quenching
rates for 64b and 64a was constant at around 2, most probably
owing to the slightly larger ET driving force with 64b. Above
this concentration, however, the quenching of 64b became
increasingly faster than that of 64a up to a factor of almost 12
in pure DMA. In order to rationalize these findings, the authors
proposed a DRE approach, which accounted for the
preorientation of the 64b/DMA pair due to dipole—dipole
interactions, rotational diffusion, as well as an orientation
dependent reaction probability. Whereas the model was quite
successful in accounting for the differences between 64b and
64a in pure DMA, it described relatively poorly the lower
concentration data. The authors proposed various explanations
and possible improvements of the theory: (i) the neglect of the
hydrodynamic effect, ie., the distance dependence of the
translational and/or rotational diffusion coefficient,**® (ii) the
correct introduction of the quencher-quencher excluded
volume effects in the diffusional operator,®” and (iii) the
neglect of gossible fluctuations of the electronic coupling
element, V.*%

2.3.4. Diffusion-Assisted Charge Separation. Various
groups investigated nonequilibrium effects in photoinduced
bimolecular electron transfer using diffusional models. These
effects originate from the competition between the intrinsic ET
reaction and the material diffusion and result in a time-
dependent rate coefficient, also called the “transient effect” (see
Figure 40). Here we have sorted these studies into two parts:
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Figure 40. Time dependence of the quenching rate of a diffusion-
assisted reaction. The reaction rate changes from the static or intrinsic
rate, ko, until reaching the stationary, i.e., diffusional, rate constant, k.
Reprinted from ref 388, Copyright 2014 American Chemical Society.

First, we will address investigations of the applicability of
diffusional theories and of their different variants to the
quantitative description of ET reactions (vide supra). Second,
we will discuss studies where this approach was systematically
used to obtain insight into the underlying ET process.

2.3.4.1. Testing the Diffusion Models. The early attempts of
applying DRE type models to quantitatively explain fluo-
rescence quenching data (not necessarily electron transfer) had
to overcome various limitations. Not only was the time-
resolution of the employed set-ups usually not exceedingly large
(at most in the sub-100 ps range), but most works limited
themselves to models providing analytical solutions. Nonethe-
less, these early works agglying the Smoluchowski**” or
Collins—Kimball approach®”*”" and, later on, approximate
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analytical solutions for the Debye—Smoluchowski ap-
proach*"gz_394 clearly emphasized that an adequate treatment,
based on a meaningful physical model, was mandatory for a
proper description of the investigated processes.

It was however a seminal work by Fleming and co-workers
that first provided a thorough comparison of the validity of
DRE approaches, including those containing distance depend-
ent reaction terms and requiring numerical solutions, to
describe and recover the relevant parameters from a time-
resolved experiment on bimolecular photoinduced electron
transfer.””> To this end, they analyzed the fluorescence
quenching of 61 by ferrocyanide in water at various
concentrations, using TCSPC and fluorescence up-conversion
with time-resolution of 70 and 1-2 ps, respectively in
combination with steady-state fluorescence experiments. The
authors compared the following models: Smoluchowski,
Collins—Kimball, Debye—Smoluchowski with radiation boun-
dary condition, as well as two DRE, one with a uniform and one
with an exponential distance dependence. The contact models
clearly failed to reproduce the experiments at high concen-
tration, which the authors ascribed to the neglect of static
quenching in the intrinsic rate. The distance-dependent rate
expressions, on the other hand, gave better, though still not
fully consistent sets of parameters for all types of experiments.
These apparent shortcomings of even the more sophisticated
theories were ascribed to the limitations and simplifications
inherent to the models. The authors suggested that the
uncertainty about the exact form of the potential of mean force
or the assumption of a completely angular independent
intrinsic rate might be at the origin of these differences.

In another study, Fayer and co-workers measured the
fluorescence quenching of 67 by 68 in liquid (diethylsebacate)
and solid (sucrose octaacetate) solution using steady-state
fluorescence and 70 ps TCSPC (Chart 13).>’° The authors

Chart 13. Structures of Selected Samples Used in Testing the
Diffusion Models
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based their data analysis on a DRE approach with an
exponentially decaying distance-dependent sink-term, the
parameters of which were obtained independently from the
analysis of diffusionless experiments in solid solution.
Simulations the fluorescence decays in liquid solution with

these parameters, within the very same DRE approach yielded a
very good description of the fluorescence decays.

These initial results were complemented by a series of studies
by the group of Lakowicz, who globally analyzed steady-state
Stern—Volmer and time-resolved fluorescence modulation
experiments.””’~*** It is noteworthy that, as emphasized by
various groups,’**737740340% 4 correct description of both
types of experiments, which provide complementary informa-
tion, is mandatory for concluding on the success of a given
theoretical model. Similarly to Fleming and co-workers,”” the
Lakowicz group compared the Collins—Kimball model and the
DRE approach with a uniform and an exponential distance
dependent sink term, for the analysis of the fluorescence
quenching of 71 by CBr, in propylene glycol.’”” In line with
their subsequent findings with various fluorophore/quencher
pairs,””*~*%* the authors could clearly demonstrate the
superiority of the DRE approach with an exponential sink
term for describing ET reactions. The only observed case,
where the Collins—Kimball model was found to be equally
applicable, involved the heavy-atom induced intersystem
crossing as fluorescence quenching mechanism.*” Clearly,
the series of papers by Lakowicz and co-workers significantly
contributed to the acceptance of considering intermolecular ET
reactions as distance dependent.

Shannon and Eads performed a comparative study, using the
same models as in ref 395, of the fluorescence quenching of a 7-
aminocoumarin by AN and DMA in methanol at different
temperatures using steady-state and fluorescence up-conversion
experiments. The intrinsically nonexponential fluorescence
dynamics of the coumarin arising from relaxation processes
required the authors to properly correct the dynamics measured
in the presence of quencher, a strate§y which was also applied
later on by Vauthey and co-workers.”® The authors could show
that the two models with distance-dependent sink terms
performed significantly better than the pure contact models.
However, all models failed to reproduce the steady-state data
with the time-resolved parameters, pointing toward fundamen-
tal omissions or simplifications in the model or to experimental
problems.

The group of Fayer achieved a significant step in expanding
the DRE—apg)roach beyond the pure “solvent as a continuum”-
description.”®® The theoretical inclusion of the hydrodynamic
effect, ie., the distance dependence of the mutual interparticle
diffusion coefficient, and of the solvent structure via the two-
particle radial distribution function, leading to a nonuniform
quencher distribution around the fluorophore, was experimen-
tally tested in ref 404. There, the authors performed time-
resolved experiments (TCSPC with 70 ps) on the fluorescence
quenching of 67 by 68 in three solvents of differing viscosity.
The inclusion of the above-mentioned effects was comple-
mented by the application of the complete distance-dependent
Marcus expression for nonadiabatic ET as sink term in the
DRE. By doing so, Fayer and co-workers could show that both
of these newly included effects were crucial for a coherent
description of the observed dynamics. A thorough analysis of
the time profiles at various quencher concentrations allowed
the authors to access the only two adjustable parameters in
their model, the ET coupling matrix element, V, and its decay
length, L. This is remarkable, as intramolecular electron transfer
reactions do per se not allow for a separation of these two
parameters. In a subsequent study with slightly improved time-
resolution (35 ps),*” the authors investigated the fluorescence
ET quenching of 60 by DMA in several alcohols and alcohols
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mixtures covering a viscosity range of almost 2 orders of
magnitude (0.34 to 49.9 cP). By combining their time-resolved
experiments with steady-state fluorescence data of a now more
expanded set of data, they could impressively corroborate their
previous findings. In providing all necessary model parameters
from independent and alternative experiments or calculations,
leaving only the ET coupling element and its decay length as
adjustable parameters, they showed that only the most
complete model (vide supra) was able to consistently
reproduce the observed quenching dynamics. The unsurpassed
degree of insight from such an elaborate analysis, even into the
spatial solvent structure on the angstrom scale, was emphasized
in noting that, for strongly hydrogen bonding solvents, the
radial distribution function had to be adapted in order to
account for a significantly larger “effective” solvent diameter. In
doing so, the very same ET parameters as for the other solvents
could be recovered.*”

Almost at the same time as ref 404, Okada and co-workers
analyzed the fluorescence quenching dynamics of a 7-
aminocoumarin by DMA in anisole using fluorescence up-
conversion in the framework of diffusional theories of different
complexity.””° In line with the aforementioned studies, the
authors not only showed that the contact models (Smolu-
chowski and Collins—Kimball) were inadequate in reproducing
the experimental observations, but also that the inclusion of
solvent structure, via, e.g, a Lennard-Jones potential, into the
diffusion reaction equation with a distance dependent sink-term
was mandatory.

Burshtein and co-workers investigated the charge separation
dynamics of the 64a/S1 system in acetonitrile with a large
driving force, placing it deeply in the Marcus inverted region.*"”
To this end, the femtosecond fluorescence dynamics and the
fluorescence quantum yields of 64a at multiple 51 concen-
trations were recorded. In order to consistently recover the
excited-state dynamics of 64a at various 51 concentrations, the
authors employed the DRE approach with two distance-
dependent reaction terms, accounting for the reaction to the
ion pair and to the ion pair with the 64a cation in its
electronically excited state. In doing so, the authors could
substantiate that the participation of excited ions could indeed
constitute one of the plausible reasons for the absence of the
Marcus inverted region in bimolecular photoinduced charge
separation reactions.

The most recent contributions to the systematic test of the
DRE approach for bimolecular charge separation reactions can
be found in refs 408 and 409. Here, a moderately exergonic
bimolecular photoinduced charge separation reaction between
two simple organic molecules (69/70) in the viscosity range of
2.2 to 62 cP was investigated using a combination of steady-
state and time-resolved fluorescence spectroscopy with 200
ps*® and later on 70 fs IRE.*”” Both studies confirmed the
findings by Fayer and co-workers and emphasized that two
conditions have to be fulfilled for a thorough understanding of
these types of reactions: (i) a combined set of steady-state and
high time-resolution emission experiments ensures that no fast
components are missed and that the entire nonexponential
dynamics can be monitored; (ii) only a DRE approach, which
accounts for a distance-dependent ET probability, the hydro-
dynamic effect, as well as the solvent structure, is capable of
reproducing the experimental data over a large range of
viscosities, concentrations, and time-ranges with physically
meaningful parameters.

2.3.4.2. Can Bimolecular Electron Transfer be Remote?
Although the contact models have been shown to have strong
limitations, the application of their long-time asymptotic
behavior can give useful insight.*'’ The so-obtained effective
quenching radius, Rq, from, e.g., the Collins—Kimball model,
allows for deciding whether the reaction takes place in contact
or at remote distances. The interested reader is referred to ref
410 for a thorough discussion on the meaning of the effective
quenching radius. Tachiya and co-workers, as well as Scully et
al. used this to study the driving-force™"*'* or viscosity
dependence™*'* of Rq for a variety of D/A pairs. From the
analysis of the long-time fluorescence decays measured by
TCSPC, and of the steady-state quenching, Tachiya and co-
workers found a continuous increase of Ry with increasing
driving force for ET in polar acetonitrile as well as in medium
polar tetrahydrofuran.*'" They could show that this trend was
in good agreement with Marcus theory, when considering all
distance dependent terms appropriately. More surprisingly,
they also found a pronounced distance dependence of the ET
in the nonpolar liquid parafiin for 5 D/A fairs covering a
driving force range from 0.67 to 1.87 eV."” In lieu of a
theoretical ET model for apolar media, they employed a simple
exponentially decaying reaction probability as sink-term in the
DRE.

Scully et al. could show that the fluorescence quenching of
72 by 73 in acetonitrile proceeded at distances larger than
contact, and increasing with the solvent viscosity, the latter
being adjusted by changing the pressure on the solvent (Chart
14)."° This finding was again in full agreement with the

Chart 14. Structures of Selected Samples Used in Testing the
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predictions for the viscosity dependence of a diffusion-assisted
reaction. In a later article, Scully et al. could also apply this
methodology to the ET quenching of 75 by benzo- (76) and
naphthoquinone (77) in alkanes of varying viscosity."'* No
variation of Rq with viscosity was found for the reaction with
low driving force (75/76), which was assumed to proceed via
an exciplex and thus in close contact. The D/A pair with larger
driving force, on the other hand, showed a clear increase with
increasing viscosity, as expected for a distance-dependent
reaction.

2.3.4.3. Accessing the Intrinsic Electron Transfer Rate, k.
An interesting benefit of applying a DRE approach to
bimolecular reactions is the access to detailed information on
the reaction term, which is inaccessible if only the stationary
data (ie., long time limit) are analyzed. Several groups used this
theoretical insight to investigate the driving-force dependence
of intermolecular photoinduced ET reactions, as this type of
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process constitutes one of the few, if not the only, example of
electron transfer, that does not show the so-called Marcus
inverted region, one of the reasons being that the intrinsic
electron transfer rate is masked by diffusion.*'>*'¢

Mataga and his group were the first to become aware of this
insightful approach and investigated the fluorescence decays,
recorded with TCSPC, of a large series of D/A pairs in
acetonitrile.”'” Using the simplified Collins—Kimball model
rate, the authors found intrinsic ET rate constants, k, up to
more than 1 order of magnitude larger than the diffusion
limited rate, kg With the driving-force range expanding up to
2.5 eV, no inverted region could be observed, despite the
relatively large spread of the data. In a subsequent publication,
Mataga and co-workers reinspected their previous TCSPC data
and compared the DRE approach with a distance dependent
Marcus-type sink term with the results of the Collins—Kimball
model.*'® They found that their previous analysis was viable, as
long as the intrinsic rate, ky, did not largely exceed the diffusion
rate, kgys The maximum deviation the authors observed
between k, and kyg was slightly smaller than 2 orders of
magnitude.

Angel and Peters used ps transient electronic absorption with
the Collins—Kimball model to study the driving-force depend-
ence of the ET between two derivatives of stilbene (111) and
various cyanoethylenes (6 systems) in acetonitrile over a range
of 2 eV.*"” The extracted rate constants were approximately 20
times larger than kgg and did not show the Marcus inversion.
Venkataraman and co-workers used TCSPC (with 280 ps
resolution) to study the diffusive quenching of 8 Zn-porphyrins
(75)/aromatic quencher pairs in a polar and an apolar solvent
and applied the Collins—Kimball model to extract the intrinsic
ET rates.””’ Quite like Angel and Peters, the authors found
intrinsic rates up to 20 times larger than kyg but without any
sign of inversion. It is noteworthy that they observed a steady
increase of the intrinsic rate up to almost 1.6 eV even in the
quasi apolar toluene.

Murata et al. successfully determined the electronic coupling,
V, and its decay length, L, from TCSPC experiments with
approximately 60 ps time resolution for S D/A pairs in ethylene
glycol.””" For this, they used the DRE approach with the
nonadiabatic Marcus expression, including all distance depend-
encies. The parameter spread when analyzing two different
quencher concentrations was within 20%, with the spread
between different pairs being significantly larger. The authors
also noted that an improved time-resolution would allow for a
better disentanglement of the otherwise partially correlated V'
and L. In fact, the more pronounced the transient effect, i.e., the
higher the time-resolution and the viscosity, the larger the
difference between k; and kg, and the easier the extraction of
the relevant parameters.

Tachiya and co-workers investigated the bimolecular
fluorescence quenching of various cyano-substituted anthra-
cenes (63) by DMA in acetonitrile using fluorescence up-
conversion with 240 fs IRF.**> While the entire quenching
dynamics in the 2—200 ps time-window and the 0.15—1.0 M
concentration-range could be well reproduced using a DRE
approach with a distance dependent reaction probability based
on Marcus theory, it severely failed for shorter times. The
observed ultrafast initial decay, whose amplitude was found to
grow with increasing quencher concentration, could not be
reproduced with the DRE approach, even when the solvent
structure was taken into account, as suggested in ref 386.
Tachiya and co-workers solved this problem by attributing the

ultrafast ET to a subpopulation of D/A pairs at short distances
undergoing adiabatic electron transfer.”® Inclusion of this fast
channel into the DRE approach eventually allowed the recovery
of a consistent description of the observed ultrafast
dynamics.**

Recently, Vauthey and co-workers studied the driving-force
dependence (0.63 to 2.37 €V) of 14 fluorophore/quencher
pairs in acetonitrile.”® For this, they combined fs fluorescence
up-conversion, TCSPC and steady-state fluorescence experi-
ments at various concentrations with a DRE approach similar to
that in ref 386 accounting for solvent structure, hydrodynamic
effect, and the full distance dependence of a multichannel
electron transfer expression valid even at larger V. In order to
extract the intrinsic ET rate, ky, the observables from the DRE
approach (steady-state quenching rate dependence on concen-
tration, time-dependent quenching rate coefficient, diffusional
rate) were fitted to all available experimental data sets for each
reactant pair individually, using V and L as adjustable
parameters (see Figure 41 for representative fits and the
driving force dependence of k).
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Figure 41. (a) Driving-force dependence of the intrinsic and the
steady-state electron transfer rate of photoinduced bimolecular charge
separation. (b) Concentration dependence of the steady-state (Stern—
Volmer type) quenching coefficient. (c) Time dependence of the
fluorescence intensity of a cyano-anthracene in the presence of DMA.
Adapted from ref 388. Copyright 2014 American Chemical Society.

This combined theoretical and experimental effort on a large
number of systems allowed the authors to obtain the driving-
force dependence of k;, similarly to the aforementioned studies.
The obtained intrinsic ET rate constants were found to be up
to 200 times larger than the diffusional rate and exhibited
significantly less scatter than in the previous studies. This latter
aspect was probably due the use of a more comprehensive
model and the fact that the experimental time-profiles were
monitored over up to 4 orders of magnitude, in contrast with
previous investigations using contact models and/or experi-
ments with low time-resolution. The so-obtained driving-force
dependence of k, with a barely visible “Marcus inversion” at
driving forces larger than 2 eV could be well rationalized using a
single set of parameters within the employed combination of a
state-of-the-art DRE model and a properly chosen expression

for the ET probability.
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The above examples demonstrate that a correct theoretical
treatment of diffusion-influenced reactions may provide rich
insight and otherwise inaccessible information on the under-
lying intrinsic reaction. Moreover, it is important to stress that a
neglect of these nonequilibrium effects (that are inherent to
diffusion-limited reactions) in the analysis of fluorescence
quenching data can and most probably will lead to misleading if
not outright wrong interpretations, especially when working in
media of moderate to high viscosity, as shown in several recent
studies. ">+~ **°

2.3.5. Charge Recombination. An important aspect of
bimolecular photoinduced electron transfer reactions is the
nature of the ensuing ion pair. From early experiments, based
mostly on flash photolysis and picosecond transient absorption,
two different types of radical ion pairs were proposed, with the
type generated depending on the manner in which they were
produced (see Figure 42). While charge separation between
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Figure 42. Scheme showing the different generation of TIPs and LIPs
in liquid solution. Reprinted with permission from ref 427. Copyright
2008 Wiley.

freely diffusing reaction partners at relatively low concen-
trations was thought to lead to so-called “loose ion pairs”
(LIPs),**~*% the optical excitation of donor—acceptor (DA)
complexes and of freely diffusing reactants at very high
concentrations (~1 M) and/or in less golar solvents produced
so-called “tight ion pairs” (TIPs).**”****V*33  Alternative
names were used to assign these species, such as solvent-
separated or solvent-shared ion pair (SSIP) and contact ion pair
(CIP), instead of LIP and TIP, respectively. Independently of
their exact denomination, the difference between these two
types of ion pairs is mostly related to the electronic coupling,
which is expected to be large for tight and small for loose ion

. 434 . . . L.
pairs.”" It is precisely this latter definition and, consequently,
the different charge recombination dynamics that have led to
the identification and assignment of TIPs and LIPs in the past.
TIPs and LIPs can barely be differentiated from their electronic
abso?tion spectra, at least in the visible region (cf. Figure
43).°" As outlined in section 2.3.2, the driving-force depend-
ence of the charge recombination of excited DA complexes
(TIPs) departs from that predicted by Marcus theory, mostly at
weak driving forces, where the normal region is either absent or
hardly observed.””****"*** On the other hand, the driving-
force dependence of the charge recombination of LIPs was
shown to be in excellent agreement with the semiclassical
Marcus ET theory."**™*

Recent experimental findings by Vauthey and co-work-
ers,"”7*> however, put this probably slightly oversimplified
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Figure 43. Transient absorption spectra measured at different time
delays after charge-transfer excitation of the pyrene (50)/phthalic
anhydride (74) complex, evidencing the transition from tightly bound
ions to free ions at later times. Reprinted from ref 361. Copyright 1991
American Chemical Society.

picture into perspective. Investigating the charge recombination
dynamics*® and spectral characteristics*>” of the ion pairs
produced upon ET quenching of 64a by S1 using single
color,” as well as broadband transient electronic and
vibrational absorption spectroscopy,427 the authors observed
clear and distinct spectral features in the IR for both tight and
loose ion pairs.*”” This is at odds with the above-mentioned
interpretation of TIPs and LIPs, as both types of pairs were
generated upon locally exciting the fluorophore in a polar
solvent and not via direct CT excitation of a DAC. In the first
paper, only indirect evidence for this interpretation was found,
as more than 90% of the ions disappeared within 10 ps and only
a minor fraction of free ions was formed, in contradiction with
the predictions from Marcus theory for the normal region.”” In
the second paper distinct IR bands could be unequivocally
attributed to both species (cf. Figure 44) by comparison with
experiments where TIPs were exclusively produced. This
assignment allowed the identification of both species as primary
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Figure 44. Time-resolved mid-IR absorption spectra in the CN
stretching mode region of the radical anion of $1 in acetonitrile after
local excitation of 49 in the presence of various concentrations of S1
(b—d; 0.9, 0.2, and 0.1 M) evidencing different spectral signatures for
TIPs (positions indicated by dashed lines) and LIPs. (a) Spectra
measured upon pure CT excitation. Reprinted with permission from
ref 427. Copyright 2008 Wiley.
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products upon local excitation of the fluorophore even in polar
solvents."”

To circumvent the intricacies arising from diffusion in
bimolecular reactions, Petersson and Hammarstrom inves-
tigated the charge separation dynamics in loose DA complexes
consisting of a sulfonated Zn-porphyrin (derivative of 75) and
viologen derivatives.*****” The sulfonated Zn-porphyrin was
excited locally to the vibrational ground state of its S state, into
a vibrationally hot S, state and into the S, state. Using
broadband fs transient electronic absorption, the authors could
monitor and quantify all relevant reaction steps. From these
spectra and from the analysis of the driving-force dependences
of the charge separation and charge recombination rates in
terms of Marcus theory, the authors deduced the reaction
scheme depicted in Figure 4S. While excitation into S, ,_, and
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Figure 4S. Energy-level diagram and tentative reaction pathways for
the sulfonated Zn-porphyrin/MV?* system upon excitation with
different amounts of excess energy. Reprinted from ref 436. Copyright
2010 American Chemical Society.

Sy=1 resulted in photoinduced charge separation to the radical
ions within 100 fs to 1 ps, depending on the driving force,
excitation into the S, state was inferred to result in the
generation of the excited radical species. In refs 438 and 439
Vauthey and co-workers had demonstrated that this was indeed
a feasible reaction pathway in porphyrins upon S, excitation.
The authors found that the amplitude of the hot ground state
features correlated with the administered electronic excess
energy. This indicated that both CS as well as CR were
successfully competing with vibrational relaxation in the
corresponding educt states. In particular, the excited radical
ion pair, generated upon S, excitation, quickly underwent IC to
a vibrationally hot radical ion pair state. The ensuing CR to the
electronic ground state, with rates from 10" to 2 X 10" 57/,
was also found to compete efliciently with IVR within the
radical ion pair, thus carrying the vibrational excess energy from
the initially locally excited state throughout the entire
photocycle back to the electronic ground state.

The groups of Vauthey and Nibbering looked at the
vibrational temperature of the ground state of various D/S1
pairs after an ultrafast CS and CR photocycle to obtain
information on the possible formation of excited radical ions as
primary CS product."*" To this end, they employed fs time-
resolved IR spectroscopy to monitor the CN-stretch region of
51. Whenever electronically excited donor radical cations
participated in the photocycle, very different residual vibrational
temperatures were found for the donor and 51, with the former
being significantly hotter than the latter. On the other hand,
when no excited ion was involved, both D and 51 reached an
approximately similar final vibrational temperature.

2.3.5.1. Diffusion Assisted CR. As discussed above, CR in
TIPs is ultrafast and, thus, occurs without significant diffusion

of the ions. The situation can be different with LIPs for which
charge recombination could be coupled with substantial
diffusion. Only a few studies have combined ultrafast time-
resolved experiments, allowing the ion population to be
followed in real-time, with theoretical models based on the
DRE approach (see section 2.3.1).

In a series of investigations, the Fayer group combined
several time-resolved techniques (fluorescence and visible
pump—probe spectroscopy) with a DRE-based analysis on
the full photocycle, i.e., excitation/CS/CR to the ground state,
of various organic D/A pairs in solution.’***”**' The CS step
and its DRE analysis were first reported in refs 396 and 404
whereas the whole photocycle was investigated in refs 305 and
387.

The photocycle of the 67/68 pair in diethylsebacate as liquid
and sucrose octaacetate as solid solvent was first studied.*®”
The experiments comprised steady-state and time-resolved
emission spectroscopy with 70 ps time resolution as well as
single color pump—probe spectroscopy with 100 ps resolution.
This yielded the fluorescence quantum yield, the fluorescence
dynamics of 67 as well as the pump—probe signal (reflecting
mostly the ground-state recovery dynamics) as experimental
observables. These were compared with their theoretical
analogues from the use of a DRE approach with exponentially
decaying distance dependent rates for CS and CR, a Coulomb
interaction potential in the DRE for the ions, and accounting
for fluorophore-quencher and quencher-quencher excluded
volumes.*"* With the ET parameters obtained from the
experiments in solid solution, where diffusion was absent,
excellent agreement with the observed CS and CR dynamics in
liquid solution was obtained. However, it is important to note
that this was only possible when using the high-frequency
dielectric constant in the Coulomb potential, as the low
frequency value significantly underestimated the strength of the
Coulombic interaction. The authors attributed this finding to
the fact that at the short distance at which ET occurs, the
molecularity of the solvent becomes important.

Fayer and co-workers extended the above study to two
solvents of slightly elevated viscosity (approximately 6 and 18
cP).** Here, the authors used pump—probe spectroscopy to
specifically monitor the ionic product band and applied a
significantly modified and expanded theoretical model. As
outlined above, the authors had shown in refs 386 and 404 how
to include the solvent structure and the hydrodynamic effect
and had convincingly demonstrated that these modifications to
the theory were mandatory. In addition, the authors now also
accounted for the fact that the recombination reaction
proceeded at large driving force by using the semiclassical
expression for the ET rate. The added information obtained
from the pump—probe data also allowed for identifying the
need to introduce a time-dependent dielectric constant, as a
consequence of solvent relaxation.

In the most recent paper in this series, Fayer and co-workers
significantly increased the observable time-window of their
experiments by using broadband transient electronic absorption
with a time-resolution of 100 fs to study the quenching of 59 by
DMA in three organic solvents in the 0.3 to 1.3 cP viscosity
range.”*' By properly selecting the observation wavelengths,
they were able to access the transient concentration profiles of
the excited state of the fluorophore and of the charge-separated
state. In order to describe the experimental data, the DRE
approach (with the appropriate distance-dependent reaction
terms for ET, solvent structure and the hydrodynamic effect)
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was used. Contrary to previous observations, the authors did
not account for a time-dependent dielectric constant via the
longitudinal relaxation of the solvent. Using the electronic
coupling element, V, as the only and solvent independent fitting
parameter, yielded excellent fits to the charge separation
reaction in all solvents and at all concentrations studied (Figure
46). The recombination dynamics, on the other hand,
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Figure 46. Fits and dynamics for charge separation (bottom panel)
and charge recombination (top panel) of 59 by DMA in benzonitrile
at 0.17, 0.27, and 0.48 M. The charge recombination data from low to
high concentration are vertically offset by 0, 0.005, and 0.01,
respectively. Adapted with permission from ref 441. Copyright 2006
American Institute of Physics.

especially at larger viscosities, were only moderately well
reproduced, most probably due to the neglect of the solvent
relaxation dynamics and thus of a time-dependent Coulomb
potential. Nonetheless, the so-obtained ion dynamics were
found to be approximately correct and reproduced the most
prominent features.

Whereas the charge separation reactions investigated by the
Fayer group exclusively occurred at relatively low driving force,
Gladkikh et al. studied the recombination dynamics of the 64a/
51 system, for which charge separation is highly exergonic and
had been successfullzr described using a DRE approach with two
active sink-terms.**” The ion dynamics had been previously
determined using single wavelength transient electronic
absorption spectroscopy with a 100 fs time resolution,
evidencing ultrafast charge recombination and vanishingly
small free ion yields."”> Building on the previously found
double channel ionization the authors extended the theoretical
description to incorporate hot recombination of the ion pair to
the ground state by expanding the DRE with diffusion along the
solvent reaction coordinate, in addition to diffusion along the
spatial coordinate. In addition to the suggestion of Fayer and
co-workers to include the hydrodynamic effect,*”* the spatial
dispersion of the dielectric constant was also taken into
account. However, whereas the charge separation dynamics
could be very well simulated, the charge recombination
dynamics could only be moderately well reproduced, the
discrepancy being the largest at short (<20 ps) and long time
(>1 ns). Nonetheless, the analysis allowed for a significant

insight into this rather complex reaction: the two ionization
channels (to the ions in the ground state and excited states)
were found to be responsible for two ion populations at
different distances and thus with different ability to escape
recombination. Most importantly, however, it was found that
almost 90% of the ions underwent charge recombination when
still vibrationally “hot”, ie. before having relaxed to their
ground state. This was identified as the main source of the
relatively low free ion yields. The authors stressed that
combining spatial diffusion and the dynamics along the solvent
reaction coordinate is mandatory for a proper description of
complex ultrafast processes.

While Gladkikh et al.*** had successfully applied a modified
version of the DRE approach to the accelerated charge
recombination dynamics from nonequilibrated ion pair
populations, Vauthey and co-workers studied recently the
opposite case, namely the retardation of charge recombination
due to solvent relaxation.”** In this work, the charge
recombination of ion pairs generated upon ET quenching of
several aromatic hydrocarbons, including anthracene (63) and
perylene (64) derivatives, by DMA was studied in three
different solvents: (i) acetonitrile, a polar and fast relaxing
solvent, (ii) benzyl acetate, 2 medium polar and slowly relaxing
solvent and (iii) pure DMA, with similar polarity and dielectric
relaxation times as benzyl acetate. The ion pair dynamics were
monitored using fs transition electronic absorption and TCSPC
for following the emission of the exciplex, while fs fluorescence
up-conversion allowed the monitoring of the charge separation
step. The experimental findings were as follows: (i) CR in pure
DMA was almost 2 orders of magnitude slower than CS; (ii)
CR in all three solvents exhibited the Marcus inverted region;
(iii) CR was slowed down by solvent relaxation dynamics if the
time scales of the two processes became comparable. While the
first observation could be rationalized by the different nature of
CS and CR, with the first being a bulk- and the latter being a
pair-process, the authors had to use a modified DRE model to
describe the solvent dynamic effect on the CR. To this end, a
distance-dependent ET probability with a time-dependent
driving force, which relaxed due to solvent relaxation,'®® was
used as a reaction term in the DRE for the CR process. This
model was found to give a significantly better description of the
observed CR dynamics when compared to simpler ET models.

Summarizing, we would like to stress that the DRE approach,
with its pronounced flexibility and generality and the ease of
accessible numerical solutions, provides a useful framework for
the understanding of all kinds of diffusion-assisted reactions. In
particular it allows not only access to the intrinsic parameters of
the underlying elementary processes (like ET) but also to the
distance distribution of the reaction products. Especially the
latter was shown to exhibit a pronounced effect on the fate of
the ions and such important parameters as the free ion yield.

3. PROTON-TRANSFER REACTIONS

3.1. Introduction

Similar to electron-transfer reactions, hydrogen atom or
hydrogen cation transfer (hereafter both are referred to as
proton transfer, PT) reactions are undoubtedly one of the most
elementary and yet one of the most _signiﬁcant reactions in
chemical and biological processes.”">~*** These reactions
involve the transfer of a proton from a proton donor (AH)
to a proton acceptor (B). Proton-transfer reactions can be
divided into two main classes: intramolecular and intermo-
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lecular PT. In intramolecular PT, the donor and acceptor
moieties reside in the same molecule and are often directly
hydrogen bonded to each other. In this case, the transfer does
not necessarily result in the formation of charged species due to
an electronic rearrangement and is sometimes considered as
hydrogen atom transfer (several keto—enol tautomerizations,
for example). In addition, the process does not require
involvement of the solvent. In the intermolecular PT, the
proton is transferred either to an external acceptor
(bimolecular), such as an organic base, or to the solvent
(pseudounimolecular) and in most cases results in the
formation of ion pairs. Therefore, the process is usually
strongly influenced by the solvent. We will structure the review
based on this division into intra- and intermolecular PT,
similarly to ET reactions.

Experimental observation of the initial processes in the
proton-transfer reactions of ground-state species is complicated
by the dynamic nature of the dissociation-association
equilibrium. Discovery of excited-state acids enabled detailed
time-resolved studies of the dissociation process. Excited-state
acids (photoacids) are organic compounds that exhibit an
increase in the acidity (decrease in pK, value) upon excitation
to a higher electronic state. The dissociation process of
photoacids can thus be initiated by excitation with a laser pulse.
Therefore, the reaction has a well-defined time zero and can be
spectroscopically followed in time. Excited-state proton transfer
(ESPT) serves as a model system for studying the microscopic
reaction mechanism and has thus received great attention both
from the theoretical and experimental viewpoints.

Several theoretical approaches for the PT reaction can be
found in the literature. Descriptlons of the free-energy relations
were presented by Marcus,"”~**' Agmon and Levine,***~*
and Arnaut and Formosmho,456457 for example. All these
description are based on the bond-energy bond-order
(BEBO)™** considerations to define the reaction coordinate
for the free-energy surfaces. These models do not show the
inverted region and the rate reaches its maximum value at very
large driving force. Second, the reaction coordinate mainly
originates from the bond rupture and bond formation. Both the
models of Marcus, as well as that of Agmon and Levine are
widely used for structure—reactivity correlations. According to
the Marcus-BEBO model, the activation barrier can be

determined according totto !
A AG{ AGIn(2
AGH = G AGi % 1n] cosh ﬁ
In(2) ZAGg (39)

where AG is the reaction free energy and AG# is the intrinsic
barrier for a symmetric reaction (AG = 0). Agmon and Levine
considered a mixing entropy term to account for the activation
barrier. According to their model, the barrier is defined as*>*>°

AG* = AG — AG]In(n")/In(2) (40)

where n* is the fractional bond order of the product in the
transitions state (TS).

AGIn(2
nt =1 + exp —4
AG, (41)

When n* is small, the TS is close to the reactant whereas at
large value it is close to the product. The reaction free energy in
both models is usually estimated from the excited-state acid
dissociation constant (pK,*) according to classical thermody-

namics and correlated to the rate with an Arrhenius-type
equation.

Some of the most modern theories of the PT reaction are
based on the seminal works of Hynes and co-workers.*"~*
They derived expressions for the reaction rate constants of
intermolecular PT within a hydrogen-bonded contact pair in
two separate regimes, adiabatic and nonadiabatic regime. The
two regimes are characterized by a strong and a weak hydrogen
bond, respectively. In both cases, the proton motion is fully
quantum mechanical in character and the reaction coordinate is
the solvent coordinate, contrary to the more traditional views.
In the description of Hynes and co-workers, the rapidly
vibrating proton follows the environment’s slower rearrange-
ment and the free energy of activation is largely determined by
the solvent reorganization.

In the adiabatic regime, the proton motion does not involve
tunneling but is still quantum mechanical. The zero-point
energy of the proton lifts the energy above the proton barrier in
the transition state and the PT proceeds without a classical
barrier crossing. The quantum character of the proton is also
manifested by delocalization of its wave function over the
reactant and product wells in the transition state. In the case of
a symmetric PT the adiabatic reaction rate constant is given

by463

L o, A GiD
= —exp| —
T o T RT (42)

where @ is the solvent fluctuation frequency in the reactant
well and AGjp is the activation free energy in the solvent
coordinate. The activation free energy for an asymmetric
reaction is related to the reaction free energy, AG, by 461

i AGH 1 AG
AGyp = AGy + ap)AG + 2onAG (43)
where @ is the Bronsted coefficient, the derivative of AG* with
respect to AG, and q; is the derivative of o, with respect to
AG. Both a; and o are calculated for the symmetric reaction in
a similar manner to AG.

In the nonadiabatic regime, the two lowest vibrational levels
of the proton are below the barrier in the transition state and
the PT proceeds exclusively via a tunneling mechanism. In the
simplest case, the nonadlabatlc reaction rate constant for a
symmetric PT is given by"

c AG"
kppr = — eXpl ——
n ESRT RT (44)

where C is the proton coupling constant representing the
tunneling probability and Eg the solvent reorganization energy.
The activation barrier is related to the reaction free energy by

(AG + E)?
4E; (45)

AGH =

The above equations are derived for a fixed donor—acceptor
distance where both the reactant and product states are in their
vibrational ground state. In reality, the H-bond vibrations
influence the DA distance therefore affecting the coupling. As
the DA distance decreases, the coupling increases resulting in
much faster rate. Second, higher vibrational states of the
reactant and product may experience a different barrier for the
tunneling process. To account for these effects, C would be
replaced by the weighted quantum average over all the
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Chart 15. Structures of Methyl Salicylate (MS) and Related Compounds
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vibrational state-to-state transitions where the weight comes
from the thermal occupation of the reactant vibrational level.
All these effects have been thoroughly discussed in the
literature +59462464,465

The first experimental observation of ESPT was realized by
Weber in 1931, who reported on a pH dependent fluorescence
spectrum of 1-naphthylamine-4-sulfonate, while the absorption
spectrum stayed the same in that pH range.**° However, it took
almost 20 years before the first detailed description of the
process. In 1950, Forster correctly attributed the dual emission
of 2-naphthol in aqueous solution to the neutral and anionic
species after ESPT to the solvent. The deprotonated conjugate
base exhibited an unusually large Stokes shift while the methyl
ether-derivative exhibited only a single emission band due to
the absence of ESPT.**” Soon after, Forster proposed a
thermodynamic reaction scheme for the estimation of the
excited-state acidities (pK,* values) of photoacids (see section
3.3).%® The Férster cycle is still widely applied to characterize
photoacids due to its robustness and simplicity.*”” A few years
later, Weller formulated the photophysical reaction scheme for
the ESPT process and related the steady-state emission
properties to the rate constants of the occurring pro-
cesses.”’”*"! This enabled the calculation of the pK,* value
from the ratio of the forward and backward PT rates. Eigen and
co-workers further modified Weller’s kinetic scheme postulat-
ing that an intermediate species, namely a contact ion pair, was
the primary product of the initial short-range proton transfer
followed by a diffusion-controlled step to produce the fully
separated free ions."”” The two-step Eigen-Weller model
(Figure 53 in section 3.3) is still used as a basis in explaining
the intermolecular ESPT reactions. The pioneering works of
Forster, Weller, and Eigen paved the way for further
experimental research on ESPT processes. In sections 3.2 and
3.3, we discuss the particularities of the intra- and
intermolecular ESPT reactions, respectively, and show
representative examples of different molecular classes exhibiting
ultrafast ESPT.

3.2. Intramolecular Proton Transfer

Intramolecular ESPT (ESIPT) remains an active topic among
researchers as demonstrated by periodic reviews on this
subject.*’>~**! Studies on such molecules can give valuable
insights into the fundamental mechanism of the proton-transfer
reaction but are also receiving increasing interest due to their
potential in applications as luminescent materials and molecular
probes, for example.*”~*** This owes to the extremely large
Stokes shift of the ESIPT tautomer emission and the sensitivity
of the tautomerization yield to the environment.

The range of reported molecules exhibiting ultrafast ESIPT is
enormous and this review is by no means exhaustive. A

10871

relatively recent review by Uzhinov and Khimich lists 122
ESIPT molecules and the authors conclude that in most
systems, possessing a strong intramolecular hydrogen bond, the
ESIPT is an ultrafast, barrierless, nonequilibrium process.**" In
the following discussion, we highlight a few typical and well-
studied molecular classes exhibiting ultrafast, nonequilibrium
ESIPT. The covered classes are based on salicylates,
hydroxyflavones, and benzoazoles. These classes also represent
the different reaction types, namely keto—enol type hydrogen
transfer, proton transfer to an oxygen acceptor and proton
transfer to a nitrogen acceptor, respectively. Several other
classes undergoing single or double proton transfer, such as
anthraquinones and bipyridyldiols for example, are not
discussed here and readers are referred to the literature.”* ™"

3.2.1. Methyl Salicylate and Related Compounds.
Methyl salicylate (78, MS, Chart 15) was the first reported
compound in which ESIPT was observed.”"” Weller studied the
absorption and emission spectra of this molecule and attributed
the dual emission to an excited-state equilibrium between the
initially excited neutral species and the zwitterionic tautomer
resulting from the ESIPT reaction.’’* The absence of the red-
shifted emission band in the methylated derivative, methyl 2-
methoxybenzoate (79), supported this conclusion. Moreover,
the excited-state potential was proposed to have two well-
defined minima along the proton-transfer coordinate corre-
sponding to the two tautomers.

However, Weller’s ideas were questioned by later studies,
which showed that the two emission bands had differing
excitation spectra and that the ratio of the intensities of the two
bands was strongly dependent on the solvent and the excitation
wavelength, especially in protic solvents.”'>'® This led to the
conclusion that the short wavelength emission band is mainly
due to ground-state species that do not have a hydrogen bond
between the phenolic hydrogen and the carbonyl group i.e. are
either hydrogen bonded to the protic solvent or to the ester
oxygen (78a).>"7°'® Second, the lack of observed kinetics for
the formation of the ESIPT product in the picosecond studies
suggested that the process was extremely fast.”'”>** Smith and
Kaufmann tried to resolve the ESIPT rate but they could only
establish a lower limit of 10" s™" for the process. The observed
kinetics were not influenced by lowering of the temperature
down to 4 K or by deuteration within their time resolution.’*’
All these observations were not consistent with the initial
double-well model suggested by Weller. In addition, the
zwitterionic tautomer was proposed to resemble a nonionic
quinoid or keto form (78b) as originally suggested by
Goodman and Brus.*”!

Herek et al. resolved the ESIPT dynamics of MS using
femtosecond depletion spectroscopy. They monitored the rise
of the tautomer fluorescence in the gas phase at room
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temperature. The observed time constant for the ESIPT was
found to be 60 fs without any deuterium isotope effect.”>* The
authors proposed that the potential energy surface is highly
asymmetric along the hydrogen-bond reaction coordinate and
the initially prepared wavepacket evolves adiabatically toward a
single minimum corresponding to the keto tautomer. In
addition, they suggested that a reduction in the O—O distance
by low-frequency vibrations could assist in the proton-transfer
dynamics.**’

More insights into the reaction mechanism and dynamics
came from studies on related compounds, such as o-
hydroxybenzaldehyde (80, OHBA). OHBA lacks the ester
methoxy group and exists predominantly as a single internally
hydrogen-bonded conformer in nonpolar solvents.”** Stock et
al. investigated the ESIPT of this compound in cyclohexane
using two-color transient electronic absorption with 30 fs time
resolution.””* They observed a ca. 45 fs rise of the product
emission, which they attributed to the ESIPT process. The rise
could be modeled by a delayed step function rather than by an
exponential rise. In addition, the rise was accompanied by
coherent oscillations of the signal due to coherently excited
vibrations in the product state (Figure 47). Three frequencies
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Figure 47. Transient absorption profiles measured at different
monitoring wavelengths with OHBA (80) in cyclohexane (open
circles) and best-fits of model functions (solid lines). The polarization
of the probe is indicated in the figures. A typical cross-correlation
measurement is overlaid with 560 nm signal. The oscillatory
components are due to coherently excited vibrations in the product
state. Reprinted with permission from ref 524. Copyright 2002
Elsevier.

of ~140 cm™, ~280 cm™, and ~420 cm™! were required to
model the oscillatory contributions and attributed to an out-of-
plane, and two in-plane skeletal deformations, respectively,
based on DFT calculations. The two in-plane deformations
strongly modulate the O—O distance. The fast initial ESIPT
process was followed by vibrational relaxation and cooling of
the solvent bath on a longer time scale. Based on their
observation, the authors proposed that the ESIPT proceeds as a
ballistic motion of the wavepacket along the skeletal
coordinates associated with the reduction of the hydrogen

DA distance. In another study, Lochbrunner et al. observed no
significant isotope effect for the deuterated analog of OHBA,
demonstrating the absence of tunneling or reaction barrier in
the process, in support of the ballistic mechanism.>**

A similar ballistic ESIPT mechanism was proposed for a close
analog, 1-hydroxy-2-acetonaphthone (81). It was originally
investigated in the gas phase by Lahmani and co-workers*****°
and subsequently in solutions and nanocavities by Douhal and
co-workers.>*”™>*® The time resolution of these studies was,
however, not sufficient to resolve the initial ESIPT process and
the studies were focused on the subsequent internal twisting
motion of the acetyl group and the nonradiative relaxation to
the ground state. More recently, Lochbrunner et al. investigated
the ESIPT in cyclohexane using resonance Raman spectroscopy
and fs two-color and broadband transient electronic absorption,
complemented with DFT calculations.”" Similarly to OHBA,
81 has only a single stable ground-state structure possessing a
strong intramolecular hydrogen bond in nonpolar solvents. The
resonance Raman studies showed that excitation of 81 activates
several low-frequency in-plane modes associated with deforma-
tions and bond-length changes in the naphthalene chromo-
phore. These modes were also suggested to alter the
intramolecular hydrogen-bond length. The fs two-color
transient absorption data showed a rise of the tautomer
emission with a delay of ca. 30 fs accompanied by coherent
oscillations followed by slower relaxation in 150 fs ascribed to
vibrational redistribution. The results were analyzed in a similar
manner as in the case of OHBA. The oscillatory contributions
with three main frequencies were attributed to coherently
excited modes. The dominant contribution with a frequency of
312 cm™' was assigned to a skeletal in-plane vibration of the
hydroxyl and acetyl groups based on the Raman measurements
and DFT calculations. This mode leads to a bending of the
donor and acceptor groups toward each other and significantly
reduces the DA distance and was thus suggested to give the
dominant contribution to the ESIPT process. Due to the fast
time scale of the process, the authors suggested that the initial
acceleration of the wavepacket is driven by the slope of the
potential energy surface in the Franck—Condon region and
points directly toward the tautomer minimum. The main
findings were corroborated in a separate computational study
by Ortiz-Sanchez et al.”>>> They calculated one-dimensional
potential energy surfaces for the ESIPT, which showed a
negligible barrier. They subsequently performed quantum
dynamics simulations of the ESIPT process using the calculated
potential energy surfaces, which revealed a ~25 fs ESIPT time
constant, in remarkably good agreement with the experimental
study.

Examples of analogs using nitrogen as the proton acceptor
have also been presented in the literature. The ESIPT dynamics
of salicylidenaniline (82) and its derivatives were studied by
several groups with ps time resolution®>>~>** and later by Mitra
et al.>* with fs time resolution. Similarly to salicylaldehyde, the
ultrafast initial proton transfer produces the vibrationally hot
keto tautomer in few hundred fs followed by vibrational
relaxation.

3.2.2. Hydroxyflavones. Another well-studied molecule
undergoing ESIPT between a hydroxylic proton and a carbonyl
oxygen is 3-hydroxyflavone (83, 3HF), an analog of the
naturally abundant flavonol quercetin. Contrary to MS, the
ESIPT in this case results in the formation of charged species
due to the absence of a keto-type resonance structure. In an
early report, Sengupta and Kasha already attributed the dual
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Chart 16. Structures of 3-Hydroxyflavone (3HF) and Related Compounds

emission to the neutral form and to the zwitterionic tautomer,
which is stabilized by the two resonant structures shown in
Chart 16 (83a and 83b).””” Strong normal fluorescence
observed at low temperature in a hydrocarbon glass and
isotope effect in methanol suggested a double-well potential
energy surface with a significant activation barrier between the
two forms. The increased normal emission in alcohols was
proposed to originate from intermolecularly hydrogen-bonded
species.

After this, 3HF was studied by several groups with varying
time resolution.”**>** Several reports focused on the solvent
effects and reported a rise time of the ESIPT product emission
of the order of tens of picoseconds.”**>** McMorrow and
Kasha were, however, able to show that the spurious normal
emission in nonpolar solvents was actually due to trace
amounts of hydrogen—bondin§ impurities resulting in inter-
molecular hydrogen bonds.”*' They observed the pure
tautomer emission in highly purified hydrocarbons even at
cryogenic temperatures with a single-exponential rise’* and
proposed that the intrinsic ESIPT is an ultrafast and barrierless
process. The biexponential kinetics observed in some other
reports®****” were attributed to the internally and externally
hydrogen-bonded species.

Later sub-picosecond studies focused on the time scale of the
intrinsic ESIPT process.”** ™" Schwartz et al.’** observed a
240 + 50 fs ESIPT time constant in a nonpolar environment
followed by a slower ~10 ps component using fs two-color
transient absorption. The slower component was attributed to
hydrogen-bonding impurities as suggested by the -earlier
studies. Surprisingly, the authors found an instrument-limited
ESIPT time of <125 fs in methanol. They proposed that the
ESIPT rate in this case could be accelerated due to
intermolecular modes of the cyclically hydrogen-bonded
species. A more recent collaborative study by several groups
found somewhat different time constants using transient
electronic absorption.”’ They observed two transient bands
in the visible region, in qualitative agreement with the previous
measurements.”" > >>* Both bands showed an ultrafast initial
rise followed by a slower component attributed to the internally
and externally hydrogen-bonded species, respectively. The two
bands were proposed to originate from an equilibrium between
the two resonance structures of the tautomer (83a and 83b).
The authors assigned an instrument-limited time constant of
~35 fs for the intrinsic ESIPT process in methylcyclohexane
and acetonitrile, whereas a ~60 fs rise was observed in ethanol.
The deceleration of the ESIPT in ethanol was attributed to
greater strength of solute—solvent interactions. The time scale

of the slow component due to the intermolecularly hydrogen-
bonded species was close to the solvent relaxation time but was
suggested to originate from desolvation or breakage of the
intermolecular hydrogen bonds rather than from solvation-
assisted ESIPT.

Studies on functionalized 3HF derivatives revealed interest-
ing excited-state behavior.>>*™*°" Attachment of electron
donating groups to the aromatic system strongly influences
the electronic properties of the locally excited state resulting in
charge-transfer character. This was shown to result in solvent-
polarity dependent ESIPT and, in some cases, reversibility of
the process.”* Chou et al. presented several examples of such
molecular systems and discussed the results in the context of
proton-coupled electron transfer (PCET). The field was also
recently reviewed.”>***>>®® In most examples, the normal form
has a relatively different electric dipole moment in the excited
state due to the CT character whereas the dipole moment of
the excited proton-transfer tautomer is more similar to that of
the ground state.”>” Therefore, ESIPT from the initially
populated Franck—Condon state of the normal form is
energetically more favorable and proceeds in competition
with solvent relaxation (Figure 48). Solvent relaxation of the
normal form (PE* in Figure 48) changes the equilibrium
polarization to unfavorable for the ESIPT. This results in a
decrease of the rate due to a solvent-induced barrier. The
overall ESIPT dynamics are therefore nonexponential. In highly
polar solvents, the energy of the solvent equilibrated normal
tautomer can be close to that of the proton-transfer tautomer
resulting in equilibrium between the two states and significant
emission from the normal form.**

Two exemplary cases of such systems are 4'-N,N-
diethylamino-3-hydroxyflavone (84)°*° and 7-N,N-diethylami-
no-3-hydroxyflavone (85).”°" The CT character of the locally
excited state of the normal form was evidenced by strong
solvatochromism of its emission (ET,,* in Figure 49) whereas
the proton-transfer tautomer emission (PCETeq"< in Figure 49)
and the normal absorption showed negligible solvatochromism.
Second, both compounds exhibited pronounced dual emission
compared to the parent 3HF and the relative emission
intensities of the two forms were strongly dependent on
solvent polarity. Upon increasing polarity, the normal emission
gained intensity, which could be attributed to two possible
effects. First, the solvent-induced barrier for the ESIPT
increases in the polar environment, and second, the ESIPT
reaction can become reversible because the two states are closer
in energy as seen from the peak positions of the emission bands
in Figure 49. Equilibrium between the two states was observed

DOI: 10.1021/acs.chemrev.6b00491
Chem. Rev. 2017, 117, 10826—10939


http://dx.doi.org/10.1021/acs.chemrev.6b00491
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.6b00491&iName=master.img-064.png&w=299&h=142

Chemical Reviews

A
i
solvent |
relaxation/
proton | |, :
ransfech® -
> -
e #
] \
= .
L] 3 proidn transfer ET.*
& Teq
e
A3
hv
1 o
PE 0"‘»4!
:
g Solvent polarization coordinate P
&
&
>
Feo
‘@e, &
q&hd}\b

Figure 48. Potential energy surfaces and relaxation processes of
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Figure 49. Absorption and emission spectra of 84 in (a) cyclohexane,
(b) benzene, (c) dichloromethane, and (d) acetonitrile at room
temperature. Reprinted from ref 553. Copyright 2010 American
Chemical Society.

for 84, whereas 85 exhibits irreversible ESIPT attributed to the
much larger energy gap between the relaxed normal form and
the proton-transfer tautomer. Interestingly, the solvent-polarity
effects were completely switched off in 4’-N,N-dimethylamino-
7-N,N-diethylamino-3-hydroxyflavone (85) due to dipole
cancellation. This resulted in quantitative proton-transfer
tautomer emission independent of the solvent polarity.””
Chou et al. investigated the ESIPT dynamics of 84 and 85
using fs fluorescence up-conversion and were the first to clearly
identify an ultrafast component of the ESIPT process in polar
solvents.”*>*°" They observed multiexponential dynamics,

which were strongly dependent on the monitoring wavelength.
Using spectral reconstruction, they were able to show that the
emission spectrum consists of two separate bands already at
short times (sub-picosecond) attributed to the normal and the
tautomeric forms. At later time, the normal form exhibited a
dynamic Stokes shift in competition with the ESIPT giving rise
to the tautomer emission band. Population of the CT state was
not observed as a separate step, contrary to the earlier report by
Douhal and co-workers,”** and was considered to take place
through a direct optical transition. All the ultrafast dynamics
were attributed to the solvent relaxation proceeding in
competition with the ESIPT. The fast ESIPT component
observed in all solvents was, nevertheless, significantly slower
than that observed in the parent 3HF. This was suggested to
originate from an initial, non-negligible, solvent-induced barrier
even in apolar cyclohexane. In addition to the ultrafast
processes, both compounds showed a much slower polarity-
dependent rate after the solvent relaxation. The solvent-
dependent rate varied from a few ps in cyclohexane to a few
tens to few hundreds of ps (for 84 and 85, respectively) in
acetonitrile. In polar solvents such as dichloromethane and
acetonitrile, 84 exhibited a constant population decay over the
whole wavelength range demonstrating the establishment of an
equilibrium between the normal and the tautomeric forms after
solvent relaxation. This also resulted in a much higher normal
emission with increasing solvent polarity. The normal form of
85 did not show such a population decay and the emission
intensity was relatively low in all solvents demonstrating an
irreversible (unidirectional) reaction from the normal form to
the proton-transfer tautomer. Additionally, the authors
performed ab initio calculations to investigate the directions
of the permanent electric dipole moments in the different
states. The results clearly showed that the excited normal form
had a significantly different dipole moment compared to those
of the neutral ground state and the excited tautomer, thus
explaining the observed behavior.”*" ™"

Suda, Kimura and co-workers studied extensively the effect of
excitation wavelength on the ESIPT dynamics of 84 in
conventional solvents and in RTILs using fs Kerr-gated
fluorescence.”***%" They observed a clear decrease both in
the rate and the yield of the tautomerization in RTILs (Figure
S0b) and in the highly viscous glycerol triacetate upon
increasing excitation wavelength. This effect was not observed
in normal polar solvents such as acetonitrile and dimethyl
sulfoxide. They suggested that excitation in the red edge
populates a subensemble of species in a more polar
microenvironment due to heterogeneities in the solvent.
Therefore, the initially populated Franck—Condon state in
the solvent coordinate and hence the solvent-induced barrier
for the proton transfer depends on the excitation wavelength
being higher for the longer wavelengths (Figure 50a). Due to
slow solvation dynamics in RTILs and glycerol triacetate, the
ESIPT occurs in competition with the solvent relaxation
resulting in nonequilibrium dynamics. This was seen in the
population dynamics obtained from spectral fittings of the time-
resolved spectra with two log-normal functions. At least three
rise components (instrument limited, few ps and few tens of
ps) and a single decay component were required to simulate
the population dynamics of the tautomer.”*>*®” Despite the use
of exponential functions to simulate the data, the authors noted
that the behavior most likely represented a single continuous
process with a time-dependent ESIPT rate due to the
increasing reaction barrier upon solvent relaxation. RTILs
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Figure 50. (a) Schematic illustration of the potential energy surface of
84 in the solvation and proton coordinates. The arrows indicate the
reaction pathways at different excitation wavelengths. (b) Time-
resolved emission spectra measured with 84 in 1-butyl-3-methyl-
imidazolium hexafluorophosphate RTIL at different excitation wave-
lengths. The black solid lines represent the best fits with two log-
normal functions. Adapted from ref 567. Copyright 2013 American
Chemical Society.

enable observation of the competitive processes on a much
longer time scale due to the extremely slow solvent relaxation
compared to conventional solvents.

3.2.3. Benzoazoles. Another type of ESIPT is observed in
2-(2'-hydroxyphenyl)benzothiazole (87, HBT) and related
compounds. In this case, the ESIPT takes place from a
hydroxyl donor to a nitrogen acceptor resulting in a neutral
keto tautomer (87a). The ESIPT was already suggested by
several early studies”®® " but Elsaesser and Kaiser were the
first to provide direct evidence for the keto—enol tautomeriza-
tion using ps infrared spectroscopy. They observed the
disappearance of the OH stretch mode and the appearance of
two new IR absorption bands within 6 ps after excitation. These
bands were attributed to NH and C=O stretching vibrations
resulting from the tautomerization.””' A few years later,
Elsaesser et al. reported the first fs study on the ESIPT kinetics
using transient electronic absorption spectroscopy. They
observed a rise of the keto emission with time constants of
~160 and ~150 fs for the normal and the deuterated analog of
HBT, respectively. The lack of an isotope effect suggested an
essentially barrierless reaction. Second, based on the fast time
scale of the process, the authors proposed that the ESIPT is
assisted by large amplitude low-frequency vibrations.””**”

Riedle and co-workers investigated the tautomerization of
HBT in cyclohexane with a much improved time resolution of
~30 fs using two-color transient electronic absorption. They

were able to resolve a rise time of ca. 30—60 fs for the keto
emission depending on the probe wavelength.””**”* Similar to
OHBA, the rise was best modeled as a delayed step function
convolved with the instrument response and was accompanied
by coherently excited vibrational modes in the product state
(Figure 51).”’%*”7 The two main oscillatory components with

0.0 0.2 0.4 (ps) 08

o
(1]

0 100 200 300 v(cm') 0

100 200 300 v(cm')

Figure S1. (a) Time profiles of the transmission change measured with
HBT (blue) and its deuterated analog DBT (red) at the keto emission
wavelength. The dashed lines represent the fits with an instant
decrease followed by a delayed step increase. (b and c) Fourier-
transform spectra of the oscillatory contributions of DBT (b) and
HBT (c). Reprinted with permission from ref 577. Copyright 2011
Elsevier.

frequencies of ~110 and ~250 cm ™" were attributed to in-plane
bending and stretching vibrations of the entire molecular
skeleton, respectively, in excellent agreement with ab initio
calculations. These vibrations significantly modulate the O—N
distance and can therefore promote the ballistic ESIPT process.
The lowest frequency vibration of ~110 cm™" was identified as
the coherently excited transition-promoting mode also
supported by computational, resonance Raman and time-
resolved IR studies.””*>*" Electronic excitation to the Franck—
Condon state of the enol form initiates the nuclear motion
along the O—N coordinate. Once the distance has contracted
to a critical value, the electronic configuration changes
extremely fast to adopt the keto-product configuration.”" In
this configuration, the ESIPT proceeds without a barrier and
does not involve tunneling. The high-frequency proton follows
the electronic changes adiabatically and forms the bond with
the nitrogen acceptor. This was demonstrated by the
observation of identical kinetics for the normal and deuterated
forms of HBT (Figure 51).””7 Second, observation of identical
oscillatory signals for the two analogs showed that the proton
itself does not contribute to the wavepacket motion. After
adopting the electronic configuration of the product state, the
molecule is still far from the equilibrium geometry and starts to
oscillate on the keto tautomer potential energy surface. This
gives rise to other coherent wavepacket oscillations extending
up to a few ps. The damping of the oscillations can be
attributed to intramolecular vibrational redistribution and
solvent-assisted vibrational relaxation processes.”’ >

The closely related 2-(2'-hydroxyphenyl)benzoxazole (88,
HBO) was shown to undergo a similar ESIPT from the
hydroxyl group to the nitrogen. Ernsting and co-workers
studied the dynamics of HBO in cyclohexane using fs transient
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absorption and assigned a time constant of ~60 fs for the
ESIPT process.””” In addition, they were able to observe a low-
frequency vibronic progression of 147 cm™ in the fluorescence
excitation spectrum in an argon matrix at 11 K, which they
attributed to an in-plane vibration of the skeleton. Abou-Zied et
al. studied the tautomerization in several solvents using fs two-
color transient electronic absorption. The ESIPT kinetics were
found to be solvent and isotope (H or D) independent with a
time constant of ~170 fs. The compound can, however, exist in
multiple ground-state conformations of which only the
internally hydrogen-bonded syn-enol (as in Chart 17) under-

Chart 17. Structures of 2-(2'-Hydroxyphenyl)benzothiazole
(HBT) and Related Compounds

H-0 H0
N, hv N 87: X =S (HBT)
X X 88: X = O (HBO)
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89 NG“ON g0 (x ; o 92 (HBQ)

goes efficient ESIPT. The other conformations are either
hydrogen-bonded to solvent or to the benzoxazole oxygen and
their relative population is strongly solvent dependent. In
nonpolar, noninteracting solvents, the compound is almost
exclusively in the syn-enol conformation.”*’ Later, Lochbrunner
et al. observed a fast, step-like, rise of ~80—90 fs followed by
coherent oscillations for HBO in cyclohexane using transient
absorption with 30 fs time resolution.”® Due to the similarity
between the time scales and the coherent oscillations, the
mechanism was suggested to resemble that of HBT.

In another study, Ernsting et al. investigated 2,5-bis(2'-
benzoxazolyl)hydroquinone, a compound consisting of the
same HBO subunit, in tetrahydrofuran using fs broadband
transient electronic absorption with ~30 fs time resolution.
They were able to resolve all the involved species (normal,
unrelaxed keto and relaxed keto forms) using spectral
decomposition. In this compound, the ESIPT occurs in ~110
fs driven by the coherent excitation of a skeletal bending
vibration of 118 cm™" and the proton transfer occurs during the
first half-cycle. S84 Recently, Wnuk and Kubicki et al. studied the
ESIPT of the same compound in several solvents additionally
using fs fluorescence up-conversion.”®> They concluded that
the fast ESIPT is virtually solvent independent within their time
resolution (~100 fs). Based on TCSPC measurements and
computational results, they proposed that a solvent-dependent
back reaction takes place resulting in an equilibrium between
the two forms, which was seen as a constant population decay
over the whole emission range. The calculated excited-state
potential energy profile showed two minima of almost equal
energies attributed to the normal and tautomeric forms. The
two minima were separated by only a small energy barrier,
supporting the equilibrium in the excited state.

Functionalization of the benzoazoles with either electron-
donating or electron-withdrawing groups can result in drastic
changes in the proton-transfer properties.***~>*° Chou and co-
workers demonstrated that the attachment of an electron-
donating amine group on the phenol ring of HBT (89) results

in behavior similar to amine functionalized 3-hydroxyflavones.
The initially excited state possesses CT character and a
significantly different dipole moment from that of the ground
state. The ESIPT occurs in competition with solvent relaxation
resulting in an equilibrium between the normal and the
tautomeric forms, both in nonpolar and polar aprotic solvents.
The observed kinetics were solvent dependent and relatively
complicated due to parallel solvation, as demonstrated by the fs
fluorescence up-conversion and ps TCSPC studies.”*
Recently, Douhal and co-workers reported on a similar
behavior for a primary amine substituted benzoxazole where
the substituent was on the benzoxazole moiety instead of the
phenol ring. Using TCSPC and fs fluorescence up-conversion,
they observed a relatively slow solvent-dependent ESIPT time
constant from ~1.2 ps in n-heptane to ~100 ps in THF. All the
ultrafast dynamics were attributed to the initial population of
the charge -transfer state and subsequent solvent relaxa-
n.>****” This is in contrast with the findings of Chou and
co—workers who also considered the initial ultrafast ESIPT,
which was observed as an initial rise of the keto emission on a
sub-picosecond time scale before solvent relaxation.**°
Contrary to the above-described behavior, malononitrile-
functionalized compounds (90 and 91) have been shown to
possess similar dipolar properties in the initially excited state
and the ground state. The initially excited state undergoes
concomitant proton and electron transfer with significant
changes in the dipole moment followed by solvent relaxation
(Figure 52). This was seen as virtually polarity-independent
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Free Energy
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Figure 52. Potential energy surfaces and relaxation processes of the
different states of 91. PC and PC* correspond to the ground and
excited states of the normal form and CPT* to the proton-transfer
tautomer. Reprinted from ref 587. Copyright 2008 American Chemical
Society.

absorption and emission spectra of the normal form, whereas
the tautomer emission exhibited drastic bathochromic shifts
upon increasing solvent polarity.”®” The behavior could be
rationalized by the electron-donating properties of the azole
nitrogen. The nitrogen is a poor electron donor in the enol
form due to the delocalization of the lone pair electrons to the
aromatic system. However, the nitrogen is converted into a
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secondary amine upon proton transfer. The increased electron-
donating character results in an adiabatic electron transfer to
the malononitrile parallel to the proton transfer and increased
dipole moment in the proton-transfer state. Chou and co-
workers observed an increase in the ESIPT rate of the HBO
derivative, 91, upon increasing solvent polarity from 1.1 ps in
cyclohexane to ~300 fs in acetonitrile in their fs fluorescence
up-conversion measurements, whereas for the HBT derivative,
90, the time constant was faster than the IRF (<150 fs) in all
solvents. The acceleration of the ESIPT rate of 91 was
attributed to the lowering of the solvent-induced barrier in
more polar solvents.”®” The ESIPT rate of 90 was too fast in all
solvents to observe this effect.

Kim et al. presented a similar example of functionalized HBO
where the substituent is slightly less electron withdrawing (a
single CN group) compared to the malononitrile compound.>”
In this case, the authors used fs fluorescence up-conversion
with ~100 fs time resolution to measure the entire time-
resolved spectra by scanning the mixing crystal angle and the
monochromator simultaneously. In addition, they analyzed the
obtained spectra globally with three log-normal functions to
directly obtain the population dynamics. The three species were
attributed to the enol, the neutral keto and the charge-transfer
keto species. The observed ESIPT dynamics monitored from
the decay of the enol population were governed by two time
constants of 250 fs and 1.2 ps, independent of the solvent,
which were attributed to two conformations due to the
flexibility of the phenyl ring. Second, the authors suggested that
the ICT process occurs subsequent to the ESIPT reaction with
time constants of ~50 fs and 2.7 ps in diethyl ether. Therefore,
only the charge-transfer keto species was subject to solvent
relaxation and the enol and neutral keto emissions were treated
as stationary in terms of peak position and bandwidth in the
fitting model. The fit could adequately reproduce the
experimental data but the authors had to use constraints in
several parameters due to the instability of the analysis. This
could suggest overfitting of the data and possibly two line-shape
functions would have been adequate. The authors proposed
that the ICT process is mainly controlled by the solvent
relaxation due to the similarity of the time scales of these
processes, whereas the ESIPT is controlled only by the
intramolecular coordinates and is therefore solvent-polarity
independent.>”’

Last, we turn to 10-hydroxybenzo[h]quinoline (92, HBQ),
which can be considered as a rigid HBT with reduced
conformational flexibility. Chou and co-workers were the first
to demonstrate ESIPT in this compound.”" They showed that
the tautomer emission is free from solvent perturbations due to
the strong intramolecular hydrogen bond making it an ideal
candidate for detailed mechanistic studies. The unique
tautomer emission was observed even in ethanol, contrary to
several other ESIPT molecules.

The dynamics of the ESIPT reaction of HBQ were studied
by many groups with ever improving time resolution. In an
early study, Chou et al. were able to give an instrument-limited
ESIPT time constant of ca. <160 fs in cyclohexane using
fluorescence up-conversion and transient electronic absorption.
They also suggested that the ESIPT populates a higher lying S,
state of the keto tautomer, which then undergoes internal
conversion to S; in ~330 fs and vibrational cooling in 8—10 ps
to produce the relaxed keto form.””> Takeuchi and Tahara
studied the dynamics in the same solvent using broadband and
two-color transient electronic absorption with 380 fs and ~30—

40 fs time resolutions, respectively.””® The transient spectra
were qualitatively quite different from those of Chou et al. but
the observed kinetics after the ESIPT were in good agreement
with the previous findings. The faster ~350 fs component was,
however, attributed to an intramolecular vibrational energy
distribution rather than internal conversion from S,. This was
also supported by the observation of long-lived coherent
oscillations in the two-color experiment. The two-color
experiment with better time resolution allowed the authors to
resolve the initial rise of the keto emission with a 25 + 15 fs
time constant. The signal was accompanied by coherent
oscillations up to a few ps with frequencies of 242, 392, 550,
and 692 cm™! determined from the Fourier transform of the
oscillatory contribution. The lowest frequency mode was
assigned to an in-plane skeletal vibration modulating the O—
N distance in agreement with DFT calculations. Measurements
with different excitation wavelengths and resonance Raman
experiments suggested that the observed modes are coherently
excited by the initial pump pulse. Much faster damping of the
242 cm™! oscillations (~500 fs) led to the conclusion that this
mode is most strongly coupled with the reaction coordinate.
Therefore, the ESIPT mechanism was suggested to resemble
that of HBT.

Later studies revealed, however, distinct differences between
the ESIPT mechanisms of HBT and HBQ. Schriever et al.
compared the ESIPT dynamics of the two compounds in a
combined experimental and computational study.””* The
experimental results were mostly in agreement with the
previous observations providing no new insights. The classical
dynamics simulation however suggested that HBQ_ experiences
a much smaller variation in the O—N distance during the
proton transfer, possibly due to the more rigid structure. This
was interpreted as a partially proton-active mechanism where
the movement of the proton itself plays a role in the process.
HBT on the other hand showed a large decrease in the O—N
distance prior to the ESIPT, exhibiting a fully proton-passive
mechanism in agreement with the lack of an observed isotope
effect. Recently, Joo and co-workers provided experimental
evidence to support these conclusions.””*”® They used
fluorescence up-conversion with ~40 fs time resolution to
monitor the decay of the enol form and the rise of the keto
emission. The ESIPT time constants for the normal and
deuterated forms of HBQ in methanol were 12 and 25 fs,
respectively, whereas HBT showed a ca. 62 fs time constant
without any isotope effect in cyclohexane.’”® The kinetic
isotope effect of ~2 was proposed to originate from a fully
active participation of the proton to the ESIPT process whereas
in HBT the ESIPT is driven by the large amplitude skeletal
vibrations without any involvement of the proton.

3.2.4. Concluding Remarks. In conclusion, ESIPT in
internally hydrogen-bonded conformations is an ultrafast,
barrierless nonequilibrium process. The ESIPT proceeds as
ballistic motion and is assisted by skeletal vibrational modes
without involvement of the solvent coordinates. The proton
can have either a passive or an active role depending on the
geometric constraints of the skeletal structure. In many cases,
the interaction with the solvent results in a decrease in the
ESIPT rate mostly due to the solvent perturbations to the
intramolecular hydrogen-bond coordinates.

Attachment of electron-donating or electron-withdrawing
groups on the ESIPT compounds drastically changes the
behavior. The process becomes strongly solvent-polarity
dependent due to the coupling of the charge-transfer and
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Figure 53. Photophysical scheme for the intermolecular ESPT process. Here, kq and k,,, are the radiative and nonradiative rate constants, k,

4 is the

quenching constant by protons, kg, and k.. are the forward and backward PT rate constants producing the contact ion pair, kg and k' g¢ are the
forward and backward diffusional rate constants, and a is the contact radius.

proton-transfer processes. The ESIPT proceeds in competition
with the solvent relaxation with significantly decelerated rate
due to the solvent-induced barrier. This is manifested by
nonexponential dynamics complicating the quantitative anal-
ysis. Strong theoretical back%round for proton-coupled
electron-transfer reactions exists,”””>°® but a clear demonstra-
tion of connecting the nonexponential behavior to an
appropriate model is missing.

3.3. Intermolecular Proton Transfer

Similar to intramolecular ESPT, intermolecular ESPT remains
an active topic in science and has been periodically
reviewed.””””*® The two processes share some common
features, such as that they are driven by a change in the
electronic configuration upon optical excitation. Weller was the
first to propose that in the case of hydroxyl-substituted
aromatic compounds, the photoacidity originates from an
intramolecular charge transfer (ICT) from the hydroxyl oxygen
to the aromatic system.””” Therefore, amplification of the ICT
character of the locally excited state is expected to result in an
enhancement of the acidity in the excited state. As will be
shown later, this has been the main rationale toward the design
of stronger photoacids.**®

However, one can find significant differences between the
two cases. Intermolecular ESPT requires the presence of an
external proton acceptor, which in most cases is the solvent.
Therefore, the reaction mechanism significantly differs from
that of the ESIPT and has been proposed to involve an
intermediate step. The widely accepted mechanism of
intermolecular ESPT was originally proposed by Eigen and
Weller (Scheme 1).*>°* In this model, excitation of the
protonated form of the acid (ROH) results in an initial short-
range proton transfer to produce a contact ion pair. The
contact ion pair can undergo subsequent diffusion-controlled
separation into free ions. Both of the steps are usually
considered to be reversible. Hence the separated proton can
undergo geminate recombination without quenching of the
fluorescence. The geminate recombination results in repopu-
lation of the neutral excited state (ROH*) at longer times with
a nonexponential tail of its fluorescence decay, which was
experimentally observed.®”’~¢'°

The original kinetic model*’” based on the Eigen-Weller
mechanism (Figure 53) used diffusional rate constants, kg and
k' obtained from the steady-state solution of the Debye-
Smoluchowski equation (DSE).®'"®'* Both the diffusion-
controlled and the intrinsic dissociation (kg,) and recombina-
tion (k) rate constants were assumed to be time-independent.
Therefore, the solution of the first-order rate equations based
on Figure 53 resulted in purely (multi) exponential dynamics
and was unable to explain the long-time nonexponential
behavior.

Pines, Huppert and Agmon solved this discrepancy by
describing the diffusional step using the numerical solution of

the DSE with back-reaction boundary conditions.’’*~*'* They
considered the probability density functions of finding the
geminate pair in the bound state, p(*,t), or in the unbound
state, p(r,t), with separation r, where the separation is larger
than the contact radius a (r > a). The reactivity at the contact
was accounted for using delta function “sink terms”, W; = k5(r-
a)/(4ma*). According to Figure 53, the spherically symmetric
DSE can be written as® !

d 20 2 v 9 v
—p(r, t) =r =D — ,t
P ) = g Dre e el 1)

= [Wee(r) + W(r) + kg Ip(r, £)

+ Wy (rp(¥, t) (46)

which is coupled to a kinetic equation for the bound state:
D pt, ) = 4x [ Wl plr, OF dr = (kg + kyp(, 1
0tp ’ rec\")P\T diss /P (47)

In the above equations, D = Dy, + Dyo- is the mutual diffusion
coefficient of the proton and the conjugate base, V(r) = —Rp/r
is the Coulomb attraction potential, and Ry, is the Debye radius.

|z z,le*
D - —
kpTe (48)

where z; and z, are the charges of the proton and the conjugate
base and ¢ is the dielectric constant of the medium. The
experimentally accessible quantity, i.e., the “survival probability”
of the unbound pair, S(t), can be obtained by integration of the
probability density function according to

S(t) = 4n foop(r, t)r2 dr

If the neutral and the anionic forms have equal lifetimes (kg, =
kqs), the total probability of finding the geminate pair in either
the bound or unbound state is equal to the excited-state
population as

p(*, t) + S(t) = exp(—kgt) = exp(—kqt) (50)

The above equations cannot be solved analytically in the
presence of the Coulomb attraction potential. Agmon and
Krissinel developed, however, a specialized computer software
to solve the equations numerically, which can then be
compared with the experimental data.”’ In addition, Agmon
and co-workers derived approximate solutions for several cases,
where the long-time asymptotic behavior has an exact
solution.”"”~®"? In the simplest case with equal lifetimes (kg
= kg3) and in the absence of quenching (k, = 0), the probability
of observing the initially prepared bound pair follows an
asymptotic power law:

(49)

(%)) ~ —_exp(—knt)
t) ~ ——exp(—kgt
4 (4aDey? 2 P (51)
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where K, is the association equilibrium constant defined as

K = krece_V(a) — krecexp(RD/a)
“ kdiss kdiss (52)

The excited-state pK, value can be calculated from the
inverse of the association equilibrium constant according to

kdiss eXP(_RD/a)

K = —lo

o ’ Frec (s3)
In this special limit, the full behavior of the system can be
obtained from a single kinetic trace of either the neutral or the
anionic form. In other regimes, the behavior depends on the
rate constants involved. For example, if the lifetime of the anion
is longer than that of the neutral and the process involves
quenching, the long-time asymptotes for the bound and the
unbound pair follow ~t /% exp(—kgst) and ~t"/ exp(—kg;t),
respectively. The different regimes were experimentally
observed and the results are in good agreement with the
theory. Theoretical formulations and comparison with experi-
ments are thoroughly discussed in the litera-
ture 606/616-619,621-623

Most ESPT compounds exhibit pronounced solvatochromic
behavior. This is, of course, owed to the ICT character of the
locally excited state inducing a large change in the dipole
moment. The solvatochromism is not only dependent on the
polarity but also on hydro§en-bond accepting and donating
properties of the solvent.’”*"*° In addition, ESPT usually
results in the formation of charged species, amplifying the
solvent effects in the conjugate base. A hydrogen bond donated
by the solvent significantly stabilizes the ground-state anion,
whereas a hydrogen bond accepted by the solvent stabilizes the
excited neutral form. All factors make intermolecular ESPT a
strongly solvent-controlled process, where not only the proton
accepting and conducting properties but also the polarity of the
solvent play a key role in the process.”'¥**>**”~° Therefore,
most studies were done in polar protic solvents such as water,
methanol and ethanol.

The last major difference for the intermolecular ESPT is the
characterization of the photoacidic compounds based on their
pK,* values. In the case of the ESIPT, the pK,* does not appear
to be the main factor determining the rate of the reaction,
whereas in the case of intermolecular ESPT, the pK,* is directly
related to the driving force of the reaction and can be calculated
from a thermodynamic relation known as the Forster cycle. The
Forster cycle is based on the assumption that there is a
thermodynamic equilibrium both in the ground and excited
states characterized by their equilibrium constants K, and K,*,
respectively. The second assumption of the Forster cycle is that
the change in entropy is equal for both the ground- and excited-
state reactions. Therefore, the change in AG upon excitation
can be expressed in the terms of AH, which is related to the 0—

0 transition energies according to the energy diagram in Figure
54, 468/469

AG* — AG=—-RT In

K;k ~RO"  ~ROH
= NAhc(voo — 7o
K, (54)

where 75 and 755 are the 0—0 transitions of the anionic and
neutral forms expressed in wavenumbers. This relation yields
the familiar Forster equation:

kPTt
AH’ = A~*4+H
[
i R
h"Z kll‘ k'nr
Jh‘vl k[' krlr —
| AH
k["l
AH A- +H'
PT

Figure 54. Forster-cycle energy diagram of the proton-transfer
reaction. The excitation energies, hv, and hv,, correspond to the 0—
0 energies of the neutral (ROH) and anionic (RO™) forms,
respectively. The AH values are the heats of formation. The relevant
rate constants are also indicated: kpp and k'py are the forward and
backward rates of the proton transfer, k¢ and k,, the radiative and
nonradiative rate constants. Asterisks indicate an electronically excited
state.

0.625Kcm ;
pKa* = ST 170%0 - 170%01-[) + pK, (55)
This approach is still widely used to characterize photoacids
due to its robustness and simplicity.**” However, since pK,* =
—log(kpr*/k'pr*) the value obtained from the Forster cycle
should be considered as an approximation. A more appropriate
way to estimate the pK,* is to determine the rate constants for
the forward and backward process. This can be done by
fluorescence titration as a function of pH as originally proposed
by Weller*”>*”" or more directly by analyzing the time-resolved
data with an appropriate kinetic model, such as the DSE model.

Inherently, all intermolecular ESPT reactions can be
considered as “non-equilibrium” reactions due to the
diffusion-assisted separation and geminate recombination. We
will however focus on the molecular classes which exhibit or at
least approach ESPT time constants close to those of the
vibrational or solvent relaxation processes. Since the pK.* is
related to the ratio of the rate constants, lowering of the pK,*
will accelerate the ESPT reaction. This limits our discussion to
compounds exhibiting pK,* values close to or below 0. Some of
the historical works are also reviewed showing the progress of
the studies on ESPT reactions. The covered molecular classes,
with increasing acidity, are naphthols, hydroxyquinolines,
hydroxypyrenes, and cyanine-based photoacids.

3.3.1. Naphthols. Naphthols were one of the first studied
compounds shown to exhibit ESPT to the solvent. The steady-
state properties of 2-naphthol (96, 2N) were investigated by
Forster and Weller in the midtwentieth century (Chart
18).167470:633 The pK, values of 2N in the ground and first
excited state were determined to be pK, = 9.4S5 and pK,* = 2.8,
demonstrating only limited photoacidity in the excited
state.””**® Weller estimated the pK, values of 1-naphthol
(93, IN) to be similar to those of 2N using the fluorescence
titration method.*>> However, later combined time-resolved
(ns-TCSPC) and steady-state studies by Harris et al. showed
that the emission of both the neutral and anionic forms of 1N
are strongly quenched by the aqueous protons, whereas the
quenching rate is much lower for 2N.****** They refined
Weller’s scheme to include the time-resolved data and
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Chart 18. Structures of Naphthol-Derived Photoacids

Together with the Ground- and Excited-State pK, Values™”

1-naphthols?
93 (IN):R=H
OH pK, = 9.4, pK,* = -0.2

94 (1N-5S): R = SO5

OO pK,=8.4,pK,*=-0.7
95 (IN-5CN): R =CN

R pKy=8.1,pK,*=-28

2-naphthols?
R 96 (2N):R, =H, Ry =H
1 pK,=9.5pK,* =28
OH 97 (2N-5CN): R, =H, R, = CN
OO pK, = 8.8, pK, = -1.2
98 (2N-DCN): R, = R, = CN
R, pK,=7.8,pK,* =-4.5

“From ref 631. YFrom ref 632.

established a new value of 0.5 for the excited-state pK, of 1N
whereas that of the 2N remained unchanged.

A few years later, Webb et al. reinvestigated the kinetics of
IN using a ps streak camera and steady-state spectrosco-
py."**”" The improved time resolution allowed them to
directly observe a 35 ps decay of the neutral emission and a
concurrent rise of the anion emission. They obtained a similar
value of pK,* = 0.4 but the rate constant for the deprotonation
(kgis = 2.5 X 10" s7') was found to be significantly higher than
in the previous studies. The much higher rate constant was in
strong contrast with that of 2N (kg = 7.5 X 10" s"). Both the
increased proton quenching and deprotonation rates in 1N
were attributed to an inversion of the low-lying excited states.
Similar to naphthalene, naphthols have two nearly degenerate
low-lying states, 'L, and 'Ly, with the corresponding transition
dipole moments roughly aligned along the short axis (through
atoms, 'L,) and the long axis (through bonds, 'L;). The 'L,
state possesses a much greater CT character with the charge
density especially localized at the C5 and C8 atoms of the distal
aromatic ring, whereas the 'Ly, state has a much more diffusive
nature. Therefore, the authors suggested that for 1N the
emitting state is 'L,, whereas for 2N it is 'Ly. Moreover, the
strong proton quenching of 1N was suggested to originate from
protonation of the aromatic ring at the CS and C8 positions.
This was supported by the observation of deuterium exchange
upon irradiation of 1N under acidic conditions whereas 2N did
not exhibit such a behavior.””” These findings were also
supported by later solvatochromism studies, which clearly
demonstrated much stronger solvatochromic behavior for 1N.
Moreover, Pines and co-workers suggested that the level
inversion depends on the solvent polarity, with the 'L, level
becoming the dominant emitting state in polar solvents. The
'L, state was also found to be further stabilized in hydrogen-
bond donating solvents.”**%**

The analyses of the kinetic studies by Harris, Webb and co-
workers were based on the rate equations giving rise to
exponential behavior. Pines and co-workers used the DSE
model with coupled reversible and irreversible (quenching)
back-reaction. They monitored the decays of the neutral and
the anionic species using ps TCSPC and observed a
nonexponential long-time behavior for the decays of both
species.””"** When corrected for the finite excited-state
lifetime of the anion, the long-time asymptotic behavior of
the neutral and the anionic forms were shown to approach t />
and t'? respectively. This demonstrated that both the

reversible adiabatic geminate recombination as well as the
irreversible geminate recombination (quenching) are active in
IN and must be accounted for. The kinetics were quantitatively
analyzed with the numerical solution to the coupled DSE
equations, in full agreement with the theory.”"

Both 1IN and 2N do not deprotonate in alcohols or aprotic
basic solvents limiting the studies to aqueous environment.
Tolbert and Haubrich took advantage of the ICT rationale and
postulated that an attachment of electron-withdrawing groups
on the CS and C8 positions, in particular, should stabilize the
'L, state and result in an increased photoacidity. This turned
out to be a very efficient approach to the design of stronger
photoacids. They synthesized a series of cyano-substituted 1IN
and 2N derivatives, which exhibited greatly increased photo-
acidity and deprotonation even in alcohols, formamides and
dimethyl sulfoxide (Figure 55).°**%*" The strongest photoacid,

3
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Figure 55. Steady-state emission spectra of 2N-SCN (97) in solvents
where the ESPT takes place. The solvent abbreviations are DMSO =
dimethyl sulfoxide, MFA = N-methylformamide, DMFA = dimethyl-
formamide, MeOH = methanol, EtOH = ethanol, and H,0 = water.
Reprinted with permission from ref 618. Copyright 1999 American
Chemical Society.

5,8-dicyano-2-naphthol (98, 2N-DCN) showed a then
unsurpassed excited-state pK, of —4.5. These compounds
with enhanced photoacidity, negative pK,* values and the
ability to deprotonate in organic solvents were named “super”
photoacids.””® The discovery of these compounds opened up
new avenues for ESPT studies in nonaqueous environments.
Tolbert and Haubrich investigated the steady-state properties
of the novel compounds in several organic solvents and solvent
mixtures. Previous studies by Robinsson and co-workers on
unsubstituted naphthols and their sulfonated derivatives in
aqueous alcohols explained the lack of ESPT in neat alcohols by
the requirement of clusters of four water molecules as proton
acceptors for the ESPT to occur.”*'~** Observed deprotona-
tion of the novel cyano-compounds in alcohols and even in
dimethyl sulfoxide demonstrated that other mechanisms must
be active. The quenching of the fluorescence by water in
aqueous tetrahydrofuran clearly correlated with the increased
photoacidity, being strongest for the 2N-DCN with the lowest
pK,* value. While 2N showed a fourth-order quenching
dependence on the water concentration, it was reduced to
second-order for 2N-SCN (97) and 2N-DCN (98). The
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authors suggested that the molecularity of water in the ESPT
reactions depends on the acidity of the proton donor.**>**

After this, the compounds were studied by many groups.
Huppert, Tolbert, and co-workers investigated the ESPT rates
of several monocyano 2N derivatives using ps TCSPC.®** The
rates were obtained with the use of the DSE model. The
highest ESPT rate constants were observed for the SCN (kg =
7 % 10" s7') and 8CN (kg = 2.7 X 10'° s7') derivatives in
agreement with the ICT rationale proposed for IN. Second, the
kinetic isotope effect was found to decrease upon increasing
photoacidity. Therefore, the authors suggested that upon
increasing photoacidity, the solvent reorganization becomes
more important for the rate-determining step. Pines and co-
workers reported on similar findings on the deprotonation of
IN-5CN (95) in water—methanol mixtures.’** They analyzed
the TCSPC traces using multiexponential functions. The ESPT
time constant was found to decrease from 7pr = 8 to 390 ps
when going from pure water to pure methanol, accompanied by
an increase in the kinetic isotope effect. Because of the
similarity of the observed ESPT time constant and the Debye
relaxation time of water over a large temperature range (=5 to
+40 °C), the authors concluded that, in pure water, ESPT is
mostly solvent controlled. Moreover, the authors suggested that
the ESPT time in the solvent-controlled limit could vary
between the longitudinal and the Debye relaxation time
depending on the extent of the solvent rearrangement required
to facilitate ESPT. In less polar methanol, ESPT becomes
thermodynamically less favorable and is controlled by the
intrinsic proton-transfer coordinate.

Carmeli et al. investigated the ESPT of the strongest
photoacid, 2N-DCN, in methanol as a function of temperature
using ps TCSPC.®*® They monitored the decay of the neutral
form and analyzed the decays with the DSE model. At low
temperature, the intrinsic ESPT rate was found to be similar to
the dielectric relaxation time, 7p,, whereas at high temperatures
(>250 K) the rate was significantly slower, eventually becoming
almost temperature independent at T > 290 K. The authors
proposed that at low temperature, the ESPT is controlled by
the dielectric relaxation, whereas at high temperature the
proton-transfer reaction coordinate dominates. In follow-up
studies, Huppert and co-workers extended the studies to other
alcohols and 2N derivatives. The observations of these studies
were broadly similar. The deprotonation rate constants were
obtained from the DSE model, in a manner similar to the
original study. The unusual temperature dependence was
explained using the proton-transfer theory of Borgis and
Hynes*” based on the Landau—Zener curve crossing
formulation®’~** and was attributed to a continuous
transition from the nonadiabatic regime (high temperature)
to the solvent-controlled adiabatic regime (low temper-
ature).”*®' The two regimes were bridged using a rate
expression similar to that derived by Rips and Jortner™ for
electron transfer.

kpr (Tkpr (T)
kpr (T) + kpr (T)

kp(T) =
pr(T) )

where NA and AD refer to the nonadiabatic and adiabatic rate
constants.

Solntsev et al. investigated the solvent effects on the steady-
state and time-resolved properties of 2N-SCN in a series of
papers.’' #9925 Ag expected from the increased photoacidity,
2N-SCN exhibited much stronger solvatochromic shifts

10881

compared to the parent 2N. However, the solvatochromism
was found to be significantly dependent on the specific
interactions. The emission frequency of 2N-SCN did not
correlate with the solvent polarity parameter, 7*, whereas the
methoxy-derivative, unable to donate a hydrogen bond or
undergo ESPT, did show such a correlation. The frequency
difference of the two was, however, found to correlate well with
the hydrogen-bond accepting parameter of the solvent, f,
suggesting that the hydrogen bond is significantly strengthened
in the excited state. Contrary to this behavior, increasing the
hydrogen-bond donating ability of the solvent, @, resulted in a
blue shift of the spectra. This behavior was attributed to a
cleavage of the hydrogen bond donated from the solvent in the
excited state. Both correlations were attributed to the ICT
character of the excited state. Upon excitation, the electron
density from the hydroxyl oxygen is transferred to the distal
aromatic ring. This weakens the hydrogen bond donated by the
solvent and strengthens the bond accepted by the solvent.”' %%

The ESPT rates were analyzed from the ps TCSPC decays
with the use of the DSE model. The intrinsic deprotonation
was found to be fastest in neat water and significantly slower in
all other studied solvents, contrary to what would be expected
from the proton solvation energies. Therefore, the authors
suggested that the pK,* (and hence the rate) is determined by a
subtle interplay between the different solvent properties. In
addition to the solvent polarity, the solvent basicity is of key
importance in solvating the proton, whereas the solvent acidity
stabilizes the anion. Water appears to be the best polar solvent
to stabilize both the proton and the anion.

Recently, Nibbering, Pines, and co-workers studied a series of
S-substituted 1IN derivatives using steady-state, fs transient
vibrational absorption and ps TCSPC spectroscopies.”>’ They
determined the pK,* values using the Forster cycle method and
found a good correlation between the Hammett’s o value and
the pK, both in the ground and excited states (Figure 56). The
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Figure 56. Ground- and excited-state pK, values of S-substituted 1N
derivatives as a function of Hammett’s ¢ values. The slopes and R
parameters are indicated in the figure. Adapted from ref 631.
Copyright 2013 American Chemical Society.

slope of the Hammett correlation was twice as large for the
excited state compared to the ground state. This demonstrated
that the electronic distribution in the excited state is more
strongly influenced by the substitution. Second, they
determined the deprotonation rates either using time-resolved
IR spectroscopy or TCSPC. In the IR measurements, they
followed two marker bands attributed to the acid and conjugate
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base forms, respectively. The rate constant was obtained from a
monoexponential fit to the kinetic traces. No reversibility or
diffusion was considered. A similar approach was used for the
TCSPC measurements although only the decay of the neutral
emission was considered. The fastest ESPT time constant of 5.9
ps was observed for 3,6-disulfonyl-1-naphthol, close to that of
IN-5CN (8 ps) investigated earlier by Pines and co-workers.**’
The authors found a free-energy correlation between the pK,*
values and the deprotonation rate constants using both the
model derived by Marcus for the outer-sphere electron transfer,
eq 3, and the subsequently modified version based on the
semiempirical BEBO model, eq 39.*****° The correlation could
be even extended to include the results of related compounds
(Figure 57). The obtained rate constant for the activationless
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Figure 57. Free-energy correlation of the pK,* values and the ESPT
rate constants found for IN derivatives, 2N and HPTS with
carboxylate bases. The dashed line represents the correlation with
the Marcus-ET model, eq 3, and the solid line that with the Marcus-
BEBO model, eq 39. The parameters for the fits are log(k,) = 11.5 for
the activationless PT and AG§ = 6.7 kJ/mol for the intrinsic barrier.
Adapted from ref 631. Copyright 2013 American Chemical Society.

proton transfer and the intrinsic barrier were ky = 3 X 10" 7'
and AGj = 6.7 kJ/mol, respectively. Both models gave an
equally good correlation, only differing in the region of the
strongest photoacids, where Marcus-ET theory predicts the
inverted region whereas the BEBO model approaches the
maximum value. Thus, even stronger photoacids would be
required to reach the high driving force region where the
models start to deviate.

3.3.2. Hydroxypyrenes. Studies on hydroxypyrenes, such
as 8-hydroxypyrene-1,3,6-trisulfonic acid (99, HPTS) were
instrumental in mechanistic investigations of the intermolecular
ESPT reactions. HPTS is especially well suited for these studies
due to its relatively strong excited-state acidity (pK,* = 0.4),°>
high quantum yield, good solubility, photostability and ready
availability. In addition, the recombination kinetics both in the
ground and excited state are accelerated due to the quadruple
negative charge of the deprotonated species. The steady-state
properties of HPTS were investigated by Forster and Weller in
their pioneering studies.**>**® Later, Forster and Vélker studied
the ground-state recombination kinetics with ns flash photolysis
in the seminal paper published soon after Forster’s death. The
recombination rate constant was found to be k = 1.9 x 10"
M™! 57!, the fastest bimolecular rate reported at the time.**®
Subsequently, HPTS was used in several pH-jump experiments,

which focused both on the dissociation and recombination
kinetics.”>>***7%*7 Observation of the geminate recombination
in HPTS was reported by Pines and Huppert and eventually
led to the formulation of the DSE model in collaboration with
Agmon.”””*® HPTS was particularly suited for this as the
radiative rates for both the neutral and the anionic forms are
nearly identical and the compound does not exhibit si§niﬁcant
quenching by protons, thus simplifying the analysis.”'*"*

The first fs studies were instrumental in elucidating the initial
steps of the dissociation process. Whereas the early studies
placed the ESPT time constant in the range of ~100 ps, Tran-
Thi and co-workers showed that the ESPT to water proceeds in
three successive steps with time constants of 0.3 ps, 2.2 and 87
ps.%° They used fs fluorescence up-conversion to monitor the
emission of both the neutral and the anionic forms. The two
fastest time constants were accompanied by a red shift of the
neutral emission band. They attributed the fastest component
to solvent relaxation, as it was also observed for the anion upon
direct excitation under alkaline conditions. The second time
constant was attributed to the formation of the special
hydrogen-bonded network with the surrounding water
facilitating the ESPT. The last step was assigned to the
dissociation into free ions with a time constant of 87 ps. In the
follow-up studies, in collaboration with Hynes, Tran-Thi and
co-workers further investigated the nature of the intermediate
steps using solvatochromic studies, fs fluorescence up-
conversion and transient absorption.’7%®* They studied
HPTS and other pyrene derivatives in organic solvents and
aqueous solutions. The observed dynamics both with the fs up-
conversion and transient absorption in water were in agreement
with the previous study. The intermediate time constant was
instead attributed to a transition from the initially excited 'L,
state to the more polar 'L, state. This was supported by the
increased solvatochromic behavior of the emission ('L,)
compared to the absorption ('L,) and the lack of mirror
image symmetry in all studied solvents. The level inversion was
suggested to originate from the solvent relaxation of the 'L,
state with increased ICT character.

Nibbering and co-workers investigated the possibility of the
level inversion using fs mid-IR spectroscopy. They monitored
the IR-active bands of HPTS and its methoxy-derivative, MPTS
(101), in water and deuterated water, dimethyl sulfoxide, and
methanol.®* The O—H stretching mode (~3400 cm™) of
HPTS in dimethyl sulfoxide was found to broaden and upshift
with time constants of 300 fs and 4 ps, which were attributed to
the solvation dynamics. Similar solvation dynamics were
reported by Pines et al. on a closely related photoacid, 8-
hydroxpyrene-1,3,6-tris(dimethylsulfonamide) (102, HPTA),
in organic solvents using transient electronic absorption.”** The
O—H stretch region in water was masked by the absorption of
the solvent but the authors observed a broad red-shifted
transient band which was attributed to a more strongly
hydrogen-bonded O—H stretch in water. This transient
decayed with time constants of ~300 fs, 3 ps, 90 and 200 ps.
The two fastest time constants were again attributed to the
solvent dynamics, the 90 ps time constant to the ESPT and the
longest one to rotational diffusion. The assignment was done
based on the lack of spectral evolution of the transient bands
between 1400—1600 cm™" during the first 20 ps. The authors
concluded that no change in the electronic level or protonation
state occurs between 150 fs (IRF) and 20 ps. Based on the
solvent-dependent vibrational signature and steady-state
absorption spectra, the authors suggested that the 'L, and 'L,
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states were heavily mixed, with the extent of mixing being
largest in water. This mixed state is reached directly upon
optical excitation without any level crossing.

Huppert and co-workers proposed another explanation for
the intermediate step. They investigated the ESPT dynamics in
aqueous solutions using ps TCSPC and fs transient electronic
absorption.’®® They noticed that the rise of the anion emission
monitored by the TCSPC contained an instrument-limited
component with an amplitude of 22% followed by a slower
component with a time constant of ca. 100 ps. The transient
absorption signal exhibited three time constants of ~0.8, 3, and
100 ps, similar to the previous measurements. The fastest time
constant was attributed to solvation but the interpretation of
the intermediate time constant was different from that of Tran-
Thi and co-workers. They proposed an extended model
consisting of two reversible reactive steps followed by the
diffusion-controlled separation into free ions. The intermediate
time constant of ~3 ps was attributed to the first reactive step
producing contact ion pairs. The equilibrium constant of this
step was suggested to be relatively small (K, = 0.5) and
therefore only ~30% of the anionic species is formed with this
time constant. The initial step was followed by the slower ~100
ps step to produce solvent-separated ion pairs, which further
dissociated by a diffusion-controlled process into free ions. The
short-time behavior could be adequately fitted with rate
equations derived for the reversible two-step process. The
diffusion-assisted separation and recombination had to be
considered for the long-time TCSPC decays, which was
achieved with a modified version of the DSE model including
the additional reactive step. In a follow-up study, the model was
tested against the effect of excess protons.””” There, the
experiments were repeated in the presence of varying
concentrations of strong acid. The amplitudes of both the
long and the intermediate components were found to decrease
upon increasing the acid concentration. The results were
analyzed with the previously suggested model including the
excess acid concentration. The results appeared to be in good
agreement with the model, supporting its validity.

Fayer and co-workers made several contributions to elucidate
the nature of the electronic states of HPTS and its
derivatives.®**™" In the first of them, they used steady-state
fluorescence anisotropy and magnetic circular dichroism to
investigate the ordering of the 'L, and 'L, states. They
convincingly demonstrated that, in the protonated form of
HPTS, the states are heavily mixed, in agreement with the
findings of Nibbering. The transition dipole moments of the
two states are nearly parallel, contrary to the parent pyrene, and
the 'Ly, state has significant oscillator strength due to intensity
borrowing from the 'L, state. However, based on the
comparison with other substituted pyrenes, the 'L, state was
shown to be the lowest singlet excited state of HPTS in all
studied solvents. The energy gap between the states is
significantly increased upon deprotonation and the intensity
of the 'L, state decreases as a result of the diminished mixing
with the 'L, state. Second, the authors demonstrated that the
solvent dependence of the emission spectra could be properly
reproduced with a Brownian oscillator model, in which the
coupling of the electronic state to the solvent via hydrogen-
bonding interactions is the main cause for the broadening and
loss of the vibronic progressions.’*®

In the follow-up studies, Fayer and co-workers investigated
the ESPT dynamics in water and organic solvents using fs
transient electronic absorption.®® First, they characterized the

dynamic Stokes shifts of HPTS in solvents where the ESPT
does not occur. They modeled the time-dependent pump—
probe spectra as a linear combination of the short-time
spectrum with its derivative with respect to frequency to
account for the dynamic shift. Next, they measured the
transient spectra in water and heavy water where the ESPT
does occur. The results were analyzed assuming two species,
the neutral and the anion, and the dynamic Stokes shift of the
neutral species, which was explicitly taken into account using
the derivative method. Their model had only two adjustable
parameters, one for the Stokes shift and another for the relative
populations of the neutral and anionic forms. The simulated
results were in excellent agreement with experimental data over
the whole wavelength region (Figure $8). In addition, the
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Figure 58. (A) Three spectral components used to model the
transient absorption spectra measured with HPTS in D,0. (B) The
measured (black) and simulated (red) transient spectra at 100 and 600
fs and 2, 9, 50, 90, 180, 300, and 500 ps. The arrow in B indicates the
direction of time. Adapted from ref 669. Copyright 2007 American
Chemical Society.

obtained time constants were in good agreement with the
previous results. The Stokes shift occurred in ~950 fs and the
ESPT showed biexponential kinetics with time constants of 2.5
and 88 ps. The authors also analyzed the ESPT dynamics with a
kinetic model based on rate equations and the results were
found to be in good agreement with those of Huppert and co-
workers. However, the amplitude of the fast time component
was roughly two times smaller, which was attributed to an
improper description of the dynamic Stokes shift in the
previous study.

Subsequently, Fayer and co-workers studied the solvation
and deprotonation dynamics of three pyrene derivatives,
HPTS, HPTA, and APTS (100, Chart 19) in several organic
solvents.”’>*”! HPTA is a much stronger photoacid than
HPTS and can also deprotonate in dimethyl sulfoxide. APTS,
on the other hand, is a strong photoacid in its protonated state,
producing a neutral —NH, group upon ESPT. These three
pyrene derivatives enabled more detailed studies on the initial
steps of the ESPT process in organic solvents. In DMSO,
HPTA was found to first undergo a transition to another
electronic state before the delayed onset of the anion emission
at longer wavelength. The transient spectrum of this state was
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Chart 19. Structures of Pyrene-Derived Photoacids together
with the Ground- and Excited-State pK, Values™"*

99 (HPTS): R = -OH
apK,=7.4,pK, =04
100 (APTS): R = -NH,

PKy=- pKy" = -
101 (MPTS): R = -OCHy
PKs =~ pKa" =-

102 (HPTA): R = -N(CH3),
bpK, =56, pK,* =-0.8

103: R =-OCH(CF3),

¢pK, = 4.4, pK,* = -3.9

104: R = -N(CH_g)((CH,),0H)
°pK, =5.6,pK," =-0.9

R \O o) R

“From ref 652. YFrom ref 658. From ref 659.

identical to that of the anion. A similar transition was observed
for APTS, which cannot undergo ESPT, in hydrogen-bond
donating solvents such as formamide. The time constant of the
transition (5.4 ps) was equal to the solvation time of HPTS
measured in the same solvent. Contrary to this behavior, HPTA
complexed with triethylamine in benzene showed a direct
deprotonation without any intermediates. Similar behavior was
observed for the protonated APTS in aqueous solution.

The overall behavior was attributed to a slow (few ps to 10
ps) charge redistribution preceding the ESPT step. Surprisingly,
for HPTS and HPTA, this CT state was observed only in
solvents which facilitate the ESPT, whereas the methoxy-
derivative, MPTS, did not show the CT state at all. This was
attributed to specific solvent interactions required for the
charge redistribution step. Some support for this interpretation
was gained from the behavior of APTS, which showed the CT
state only in hydrogen-bond donating solvents. It was also
suggested that the charge redistribution in APTS occurs after
deprotonation and cannot be observed in water due to the
relatively slow ESPT. The process was suggested to be ultrafast
(<150 fs) in the HPTA-triethylamine complex due to the pre-
established strong hydrogen bond in the ground state. Based on
these new results, the authors attributed the previously
observed biexponential decay of HPTS in water to the initial
charge redistribution followed by the ESPT, contrary to their
previous report®® and that of Huppert and co-workers.®® The
interpretation remains somewhat ambiguous, particularly in
organic solvents. However, recent reports strongly suggested
that the contact ion pair is the direct product of the initial
proton transfer step both in water and organic solvents.®”>~%"*

Recently, Jung and co-workers demonstrated that the
photoacidity of the HPTS derivatives can be greatly enhanced
by increasing the electron-withdrawing strength of the aromatic
substituents.”*” They synthesized a series of novel photoacids
by replacing the sulfonic acid groups by more electron-
withdrawing sulfonamide or sulfonic ester groups. All
compounds showed negative pK,* values (—3.9 for the most
acidic compound) and substantial deprotonation yields in
dimethyl sulfoxide placing them in the category of “super”
photoacids. These compounds retained the high quantum yield,
relatively long lifetime and photostability of the parent HPTS,
making them ideal candidates for ESPT studies. Jung et al
subsequently investigated the solvatochromism of the com-

pounds in comparison with the methoxy-derivatives using
different solvatochromic scales.”*° They found a strong
correlation between the photoacidity and the polarity of the
excited state. The permanent dipole moments of both the
hydroxy- and the methoxy-compounds were found to increase
significantly upon excitation (~14 D). This clearly demon-
strates that the charge redistribution in these enhanced acids
takes place even in the absence of ESPT contrary to findings of
Fayer and co-workers. The solvent basicity was found to be less
significant to the solvatochromism contrary to some of the
previous studies.’'®

In collaboration with Huppert and Pines, Jung et al
characterized the ESPT dynamics of two of the novel
photoacids, 103 and 104, with pK* = —3.9 and —09
respectively, in water, methanol and ethanol.”’° The
fluorescence decays were measured using ps TCSPC and fs
fluorescence up-conversion (340 fs IRF) and analyzed using
either the DSE model (long-time behavior) or a multi-
exponential function. The stronger photoacid, 103, showed a
much smaller decrease in the ESPT rate constants, kpr, upon
decreasing the solvent polarity compared to 104, in line with
previous findings. The rate constants in water, methanol, and
ethanol were 3 X 10" s}, 8 X 10° s}, and 5 X 10° s for 103
and 7 X 10" 57!, 4 x 10® s}, and 2 x 10® s7! for 104,
respectively. The authors correlated the rates of these, as well as
the rates of previously studied photoacids, with the pK,* values
using both the Marcus-ET model, eq 3, and the Marcus-BEBO
model, eq 39, in all three solvents (Figure 59). The pK,* values
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Figure 59. Free-energy correlation found for the pyrene-derived
photoacids 103 and 104, and others in water (full symbols), methanol
(open symbols) and ethanol (half open symbols). The pK,* values in
methanol and ethanol have been shifted by 4 and S5 pK, units,
respectively. The dashed line was calculated from the Marcus—ET
model, eq 3, and the solid line from the Marcus—BEBO model, eq 39.
Adapted with permission from ref 676. Copyright 2014 PCCP Owner
Societies.

in methanol and ethanol had to be shifted by 4 and 5 pK, units,
respectively, to obtain a good correlation. The obtained
parameters for the activationless ESPT and the intrinsic barrier
were ko = 10”2 57! and AG{ = 10.5 kJ/mol, respectively. Both
values are slightly higher than those obtained by Nibbering and
Pines for 1N derivatives.”>' Based on the correlation found, the
authors suggested that the inhibition of the ESPT rate in
alcohols as compared to water mainly originates from the
solvent effect on the dissociation constant and hence on the
driving force of the reaction. The prefactor was suggested to be
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largely independent of the protic solvent and to represent the
relatively slow solvent rearrangement required to facilitate the
proton transfer to the solvent.

The above-mentioned cases focused on proton transfer to
solvent representing a pseudounimolecular reaction. Another
interesting aspect of proton transfer is the truly bimolecular
ESPT that occurs in the presence of bases such as acetates.
Pines, Fleming and co-workers demonstrated that the intrinsic
ESPT rate to acetates is directly accessible at high base
concentrations (8 M). They measured the ESPT rate constant
of several naphthol- and hydroxypyrene-derived photoacids in
the presence of acetate and formate bases using ps TCSPC.
The observed intrinsic rate for the HPTS-acetate pair was kpp =
7 X 10" s7!. Moreover, they correlated the observed rates with
the pK,* values using the free-energy relation derived by
Agmon and Levine, eqs 40 and 41.%%%**° The total free-
energy change was calculated from the pK, values of both the
acid and the base according to AG = In(10)(pK(,ia) = PK(pase))
RT. The correlation was found to be very good even after
including results from previous studies. The activationless rate
and intrinsic barrier obtained from a correlation over 11 ApK,
units were k, = 2 X 10" s7' and AG{ = 10.5 kJ/mol,
respectively, in good agreement with other studies.

Huppert and co-workers reinvestigated the bimolecular
ESPT in the HPTS-acetate pair at lower base concentrations
(0.5—4 M) using a combination of ps TCSPC and fs two-color
transient absorption.””” They analyzed the results with an
approximate analytical solution of the DSE e?uation in a
Coulomb potential originally derived by Szabo.””® However,
they had to include two exponential functions into the analysis
of the transient absorption traces with time constants of ~0.7
ps and ~1-3 ps, which were attributed to the solvation
dynamics and hydrogen-bond rearrangements based on the
original report by Tran-Thi and co-workers. All measurements
were adequately fitted with the model yielding an intrinsic
ESPT rate constant of kpr = 1.6 X 10" s™!, more than two
times larger than the value obtained by Pines and co-workers.
This can be attributed to the improved time resolution and
different analysis method of the present study.

More recently, Pines, Nibbering, and co-workers reported on
several investigations of bimolecular ESPT between HTPS and
acetate (0.5—4 M) in D,O using fs transient IR absorp-
tion.**>*"*7%8! They monitored specific marker bands in the
mid-IR region (1400—1800 cm™") attributed to the photoacid
and conjugate base forms of HPTS and to the acetic acid. This
enabled direct monitoring of both the departure of the proton
from the photoacid and arrival to the base (acetate). They
observed that the rise of the acetic acid signal occurred on
multiple time scales. Part of the rise was found to be instrument
limited (<150 fs) with an increasing amplitude at higher base
concentrations followed by slower components. Second, the
rise of the anionic form of HPTS at lower base concentrations
appeared faster than the rise of the acetic acid signal.

The instrument-limited rise was attributed to an ultrafast
ESPT in preformed “tight” complexes between HPTS and the
acetate bases, whereas the slower component was suggested to
originate from the diffusive reaction. The disagreement
between the rise times of the anionic form of HPTS and
acetic acid was explained by an initial dissociation of
uncomplexed HPTS to water followed by proton scavenging
by the acetate. The kinetics were analyzed with the approximate
solution derived by Szabo®”® based on the DSE model (referred
to as Smoluchowski-Collins—Kimball, SCK,**> model by the

authors) similarly to Huppert and co-workers. The authors
found that an additional static reaction rate of (6 ps)™" was
required to adequately model the data. This additional
component was attributed to the reaction in a “loose” complex
where the 6 ps time constant represents the solvent
reorientation required to facilitate the ESPT.?%¢7

In the follow-up investigations, the same authors extended
the studies to include weaker chloroacetate bases (TOOC—
CH(;,)Cl, ¥ = 1-3) and a broader detection window up to
~1900 cm~199%%%0%8! The yeaker bases were found to
significantly slow down the processes and increase the
concentration of the “loose” complexes. With these improve-
ments, the authors were able to observe the hydrated deuterium
at ~1850 cm™ prior to the appearance of the protonated
acetate (Figure 60). Based on the spectral properties of the IR
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Figure 60. Transient IR spectra showing the response of the marker
modes of the neutral (brown, 1486 cm™) and the anionic (blue, 1435
cm™!) forms of HPTS, and the DOAc-CI (red, 1725 cm™) and D,0*
(green, 1850 cm™) after optical excitation in D,0. (A) no added base,
(B to D) 1 M DOAc-CL Reprinted with permission from ref 665.
Copyright 2005 The American Association for the Advancement of
Science.

absorption signal of the hydrated deuterium, D07, it was
suggested to resemble the eigen-cation”’” with three additional
hydrogen-bonding partners. Detailed kinetic analysis of the
dynamic behavior allowed the authors to identify multiple
reactive pathways with varying numbers of water molecules
between the acid and the base. The main reaction pathway for
moderate to strong bases was identified as the “loose” complex
where there is only a single water molecule between the
reaction partners, whereas the weaker bases exhibited an
increasing amount of long-range PT. Second, the reaction
mechanism was suggested to be sequential, Grotthuss-
type,**>*** proton hopping where the proton is first transferred
to the water followed by an uptake by the base.”***!

Siwick, Bakker, and co-workers extended the investigations of
Pines and Nibbering and provided an alternative view into the
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Figure 61. (A) Transient IR absorption spectra measured with HPTS in the presence of acetate showing the marker signal corresponding to the
acetic acid (~1710 cm™") and the deuteron continuum. (B) Grotthuss hopping model in aqueous environment. The scheme shows the different
solvation shells and the proton relay pathway as indicated by the blue arrows. Adapted from ref 684. Copyright 2007 American Chemical Society.

mechanistic picture of bimolecular ESPT.**~% They used the
same method to monitor the transient IR marker bands of
HPTS and acetates in water and heavy water. The observations
were largely the same but they observed a broad continuum
signal over the whole detection window, contrary to the studies
by Nibbering et al. The continuum signal appeared within the
temporal resolution of the experiment (~200 fs) and partially
decayed with the concomitant appearance of the HPTS anion
and the acetic acid signals in neat water (Figure 61A). This was
explained by an initially prepared state in which the proton is
loosely bound to the hydroxyl oxygen, giving rise to the strong
continuum signal. The full deprotonation was suggested to
decrease the absorption coeflicient of the solvated proton
resulting in the partial decay of the signal upon full dissociation.
Second, the authors did not observe any delay between the rise
of the HPTS anion signal and the acetic acid signal in the
presence of the acetate (0.5—4 M). The major difference with
respect to the previous studies was, however, the model used to
analyze the obtained results.

Bakker and co-workers derived a completely new model
based on the Grotthuss-like hopping mechanism (Figure
61B).°**%* They considered an initial distribution of solvent-
separated complexes between the acid and the base differing in
the number of the water molecules separating the pair. This
statistical distribution depended only on the concentrations of
the acid and the base. The reactivity was not limited to the
maximum number of water molecules separating the pair but
the rate was assumed to decrease exponentially with the
number of water molecules as k = nk,AN", where k, is the
intrinsic PT rate constant across a single water molecule, 1 is
the number of bases in the Nth solvation shell, N is the number
of water molecules separating the pair, and A is the factor by
which the PT rate decreases with each additional water
molecule separating the pair. The decrease in the rate
represents the time that the system has to wait until the right
hydrogen-bond configuration between the reactive pair is
established. When the optimal configuration is established, the
reaction was assumed to be ultrafast. The diffusion of the
acetate bases was taken into account by allowing them to hop
between the solvation shells at a rate given by the diffusional
constant. Based on the above considerations, the authors
simulated the survival probability of the protonated HPTS,
which was compared with the experimental data. The model
was found to be in excellent agreement with the experimental
results both at short and long times. The obtained intrinsic PT
rate constants for water and heavy water were (1.2 ps)”' and
(1.8 ps)~!, respectively, reproducing the kinetic isotope effect of

the proton hopping rate in water. A constant value of A = 0.2
was found for both solvents demonstrating the rapid decrease
(factor of S) in the rate upon increasing separation. The value
was suggested to originate from the structure and hydrogen-
bond connectivity, specific to a certain solvent, water and heavy
water being identical in this sense. At the relatively high base
concentrations used in the experiments (0.5—4 M), the
diffusional effects were shown to play only a minor role in
the dynamics. The nonexponentiality was proposed to mainly
originate from the distribution of the separation distance and
hence the distribution of the rates. The main advantage of this
approach was that the dynamics were analyzed within the same
model, whereas the previous approaches combined static
components with the diffusional models.

In subsequent publications, Bakker and co-workers also
considered two parallel pathways, namely the direct pathway
described above and an initial deprotonation to water followed
by proton scavenging by the base,”**®*" salt effects®”’ and
diftusional approaches based on an extended Smoluchowski
model.***

3.3.3. Hydroxyquinolines. Hydroxyquinolines can be
considered as substituted naphthol-analogs where the imine
nitrogen acts as a strong electron-withdrawing group on the
aromatic system. This results in strong enhancement of the
photoacidity due to the increased ICT character of the locally
excited state. The electron density is highly localized on the
quinoline nitrogen in the excited state, which results in much
more versatile behavior compared to naphthols. In addition to
photoacidity, the hydroxyquinolines exhibit strong photo-
basicity of the quinoline nitrogen due to the electronic
redistribution upon excitation. These two effects are strongly
coupled to each other in a cooperative manner. Deprotonation
of the hydroxyl group increases the basicity of the nitrogen,
whereas protonation of the nitrogen increases the acidity of the
hydroxyl group. Due to this effect, N-protonated (cationic) 6-
hydroxyquinoline (105, 6HQ) is able to deprotonate even in
10 M perchloric acid solution, whereas the oxygen-deproto-
nated (anionic) form shows proton uptake even in 12 M
NaOH solution!®' The zwitterionic tautomer is strongly
stabilized by an ICT process resulting in a quinoid-like
resonance structure possessing a relatively small permanent
dipole moment, as demonstrated by its negative solvatochrom-
ism. The bifunctional nature of the compound results in
additional complexity of the prototropic behavior both in the
ground and excited states. First of all, the compound can exist
in four different prototropic forms (Chart 20). The dominant
species under acidic, neutral, and basic conditions are the
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Chart 20. Structures of Hydroxyquinoline-Derived
Photoacids together with the Ground- and Excited-State pK,
Values™”
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“From ref 690. “The pK, values refer to the N-protonated forms. The
values for the N-methyl compounds are expected to be similar to those
of the N-protonated forms; however, varying values appear in the
literature depending on the method of determination.

protonated (cation), neutral, and deprotonated (anion) forms,
respectively. Second, the tautomerization can proceed in
multiple different ways, i.e., deprotonation followed by proton
uptake, proton uptake followed by deprotonation, or a
concerted mechanism. These forms and pathways were
investigated by several groups.””*~"°

Jang and co-workers studied the tautomerization mechanism
of 6HQ in aqueous solutions using ps TCSPC (70 ps IRF).”"
Based on the analysis of the fluorescence decays, they proposed
that the initial step in the cycle is the protonation of the imine
in 15 ps followed by a deprotonation of the enol group in 40 ps.
Moreover, they claimed that the ICT proceeds as a distinct
process with a time constant of 11 ps after the deprotonation
under neutral pH. The time constant was deduced from the
difference between the decay of the zwitterionic fluorescence
and the rise of the quinoid-like tautomer fluorescence. In a
subsequent study, Jang and co-workers extended the inves-
tigations to intermediate pH values, kinetic isotope, and
temperature effects. In addition, the decays were measured
with better time resolution (~25 ps).”® The interpretation of
the data was completely different from the initial study. The
observed enol deprotonation at pH 3 was significantly faster
(~10 ps) than the proton uptake at pH 7 (46 ps) and hence
the deprotonation was suggested to be the initial step under
neutral conditions. Second, the ICT step was not considered at
all. The authors considered multiple reactive species, H,O,
H,0%, and OH, for the different reactive steps and determined
the fractions of each pathway as a function of pH.

Poizat et al. revisited the photophysics of 6HQ in aqueous
solutions to provide a com7prehensive picture of the excited-
state prototropic behavior.””” They monitored the transient
spectra of 6HQ_and its methoxy-derivative, 6MQ, in neutral,
acidic, and alkaline aqueous solutions using fs broadband
transient electronic absorption. The improved time resolution
allowed them to resolve a deprotonation time constant of ~2.2
ps in acidic solution, more than 1 order of magnitude faster
than the observed imine protonation in 1 M KOH solution
(~30 ps). This was one of the fastest ESPT times ever
observed. By comparing the transient spectra of 6HQ and
6MQ under different conditions, the authors were able to
assign the spectral changes at neutral pH to different reactive
steps. The initial step was shown to be the deprotonation of the

enol hydrogen with 7 & 2 ps followed by protonation of the
imine nitrogen with a time constant of 7 = 38 ps. Based on the
similar time scale of the deprotonation under neutral and acidic
(imine already protonated) conditions, the rate was suggested
to depend on the solvent dynamics rather than on the
properties of the solute, as the protonation of the imine was
expected to significantly increase the acidity of the enol group.
Second, the authors suggested that the formation of the
quinoid-like tautomer is unidirectional rather than an
equilibrium reaction due to the strong resonance stabilization.
This renders the definition of pK,* meanin§less in the case of
6HQ. The same was suggested for 7HQ.”°

The tautomerization mechanism of 7HQ received consid-
erable attention in water, alcohols, and organic solvents in the
presence of hydrogen-bonding additives.””*™">" The mecha-
nism slightly differs from that of 6HQ due to the closer
proximity of the acid—base groups. This enables the formation
of a hydrogen-bond wire between the groups facilitating the
tautomerization via a Grotthuss-type proton relay mechanism.
The proton relay in organic solvents can be facilitated by
water,”'* alcohol”*>”'® and acetic acid”'® wires. Acetic acid was
also shown to enable the tautomerization of 6HQ in organic
solvents, but a higher stoichiometry (1:1 for 7HQ and 1:2 for
6HQ) is required due to the longer distance of the acid—base
groups.72 ’

Jang and co-workers demonstrated that 7HQ forms stable
cyclic 1:2 complexes with both water and alcohols in nonpolar
organic solvents’>~"">”""” and investigated the phototautome-
rization using a ps streak camera. The decay of the neutral
species showed a fast decay component (~38 ps in the
presence of H,0) with a concurrent rise of the tautomer
emission, which was directly attributed to the tautomerization
step. Additionally, the neutral emission exhibited a slower decay
component, which was explained by noncyclic or 1:1 complexes
unable to undergo tautomerization. The tautomerization rate
was strongly dependent on the hydrogen-bond donating ability
(a parameter) of the alcohol used. Therefore, the authors
suggested that the process is mainly controlled by the initial
protonation of the imine followed bZ very rapid deprotonation
without a stable intermediate.”">”'® On the other hand, the
deprotonation of the enol group was suggested as the initial
step in the presence of water in diethyl ether. A recent
computational study, however, showed that the transition state
is product-like and therefore the mechanism can be considered
to be concerted.”'” In the presence of both water and alcohols,
the tautomerization exhibited a relatively large kinetic isotope
effect (KIE = 1S5 in methanol). The determined activation
energies were small and independent of the isotope. Second,
the tautomerization was completely inhibited below the
freezing point of the solvents. Therefore, the authors proposed
that the tautomerization proceeds via tunneling, which is
assisted by the solvent fluctuations.

The tautomerization mechanism of 7HQ in protic bulk
solvents is somewhat more complex. The mechanism was
suggested to be a stepwise process but controversial reports
about the initial step appear in the literature.””®”** Second,
different prototropic forms (mostly the neutral and the
tautomer) and conformers (cis—trans) are present in the
ground state, which can give rise to different reaction pathways
upon excitation.””’ Kwon and Mohammed approached this
problem using two methyl-functionalized 7HQ_  derivatives
(6Me-7HQ and 8Me-7HQ).”*" The steric hindrance forces the
—OH group into a cis (6Me-7HQ) or a trans (8Me-7HQ)

DOI: 10.1021/acs.chemrev.6b00491
Chem. Rev. 2017, 117, 10826—10939


http://dx.doi.org/10.1021/acs.chemrev.6b00491
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.6b00491&iName=master.img-082.png&w=239&h=125

Chemical Reviews

configuration. Moreover, the formation of the water wire is
prevented in 8Me-7HQ, The authors investigated the
fluorescence decays using fs fluorescence up-conversion at
different pH values. The neutral form of 8Me-7HQ_showed a
biexponential decay with time constants of 3.2 and 91 ps
whereas the tautomer showed a rise time of 109 ps. Based on
the measurements at different pH values, the initial step was
attributed to a reversible deprotonation of the enol group
followed by an irreversible protonation of the imine group
resulting in the formation of the tautomer. The authors
analyzed the results according to this kinetic scheme to obtain
the rate constants for the different processes. 6Me-7HQ
showed much richer dynamics. The main decay component of
the neutral and the rise component of the tautomer were
observed with a ~20 ps time constant. In addition, both the
decay and the rise showed minor components with similar
lifetimes to 8Me-7HQ. Therefore, the authors suggested that
both deprotonation to water and tautomerization via the water
wire are active in this molecule. The 20 ps component was thus
attributed to the direct tautomerization in the cyclic complex.
However, the authors proposed that the initial step with a 20 ps
time constant is the deprotonation of the enol group to the
water wire followed by an extremely rapid protonation of the
imine nitrogen by the hydrated proton without the buildup of a
stable intermediate. The two pathways are illustrated in Figure
62. The slower ESPT rate in the cyclic complex compared to
the deprotonation to the solvent was suggested to originate
from the stability of the water wire and the decreased acidity
and basicity of the functional groups due to partial charge
delocalization in the complex.

As already suggested by Bardez and co-workers,
protonation of the imine nitrogen strongly increases the acidity
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Figure 62. Two possible pathways for the solvent mediated
tautomerization of 6Me-7HQ in aqueous solution together with
illustrative potential energy surfaces. (a) Stepwise mechanism. (b)
Concerted mechanism. (c) Potential energy diagrams along the
reaction pathways. Because the concerted mechanism does not
produce a stable intermediate, the maximum is better represented as
a transition state (dotted line). Reprinted with permission from ref
721. Copyright 2012 PCCP Owner Societies.

of the enol hydrogen in hydroxyquinolines. Therefore,
methylation of the imine nitrogen is expected to result in
even stronger photoacids. Second, this simplifies the proto-
tropic behavior significantly. This was demonstrated by Kim
and Topp who investigated two N-methyl-derivatives, NM6HQ
and NM7HQ, using fs fluorescence up-conversion.””* The
observed ESPT times for NM6HQ and NM7HQ in slightly
acidic solution were 2.0 + 0.1 ps and 4.5 + 0.2 ps, respectively.
The time constant of NM6HQ was in excellent agreement with
the ESPT time constant of 6HQ in acidic solution (2.2 ps)
reported by Poizat et al. Second, the authors characterized the
spectral evolution in basic solution. The observed dynamic
Stokes shift exhibited two time constants of 0.22 and 1.04 ps.
The authors suggested that the shorter time constant could be
due to a rapid ICT process converting the zwitterionic form
into the quinoid-like structure and the second due to the
subsequent solvent relaxation. However, based on the
intensities of the spectra, the transition dipole moment did
not change during the solvation process suggesting the
presence of only a single electronic state.

Both the solvation and the ESPT dynamics of NM6HQ were
subsequently investigated by Mosquera, Ernsting, Kovalenko,
and co-workers using broadband transient electronic absorption
with sub-100 fs time resolution.”””’** They convincingly
demonstrated that the stationary and time-dependent solvato-
chromic behaviors of the NM6HQ anion simply originate from
a dielectric relaxation and do not involve a change in the
electronic state. The obtained spectral response function was in
excellent agreement with those of other solvent probes
(coumarins 343 and 153) and could also be reproduced from
the dielectric spectrum of the solvent. Second, the authors
undertook detailed investigations of the ESPT process of
protonated 6HQ and NM6HQ in water, alcohols and
acetonitrile in the presence of water. The ESPT dynamics
were obtained after spectral decomposition of the broadband
transient absorption spectra. The different spectral components
were ground-state bleach (blue in Figure 63), excited-state
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Figure 63. Spectral decomposition of the transient spectra (black)
measured with NM6HQ in neutral water. The different contributions
from the bleach (dark blue), excited-state absorption (light blue), and
stimulated emission consisting the initial cation emission (C-band,
green) and tautomer (Z-band, magenta) are shown. Reprinted from
ref 629. Copyright 2007 American Chemical Society.
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absorption (cyan in Figure 63), cation emission (green in
Figure 63), and tautomer emission (magenta in Figure 63). The
ESPT could be monitored from the decay of the initial cation
emission and the concomitant rise of the tautomer emission
obtained from the band integrals of the transient spectra.
Second, the solvent relaxation could be monitored from the
dynamic Stokes shift of the emission bands. 6HQ and NM6HQ
cations showed indistinguishable ESPT kinetics as already
suggested by earlier studies’’”’** and hence the authors
considered only the kinetics of protonated 6HQ. The decay of
the cation emission and the rise of the tautomer emission could
be approximately reproduced with a three-exponential function
with time constants of ~70 fs, 420 fs, and 2 ps. Previous reports
had only recognized the longest time constant for the ESPT
process. Moreover, the deprotonation kinetics closely followed
the solvent relaxation function in all solvents. Comparison
between the solvent relaxation functions, C(t), and the ESPT
dynamics, S(t), in several solvents are shown in Figure 64. The
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Figure 64. Comparison between the PT dynamics, S(t) (black), and
the solvent relaxation function, C(t) (gray), of 6HQ_cation in protic
solvents. C(t) was measured with NM6HQ in water, methanol, and
ethanol and with coumarin 153 in propanol and butanol. The left and
the right panels show the comparison in long and short time scales,
respectively. Reprinted from ref 629. Copyright 2007 American
Chemical Society.

close resemblance of the proton-transfer dynamics with the
solvent relaxation function strongly indicated that the ESPT is
solvent-controlled, C(t) being the true reaction coordinate, as
suggested by the theoretical formulations of Hynes and co-
workers.*® Slightly slower ESPT dynamics (factor of ca. 2)

compared to the solvent relaxation, however, suggested a small
but nonzero barrier. Second, the faster ESPT at longer time
scale in ethanol, propanol and butanol suggested that the short-
time solvent reorganization may be sufficient to complete the
ESPT in these slower relaxing solvents.”

Next, the authors focused on the ESPT in acetonitrile—water
mixtures. Surprisingly, a small contribution from the tautomer
was observed even in neat acetonitrile, which was attributed to
the residual water present in spectroscopic-grade solvents.
Based on the DFT-calculated binding energy and the amount
of residual water present in the solvent, virtually all photoacid
molecules were suggested to be bound to at least one water
molecule already in the ground state. Upon increasing the
concentration of water, the relative contribution of the
tautomer emission increased on two different time scales.
The fast initial kinetics were independent of water concen-
tration, whereas the long-time kinetics became faster at higher
water concentration. The latter was ascribed to a diffusional
process, whereas the former represented the fast solvent-
controlled ESPT in the preformed complex. Based on the
diffusional rate constants derived from multiexponential
analysis of the data, the authors suggested that diffusion of
only one bulk water molecule to the 6HQ:H,O complex is
sufficient to facilitate the ESPT process.””” Similar observations
were recently reported also for alcohol additives in neat
acetonitrile.”*

Solntsev and co-workers also investigated the ESPT and, in
particular, the long-time decay behavior of NM6HQ in various
protic solvents.”””””** The authors claimed that the long-time
fluorescence decay in alcohols is nonsingle exponential, and
attributed this to the reversibility of the process, contrary to
previous reports.”””’"7” However, solvent relaxation or other
processes were not considered as the origin of the nonsingle
exponential behavior. Moreover, initial attempts to analyze the
time-resolved data with the use of the DSE model were
unsuccessful. This was attributed to the complications arising
from the highly anisotropic charge distribution in the excited
state and the presence of the counterion. The authors
performed extensive Brownian dynamics simulations in butanol
to investigate these effects in detail. They were able to show
that the presence of the counterion results in nonstationary
interaction potentials and decreased diffusion coeflicients for
both the counterion and the proton due to the mutual
Coulomb interaction. After adapting the mutual diffusion
coefficient and the time-dependent effective potential based on
the output of the Brownian dynamics simulations, the problem
could be solved numerically with the DSE model producing
nearly identical results. The results were also in good agreement
with the experimental data especially at long times. The
ultrafast decay and rise components were not fully reproduced
by the simulations, which most likely originates from the
multiexponential nature of the solvent-controlled ESPT
process. The simulations assumed a single rate constant for
the contact reaction.””® Based on the obtained results, the
authors estimated the excited-state pK, to be —7! This is in
strong contrast with the value of —4 estimated by Kovalenko
and co-workers based on the Forster cycle.””’ Nevertheless, at
that time, NM6HQ_appeared to be the strongest photoacid
reported to date.

In a follow-up study, Solntsev and co-workers investigated
the effects of solvent and temperature on the ESPT process in
alcohols using mostly ps TCSPC. They measured the
fluorescence decays as a function of temperature in ethanol,
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propanol, and butanol. The forward and backward rate
constants were obtained from fits using the DSE model with
the adapted diffusion coefficient and effective potential used in
the previous study. Contrary to the previously observed non-
Arrhenius behavior of the naphthol-based “super” photoacids,
NM6HQ showed nearly linear Arrhenius plots with a relatively
constant activation energy. The determined activation energies
were significantly smaller than those of the previously studied
2N-DCN, which was attributed to a much higher excited-state
acidity of NM6HQ. The ESPT was concluded to be solvent-
controlled based on fs fluorescence up-conversion measure-
ments. The ESPT time constants obtained from average
lifetimes of the multiexponential analysis were shown to be
close to the Debye relaxation times of the solvent.””” However,
comparison of a single ESPT time constant with the Debye
relaxation time of the solvent is questionable as demonstrated
by the study of Kovalenko et al.**’

In a recent publication, Solntsev and co-workers presented a
more detailed discussion about the nonexponential nature of
the deprotonation process of NM6HQ in butanol. They
showed that both the decay of the cation and rise of the
tautomer emission could be approximated by a three-
exponential function or by three rate distributions with
relatively narrow widths. These rates or distributions were
each suggested to have a different origin. The fastest
component, faster than the Debye relaxation of the solvent,
was proposed to originate from an increased acidity of the
solvent molecule in the electrostatic field of the counterion.
The second component, close to the Debye relaxation time,
was ascribed to proton abstraction by a normal solvent
molecule and slowest component was suggested to involve
some diffusive motion prior the proton transfer. However,
Kovalenko and co-workers already demonstrated that the ESPT
dynamics closely follow the solvent relaxation function, which is
well known to exhibit nonexponential behavior.””**’ Hence, it
seems more plausible that the ESPT is a nearly barrierless,
solvent-controlled process and therefore follows the non-
exponential solvent relaxation.

Mosquera, Pérez Lustres and co-workers proposed an
alternative explanation for the multiexponential decay of
NM6HQ in alcohols.””> They measured the solvatochromic
behavior and fluorescence decays in several alcohols using
steady-state and time-resolved methods. They reconstructed
the time-resolved fluorescence spectra from the ps TCSPC
fluorescence decays. The concentrations of the NM6HQ _cation
and the tautomer were subsequently obtained from the band
integrals of the time-resolved spectra using two log-normal
functions. The decay of the cation showed biexponential
behavior with a concurrent rise of the tautomer emission, which
then decayed with a single exponential. The authors showed
that the biexponentiality could not originate from the solvation
dynamics because the solvent relaxation showed a single
exponential behavior on the ps time scale under consideration.
Hence the behavior was attributed to reversibility of the initial
dissociation step according to the Eigen—Weller model.*>>"
The initial step, mostly completed within the time resolution of
the ps experiment, was ascribed to the reversible short-range
proton transfer producing the contact ion pairs. This is
followed by the diffusion-controlled separation into the free
ions. The latter process could, in principle, be also reversible
but the purely single exponential decay of the tautomer
emission and low concentrations of protons suggested an
irreversible reaction contrary to the reports of Solntsev and co-

workers. The nonexponential behavior observed in the earlier
reports could originate from the solvent relaxation, the biphasic
decay of the cation emission and the partial overlap of the
cation and tautomer emission bands. This was circumvented in
the present study with the use of band integrals rather than
single wavelength decay traces.

The kinetics were analyzed according to rate equations
derived from the Eigen-Weller model (Figure 53) assuming an
irreversible second step and similar spectral properties for the
contact ion pair and the free ions. The ultrafast initial
deprotonation, not temporally resolved here, was accounted
for using nonzero initial concentrations of the ion pairs. A
global fit with the kinetic model was in very good agreement
with the data (Figure 65). The authors were able to obtain all
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Figure 65. (left) Early temporal evolution of the cation (C*, cyan)
and the tautomer (Z*, yellow) band integrals from the ps
measurements of NM6HQ _in ethanol, and best biexponential (C*)
and triexponential (Z*) fits. The decay constants and associated
amplitudes are indicated in the legend. (right) Full temporal evolution
of the tautomer, decomposed into the individual contributions from
the contact ion pairs (P*, gray) and the free ions (F*, light green).
The red solid line represents the global fit with the amplitudes
constrained to the analytical forms derived from the kinetic model (see
text). Reprinted from ref 67S5. Copyright 2013 American Chemical
Society.

the individual rate constants and concentrations of the involved
species with the use of the kinetic model. Interestingly, the
results showed that a significant amount of the tautomer
emission originates from the contact ion pairs, which dissociate
on a 500 ps to ns time scale. The initial ps deprotonation time
was comparable to the slowest solvent relaxation time, observed
separately, demonstrating a solvent-controlled reaction. Second,
the rate constant responsible for the separation of the contact
ion pair was inversely dependent on the viscosity of the solvent
demonstrating the diffusion-control of this step.’”®
Consequently, the results were largely in agreement with the
previous study by Kovalenko and co-workers but extended the
observations to the long-time scale processes. The two studies
empbhasize the importance of solvation both intrinsically to the
process as well as from the analysis point of view. Solvation
should be explicitly considered to gain access to the real
unobscured population dynamics. Monitoring of the band
integrals seems to be a straightforward way to directly access
the population dynamics without complications from solvation.
3.3.4. Cyanine Photoacids. Recently, Huppert and co-
workers reported on investigations of a novel class of “super”
photoacids based on quinone-cyanine dyes.””*”*~7*° These

DOI: 10.1021/acs.chemrev.6b00491
Chem. Rev. 2017, 117, 10826—10939


http://dx.doi.org/10.1021/acs.chemrev.6b00491
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.6b00491&iName=master.img-086.jpg&w=185&h=152

Chemical Reviews

Chart 21. Structures of Quinone-Cyanine Based Photoacids together with the Ground- and Excited-State pK, Values™”

HO

109 (QCy7?)
apK, =4.5,pK," =-6

N7 ) OH
X =z X
CO,Et
110 (QCy9)

bpK, = 4.3, pK,* =-8.5

“From ref 729. YFrom ref 730.

compounds are the strongest photoacids reported to date and
exhibit ESPT time constants in the sub-picosecond regime,
approaching the rates of the fastest intramolecular proton-
transfer reactions. The pK,* values of the two more thoroughly
studied compounds, QCy7 (109) and QCy9 (110), were
estimated with the Forster cycle method to be —6 and —8.5,
respectively. The extremely high excited-state acidity is partly
explained by the relatively low pK, already in the ground state
(~4-S5). Second, the deprotonated form is strongly stabilized
by resonance structures due to the charge migration to the
positively charged nitrogen groups (Chart 21).

In the initial studies, Huppert and co-workers investigated
QCy?7 and two of its sulfonated derivatives in aqueous solutions
using fs fluorescence up-conversion.””””*" The decay of the
ROH* form showed nonexponential behavior, which was
analyzed using a sum of stretched exponential (exp[—(t/7)"])
functions. No justification for the use of the stretched
exponential function was, however, proposed. All compounds
exhibited an ultrafast ~100—200 fs component, which was
attributed to solvent relaxation. The intermediate decay
component with the largest amplitude slightly varied between
the different compounds (430 to 640 fs) with a  parameter of
~0.83. The RO™* form showed a rise with a similar time
constant as the main decay component of the ROH* form.
Hence it was attributed to the ESPT process. These rates are
3—4 times higher than the ESPT rate measured for NM6HQ,
ca. (2 ps)”". The long-time component was suggested to
originate from the reversibility of the process. For QCy?7, the
long-time asymptote approached ~ /> whereas the two
negatively charged sulfonated derivatives exhibited much slower
decay with £ %% to t°°. The long-time behavior was ascribed to
the geminate recombination. In the sulfonated compounds, the
recombination is strongly accelerated due to a higher attractive
potential of the negatively charged photoacids. The DSE model
could, however not be applied due to the highly nonspherical
shape of the photoacids and the geminate recombination was
only qualitatively discussed.

In subsequent studies, Huppert and co-workers investigated
an even stronger photoacid, QCy9 (110), in water and heavy
water using fs fluorescence up-conversion (340 fs IRF).73O The
compound shows an unprecedented pK,* of —8.5 as estimated
with the Forster cycle method. Similarly to QCy7, the
fluorescence decay of the ROH* form was analyzed with a
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sum of three exponential functions in water and with a sum of
two exponential and two stretched exponential functions in
heavy water. In both solvents, the fastest component (with a ~
100 fs and ~200 fs lifetime in water and heavy water
respectively) was also the decay component with the largest
amplitude (>80%). The amplitude did not vary significantly
over the emission band of the ROH* form. The rise of RO™*
showed a similar major component with equal time constant
and was thus attributed to the ESPT process, kpr = 10"* s™! and
0.5 X 10 s7' in H,0 and D,0. These are the fastest
intermolecular ESPT rates reported to date. No solvation was,
however, taken into account, contrary to the previous report on
QCy?7. This could somewhat decrease the accuracy of the
determined time constants. Nevertheless, QCy9 clearly under-
goes ESPT with a much higher rate than QCy7. The
intermediate components with time constants of ~500 fs and
~900 fs in H,O and D,0 were suggested to originate from the
contact ion pairs according to the Eigen—Weller model,
whereas the slower decay components were ascribed to the
geminate recombination.

The intermediate time scale process was further investigated
using low-temperature steady-state and ps TCSPC spectrosco-
py as well as fs fluorescence up-conversion and broadband
transient electronic absorption.””*”** The steady-state emission
spectra of both QCy7 and QCy9 showed an abrupt change in
the shape at low temperature (T < 150 K) both in H,O and
D,0. The long-wavelength emission band attributed to the
deprotonated form, RO™*, blue-shifted by about 1000 cm™". At
these low temperatures, the proton hopping time in ice is
significantly longer. A similar effect on the steady-state emission
spectra was observed at high concentrations of strong mineral
acids and in neat trichloroacetic acid. The intensity of the long-
wavelength RO™* emission band was significantly reduced and
a new band appeared at shorter wavelength. The kinetics of the
emission bands of QCy9 in neat trichloroacetic acid was
investigated using fs fluorescence up-conversion. The decay of
the neutral form showed biphasic dynamics with a fast (~15
ps) and a slow (~200 ps) component. The intermediate band
showed a fast rise followed by a ~300 ps decay. The long-
wavelength band, attributed to the free ion pairs, showed slow
rise with a large amplitude, followed by an exponential decay on
a much longer time scale. All these observations pointed to an
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Figure 66. Transient absorption spectra measured in 6 M HCl aq. upon excitation of the neutral form of QCy?9 at different time scales: (a) 0 to 0.16
ps, (b) 0.16 to 0.37 ps, (c) 0.37—21 ps, and (d) 36—232 ps. Reprinted from ref 674. Copyright 2014 American Chemical Society.

intermediate species emitting at shorter wavelength compared
to the free, fully solvated anion.

The behavior was further investigated using fs broadband
transient absorption. The transient spectra in slightly acidic
aqueous solution showed the fast formation of anionic species
emitting both at the intermediate and long wavelength regions
consistent with the ultrafast ESPT time constant observed in
the previous experiments. In time, the intermediate emission
decreased in intensity with a concurrent increase of the long-
wavelength emission. A global analysis of the data yielded time
constants of ~130 fs and ~230 fs for the formation and ~1.15
ps ~1.6 ps for the decay of the intermediate species in H,O and
D, 0, respectively. The kinetic isotope effect of the decay of the
intermediate species was thus about 1.4, similar to that of
proton diffusion in water. In the presence of strong acids in
high concentrations, the time scales of the processes were
significantly longer and the amplitude of the intermediate
species was much higher. In 6 M HCl solution (Figure 66), the
initially observed species was the excited neutral form due to a
ca. three times slower deprotonation compared to neutral
water. The neutral form showed an induced absorption at ~460
nm and emission at around 505 nm. During the first ps, the
emission of the neutral form decreased and a new band at ~630
nm, attributed to the intermediate species, appeared. The
intermediate emission band decayed on a much longer time
scale with a concomitant rise of the long-wavelength emission
band at around 710 nm. Based on all the observations, the
intermediate species was attributed to the contact ion pair
formed after a short-range proton transfer. The concentration
of the contact ion pair was demonstrated to strongly depend on
the concentration of the bulk protons and the temperature. At
low temperature, the proton diffusion or hopping time
significantly decreases slowing down the separation into free
ions. A high acid concentration, on the other hand, increases
the recombination processes shifting the equilibrium toward
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the neutral and the contact ion pair. Second, at high acid
concentration the amount of water available to accept the
protons significantly decreases. Variation in the experimental
conditions allowed the authors to identify the intermediate
contact ion pair both spectrally and kinetically.””*

Huppert and co-workers also investigated the ESPT process
of the two compounds in methanol and ethanol using ps
TCSPC and fs fluorescence up-conversion.”** They found that
the ESPT rate of the weaker acid, QCy?7, decreases in alcohols
being kpp = 1.2 X 10" 57", 0.8 X 10"*s7!, and 0.7 X 10" s™" in
water, methanol, and ethanol, respectively, as deduced from the
multiexponential analysis of the decay of the neutral form.
Surprisingly, QCy9 did not show such a behavior and the
fastest decay component, ascribed to the ESPT process, was kpy
= 10" s7! in all three solvents.

The origin of the ultrafast ESPT was discussed in the
framework of the Marcus-BEBO model.**>**° According to this
model, the activation barrier decreases upon increasing driving
force and the transition state shifts closer to the reactant
configuration. In the extreme case of an activationless process,
the reaction occurs at the reactant potential energy minimum
without the need of solvent reorganization. The ESPT is then
determined by the intermolecular coordinates of the donor—
acceptor pair and, in this case, was suggested to be driven by
the intermolecular vibration of ~200 cm™" modulating the DA
distance. Intermolecular hydrogen-bond stretching vibrations of
~170 cm ™" were observed for water using Raman spectrosco-
py.”*® The reaction would then occur during the first half of the
vibrational period of ~200 fs. This mechanism closely
resembles that of the intramolecular ESPT where the reaction
mainly depends on the vibrational modes modulating the DA
distance. Hence the observed kpr = 10" s for the
intermolecular ESPT seems to be an upper limit in protic
solvents. This limit is reached by the strongest photoacid
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3.3.5. Concluding Remarks. The behavior of different
photoacids strongly depends on the driving force of the
reaction. Weaker photoacids with pK,* > 0 are not capable of
undergoing ESPT in nonaqueous environments and the
deprotonation, even in water, is relatively slow and competes
with the excited-state decay. Stronger photoacids with pK,* =
—2 in the regime of “super” photoacids are able to deprotonate
in other protic solvents and in some organic solvents such as
dimethyl sulfoxide or formamide. In most cases, the reaction
still proceeds after solvent relaxation as a normal over-the-
barrier process. Several free-energy relations were successfully
applied to correlate the ESPT rates of these compounds with
the pK,* values. Upon increasing driving force, the process
becomes mostly solvent controlled. A good example is
NM6HQ with a pK,* = —6. The ESPT kinetics follow the
solvent relaxation function and show nonexponential behavior.
Care must be taken in the analysis of this class of compounds as
the solvation and ESPT dynamics occur on the same time scale.
With the last class of photoacids with pK,* < —6, the ESPT
becomes faster than the solvent relaxation and appears to be
controlled by intermolecular vibrations rather than the solvent
relaxation. This was recently demonstrated. In this case, the
ESPT mechanism resembles that of the intramolecular ESPT
and proceeds in sub-100 fs time regime.

The nonequilibrium behavior of the PT reactions is usually
approximated using either rate equations or diffusional models
representing the two extreme cases, short and long time
behavior. The initial steps in the dissociation cycle of the
strongest photoacids are clearly solvent-controlled and involve
the intermediate contact ion pair whereas the dissociation and
recombination are purely diffusive processes. Some examples of
combining the diffusive models with static exponential
components exist but a unified theory accounting for the full
behavior within a single model remains missing,

4. PHOTOCHROMIC REACTIONS

4.1. Photoisomerization

Isomerization upon photoexcitation was thoroughly studied
over the past decades. Among small organic prototype systems,
stilbene (111), stiff stilbene (112), and azobenzene (113) are
the most prominent ones in the literature. Cyanine dyes were
also extensively used to investigate barrier-activated and
barrierless processes and to test experimental results against
existing theories. This section reviews studies of photoinduced
cis—trans isomerization with these model systems, which do
not involve chemical bond breaking or formation, contrary to
those discussed in section 4.4. A large number of studies were
devoted to the photoisomerization of biologically relevant
systems, like the green fluorescent protein or retinal
proteins.””’~"*" The latter were even a major driving force in
the development of ultrafast laser spectroscopy.”*' ~’*
However, the course of the reaction in these chromophores
is in general largely influenced by the complex embedding
protein environment, which is beyond the scope of this review.

Figure 67 shows the possible mechanisms for the trans-to-cis
isomerization of azobenzene, which, among the systems
discussed here, has the largest number of hypothetically
accessible reaction pathways. These are (i) the torsion around
the central double bond, (ii) the inversion on one of the two
nitrogen atoms, and (iii) the concerted twist of the three
central bonds.”*° Corresponding mechanisms can be expected
to be at the base of most cis—trans isomerizations.”*’

e
o —Qqp

hula-twist

Figure 67. Possible isomerization mechanisms in azobenzene.
Reprinted from ref 746. Copyright 2014 American Chemical Society.

In stilbenes and azobenzenes, torsion and inversion involve a
large amplitude motion of at least one phenyl ring, whereas the
concerted twist (often called hula twist) leaves the phenyl rings
almost in place. Therefore, the former two mechanisms can be
expected to exhibit a dependence on solvent viscosity while the
latter should remain rather unaffected by changes of viscosity.
An inversion at a carbon atom in stilbene, in analogy to the
inversion on one of the nitrogen atoms in azobenzene, is not
possible as the motion is hindered by the ethylene hydrogen
atoms.”**

For molecules undergoing ultrafast isomerization even under
strong steric constraints, as in azobenzene and retinals, a
mechanism involving large amplitude motion can be ruled out
as the main reaction pathway. Among other mechanisms, the
concerted twist motion was first proposed by Liu and Asato to
account for the observed ultrafast dynamics of retinals in the
strong constraints of a protein binding pocket.”*”

Until the 90s, isomerization was generally discussed in a one-
dimensional two-state picture with an avoided curve crossing
and a dark or “phantom” state from which isomerization occurs
upon a non-radiative transition across the gap of the avoided
curve crossing. The understanding of isomerization taking place
on a multi-dimensional potential surface led to more elaborate
pictures invoking conical intersections as the means for ultrafast
internal conversion between different electronic states.”*’~">
The complexity of the excited-state potential surface gives rise
to various barrier-activated and barrierless relaxation processes.
Multiple pathways on a single potential surface are at the origin
of multiphasic relaxation kinetics.”*®”%~7%

4.1.1. Stilbene. Stilbene has become one of the
experimentally most studied model systems of photoisomeriza-
tion, because, in this small and simple molecule, the reaction
coordinate can easily be separated from other internal
coordinates.”**”*” Early time-resolved works have been
reviewed by Waldeck.”®' The steady-state properties of
stilbenes were extensively reviewed by Gorer and Kuhn.”**
In short, both trans and cis isomers exhibit a strong absorption
band located between 260 and 350 nm due to a zz* transition.
The trans isomer is the energetically more stable one. The cis
isomer can be obtained by photoisomerization of the trans
isomer upon irradiation in the UV spectral region. The cis
isomer in the ground state is metastable at room temperature
and undergoes isomerization back to the trans isomer via a
thermally activated process. Upon photoexcitation of the cis
isomer, a dihydrophenanthrene (114, DHP)-like reaction
product is formed (Chart 22).** The appearance of this

DOI: 10.1021/acs.chemrev.6b00491
Chem. Rev. 2017, 117, 10826—10939


http://dx.doi.org/10.1021/acs.chemrev.6b00491
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.6b00491&iName=master.img-089.jpg&w=224&h=137

Chemical Reviews

photoproduct can be used as indicator whether a reaction path
involves the cis configuration on the S; manifold.

Chart 22. Structures of the Stilbenes and Azobenzene
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1,1’-Biindanylidene, also called stiff stilbene (112), was
widely used for comparison because the rotation around the
central double bond is the only possible isomerization
mechanism, while otherwise it is structurally very similar to
parent stilbene. The isomers of stiff stilbene exhibit very similar
absorption and emission spectra compared to the parent
stilbene,”*" slightly red-shifted and with a more pronounced
vibrational structure.

Experiments in the late 1960s and early 1970s by Saltiel and
co-workers revealed that the fluorescence quantum yield of the
S, state of the trans isomer strongly depends on temperature
and solvent viscosity.”*>”"®> Comparing isomerization yields of
perhydro- and perdeuterostilbene in direct and sensitized
excitation led to the conclusion that the two reaction pathways
share a common point on the S, electronic state where the
branching takes place. An isomerization pathway via the triplet
manifold, as had been proposed earlier, could be excluded. A
geometry, where the planes of the two phenyl rings are
perpendicular to each other, often called a phantom state
because it is not observable, was assigned to this point.

The first theoretical concepts useful for describing said
phantom state were proposed by Orlandi and Siebrand where
the authors described the stilbene molecule as two interacting
benzyl radicals.”*° The resulting potential energy diagram is
depicted in Figure 68. Therein, the S, state is situated closely
above the S, state in the trans configuration. In the twisted
geometry it is to be found below the S, state and forms an
avoided curve crossing with the ground state. This model was
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Figure 68. Proposed schematic potential diagram of stilbene as a
function of the rotation angle about the central bond.

in accordance with the experimental data available in the early
1970s.

With progress in experimental time resolution, the lifetime of
the excited state of cis-stilbene in the gas phase could be
determined by Greene and Farrow to be 320 fs.”*” In the liquid
phase, the first time-resolved measurements by Hochstrasser
and co-workers”**”* revealed a lifetime of the phantom state
in trans-stiff stilbene of 10 ps. The same research group also
studied the influence of the solvent on the isomerization yields
and rates,”’ and analyzed the results in the framework of
barrier crossing models by Kramers and by Grote and
Hynes.””'~”> The observed isomerization rate constant can
be expressed as a friction-dependent correction to the rate
given by transition state theory. The latter tends to over-
estimate reaction rates because it does not take into account
solvent friction effects.”” In both models, the original one by
Kramers and the modified one by Grote and Hynes, the
isomerization rate constant, k;,, can be expressed as

kiso = F(n)exp(—&]
kyT (57)
where Ej is the height of the barrier and F(y) is a friction
dependent frequency factor. The Kramers model applied to
stilbene isomerization takes its starting point at the Langevin
equation with the dihedral angle between the two phenyl
groups as coordinate. Assuming that the solvent fluctuations are
much faster than isomerization, the random force reduces to a
delta function and the friction is described by a constant, which
accounts for the net effect of the solute—solvent interaction. In
the limit of high friction, the Kramers model predicts that, at a
given barrier height, the rate drops with the inverse of the
friction, k;,, o« 1/7, also called Smoluchowski approximation. In
the low viscosity limit, the frequency factor becomes friction-
independent.””” The experiments by Hochstrasser and co-
workers showed good agreement of the stiff stilbene isomer-
ization rates with the Kramers model in the Smoluchowski
limit. With trans-stilbene, however, the match was poor and the
frequency-dependent model, introduced by Grote, Hynes and
van der Zwan,””'~’”* had to be applied to properly reproduce
the experimental observations. This model uses a generalized
Langevin equation, which describes the viscosity contribution
by using a memory kernel containing the solvent-averaged time
correlation function of the random force. The model takes into
account that the dynamics at the barrier may take place on a
similar or at even shorter time scales than the fluctuating
solute—solvent interaction. Later, the Hochstrasser group
realized that, when using values for the friction constant
obtained from rotational anisotropy instead of applying
Stokes—Einstein-Debye friction, Kramers theory in the
Markovian limit can also reproduce the observed rates.”*
The Fleming group performed a series of experiments on
trans- and cis-stilbene and on diphenylbutadiene from isolated
molecule conditions up to 3000 atm pressure in the solution
phase.””* According to Kramers theory, the rate constants
should first increase with increasing viscosity in the low friction
limit and subsequently decrease with increasing viscosity in the
high friction limit. The experimental observations were in
qualitative agreement with these predictions. Picosecond time-
resolved anisotropy measurements on absorption and fluo-
rescence were used to obtain the rotational diffusion times of
trans-stilbene.””> The authors re-examined their own data and
those measured by Hochstrasser and co-workers,”” using the
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Figure 69. Schematic potential energy surfaces of stiff stilbene (left) and parent stilbene (right) in hexane (see text for details). Adopted from ref

748. Copyright 2014 American Chemical Society.

obtained values for the rotational friction. The experimentally
determined frequency factor plotted against the shear viscosity
and the angular momentum correlation function were perfectly
reproduced by a Kramers fit. However, the Grote—Hynes
model could reproduce the data equally well. The same group
also studied the isomerization dynamics of cis-stilbene in a
variety of solvents,”’® and over a wide range of temperatures.”””
Isoviscosity plots in small alcohols were found to be nonlinear,
whereas the lifetimes in n-alcohols and in n-alkanes correlated
well with each other when plotted against the chain length. It
was inferred that macroscopic viscosity is a poor measure for
the friction felt by the molecules during isomerization.

It is important to note here that all the works on Kramers
and related theories presented so far discuss isomerization
reactions in a one-dimensional picture. Newer concepts
involving CIs (to be discussed later) show that the potential
energy surfaces may strongly depend on solvent properties and
local electric fields, especially in regions where multiple
electronic states are degenerate or nearly degenerate. In these
conditions and under the presence of larger coping the Born—
Oppenheimer approximation is no longer necessarily valid. The
shape and especially the curvature of the potential at the barrier
enter into the expressions of the Kramers and Grote—Hynes
models. One can thus expect that the local shape of the
potential energy surface around Cls may strongly influence the
dynamics of trajectories passing through such a region.
Furthermore, the calculated rates strongly depend on the
model chosen for the microscopic friction. However, the
findings obtained in the publications summarized so far still
provide valid information. Revisiting these systems with the
improved experimental and computational techniques available
now, as was already undertaken in the case of stilbene,
azobenzene and a model cyanine dye (see below), would
probably be worthwhile.

Tahara and co-workers reported on vibrational wavepacket
dynamics observed on the S, electronic state of both trans and
cis isomers,””®””® which were in agreement with the resonance
Raman experiments of Iwata and Hamaguchi.’” The observed
dephasing of the wavepacket motion was faster than the S,
population decay. Therefore, they attributed it to a mode which
is not directly involved in the isomerization. In contrast,
vibrational wavepacket dynamics observed in other exper-
imental and theoretical works are often assigned to the reactive
modes, e.g,, ref 780.

10895

Fuss and co-workers determined the lifetime of the
perpendicular minimum of photoexcited cis-stilbene in the gas
phase.”*"”®* From the analysis of the observed wavepacket
dynamics as a function of probe conditions, a detailed picture of
the reaction pathway on the excited-state potential energy
surface was drawn. Within that framework, two conical
intersections need to be passed to reach the ground state.

Recent transient electronic absorption measurements with
greatly improved photometric resolution and FSRS experi-
ments by the Ernsting group on stiff stilbene,”** and stilbene”>”
give an even more detailed spectroscopic picture of the reaction
dynamics. The early emission spectrum of the excited trans
isomer of stiff stilbene was found to resemble the steady-state
emission in glycerol where the rotational motion is so hindered
by viscosity that the main contribution to the steady-state
emission spectrum was found to be due to nontwisted
molecules. This emission, with a 0.3 ps decay time, was
therefore attributed to the emission from the Franck—Condon
configuration. The corresponding excited-state absorption
(ESA) from the trans configuration (tESA) diminished and
red-shifted with a time constant of 0.4 ps, whereas the ESA of
the cis configuration (cESA) appeared on the same time scale.
On the other hand, the bleach of the trans configuration
remained unchanged until 1 ps, pointing to the formation of
the cis configuration in the S, state. The tESA decayed in 5 ps,
while the cESA decayed somewhat more slowly, and the bleach
mostly recovered within 5 ps. Isomerization and vibrational
cooling were complete after 100 ps. An additional band of a
DHP-like product was also observed. This product is known to
be a side product of the cis-to-trans isomerization, indicative of
a nonzero population of the S; state in the cis configuration.

When exciting the cis configuration, the authors observed
that the emission spectrum at 0.5 ps was equal to the stationary
spectrum, while the cESA resembled that found in the parent
stilbene. It was therefore assumed that the pathways resemble
each other in both systems. The decay of these signals was
found to be strongly solvent dependent. Vibrational wave-
packets were also observed in the cESA signal. A separate band
assignable to the perpendicular configuration was not observed
(as opposed to azobenzene, see next section). The observed
transients were consistent with an intermediate trans
population on the S, surface. However, contrary to the
trans—cis pathway, a unique assignment was not possible.
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The observed isomerization rate constants for trans-to-cis and
cis-to-trans were the same in acetonitrile but differed in hexane.

With the help of quantum chemical calculations, the
observations were interpreted as follows (Figure 69). As one
would expect, torsion is the main reaction coordinate in stiff
stilbene although the path is in fact multidimensional and
shows surprisingly rich dynamics, given the fact that the locked
geometry reduces the possible isomerization mechanisms to a
single one. For both the trans and the cis isomers, the Franck—
Condon accessible region of the S; manifold (locations A and B
in Figure 69) is situated about 1 eV above the presumably
energetically lowest-lying point of the S; surface at the
perpendicular conformation P where the CI to the ground
state is located. Next to the central CI to the ground state,
potential minima A, and B, are present close to the Franck—
Condon regions of both trans and cis conformations. Upon
photoexcitation of the trans isomer, a small fraction of
molecules overcomes the barrier A; toward the CI, bypasses
the conical intersection and overcomes the barrier B; toward
the cis conformation within 300—400 fs, to be trapped there.
Being part of the inertial response, these initial dynamics are
viscosity-independent. A similar pathway seems to be possible
in the cis-to-trans isomerization as well but was not actually
detected. The excited-state populations get trapped in the
potential wells A, and B, which separate the Franck—Condon
region from the conical intersection and overcome the
corresponding barriers A; and B, respectively, in a thermally
activated process with time constants of a few to a few tens of
picoseconds depending on viscosity. The similarity of the
experimental observations between stiff and parent stilbene lead
to the conclusions that also in parent stilbene the main reaction
coordinate is the torsional motion.”** The formation of DHP as
a side product of the trans-to-cis isomerization further supports
an adiabatic passage on the S; manifold in parent stilbene as
well.

4.1.2. Azobenzene. Azobenzene undergoes ultrafast trans-
to-cis isomerization under irradiation with visible and UV light
and as such is widely used as a photoswitch.”*>7%¢ A recent
review by Bandara and Burdette on the photoisomerization of
different classes of azobenzenes can be found in ref 786.
Compared to stilbene, azobenzene exhibits much richer
dynamics since in addition to the mz* transitions found in
stilbene, a lower energy and weaker nz* transition can be
excited in both the trans and the cis conformations of
azobenzene. Furthermore, contrary to stilbene, azobenzene
isomerizes even under strong steric constraints.”**~"*’ This
unique feature of azobenzene was extensively used in the
development of molecular machines and new materials with
light-driven properties.”*®7%%7%%7%1

Both isomers exhibit a weak nz* S; « S, absorption around
440 nm and a much stronger zz* S, < S, absorption at 320
nm for the trans isomer and at 280 nm for the cis isomer. In
violation of the Kasha-Vavilov rule, the yields for both
directions of isomerization depend on the excitation wave-
length.””” Furthermore, the yields also change upon steric
hindrance. The cis-to-trans isomerization occurs thermally as
well as upon photoexcitation.

Early works on sterically hindered derivatives by Rau and
Liiddecke”’ and by Rau and Yu-Quan,”** suggested inversion
to be the main isomerization mechanism, since the large
amplitude motion on a torsional pathway was not consistent
with the findings that isomerization was still possible in
“locked” conformations. Furthermore, inversion should depend

much less on solvent viscosity than rotation. The authors also
observed that, contrary to free azobenzenes, azobenzenes under
steric constraints follow the Kasha—Vavilov rule, and invoked
an additional torsional reaction channel for S, excitation in the
z* transition which is blocked upon steric hindrance.

The first time-resolved experiments by Moore and co-
workers’”* upon zz* excitation of trans-azobenzene in solution
revealed a fast decay component around 1 ps and a slower one
between 10 and 20 ps, which both depended on the solvent.
The larger time constant corresponded to the recovery time of
the ground-state absorption of the trans isomer. In a follow-u
study Lednev et al. compared both z7* and nz* excitations.””*
An additional 200 fs decay component was found upon 7z*
excitation and was attributed to the motion along the rotational
coordinate. The S, (nz*) state was found to decay in 2.5 ps
when optically populated close to the origin. This decay was
attributed to the motion along the inversion coordinate. An
additional fast decay <600 fs was found when exciting with
>6000 cm™" excess energy. Experiments on a capped (sterically
hindered) azobenzene by the same group revealed the same
lifetime when exciting the zz* transition.””* The conclusions
were very similar to those drawn by the Zinth group’”>~""” and
are discussed in the next paragraph. Figure 70 taken from ref
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Figure 70. Scheme of the trans — cis isomerization process of
azobenzene after 7% excitation based on calculations reported in ref
799. Adapted from ref 798. Copyright 2004 American Chemical
Society.

798 closely resembles the figure presented by Lednev et al,””*

with the difference that in the former, the CI on the rotational
axis is not supported by the data. Inversion was identified as the
main isomerization pathway upon S; (nz*) excitation whereas
upon S, (77*) excitation of unhindered azobenzene, rotation
was the main mechanism, except for in capped azobenzene,
where it is blocked. In the latter case, relaxation to the S, state
from the S, state leads to an inversion as upon direct excitation
to the S, state. The longer decay times observed upon S,
excitation of azobenzene were attributed to a “bottleneck” state
which bypasses the region of the S; manifold where
isomerization takes place by inversion.

Zinth and co-workers studied the photoisomerization of both
cis and trans azobenzene using broadband transient electronic
absorption.”” With the cis isomer, an extremely fast formation
of the photoproduct upon nz* excitation was observed, with a
dominant 170 fs component and a weak 2.5 ps component, in
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accordance with the results of Lednev et al.””* Vibrational
wavepacket dynamics were observed during the departure from
the Franck—Condon region. With the trans isomer, the
photoproduct appeared with time constants of 0.32 and 2.1
ps. The data were interpreted as indication of inversion as the
isomerization mechanism. Similar time constants were obtained
using fluorescence from the trans and cis isomer.””” The longer
time constant in the range of 10 ps was attributed to vibrational
cooling of the reaction product in the ground state. Time-
resolved infrared absorption measurements revealed the same
time scale for vibrational cooling of the photoproduct.****"!
This interpretation differs from earlier publications and from
recent work by the Ernsting group discussed later on.”*® The
interpretation of vibrational cooling was supported by Tahara
and co-workers,”">**> and by Braun and co-workers.””® The
latter studied both isomers upon zz* excitation by transient
electronic absorption. The results were discussed in terms of
the scheme depicted in Figure 70, which is itself a similar
picture as drawn by Moore and co-workers.””* After optical
population of the S, state, fast motion along the rotational
coordinate with a time constant of 130 fs leads to the S,
potential energy surface, which is reached with high excess
energy. As can be seen from the slope of the S; surface, the
further isomerization reaction then proceeds via the inversion
coordinate to the cis ground state. Here, branching takes place,
where a large number of molecules make a direct movement to
the CI (420 fs, isomerization quantum yield ¢,) and a smaller
number of molecules follow a diffusive path (2.9 ps,
isomerization quantum yield ¢,, indicated by the loop). The
potential energy landscape also shows the possibility of
branching at the transition point between the S, and §;
potential energy surface with a further isomerization along
the rotational coordinate. The question mark indicates that the
spectroscopic data do not support this particular path. Within
this interpretation, rotation is only needed to reach the (single)
avoided curve crossing point to the Sy manifold situated on the
inversion coordinate.

Tahara and co-workers performed time-resolved Raman
studies on the trans isomer.””> Several transient Raman bands
assigned to the S, state and appearing immediately after
photoexcitation indicated a prompt internal conversion from
the S, state. Vibrational cooling of the ground state could again
be determined to occur within 16 ps by monitoring anti-Stokes
bands of the S, state. The NN stretching frequency in the S,
state was found to be very close to the corresponding one in
the ground state, indicating that the double bond character is
retained in the excited state and during isomerization. As a
consequence, the torsion mechanism was excluded and
inversion was proposed as the reaction pathway. The authors
further concluded that isomerization does not occur on the S,
state or during the S, to S, internal conversion. Time-resolved
fluorescence experiments from the same group supported these
findings.**® Fluorescence from the S, state was found to have a
lifetime comparable to the 230 fs IRF. The yield of S, to S,
relaxation was determined from a comparison of S, and §,
fluorescence quantum yields and was found to be close to unity.
Therefore, the authors again excluded isomerization via
rotation in the S, state. Furthermore, they concluded that
upon S, excitation, all population relaxes first to the same
region of the S, potential energy surface as upon S excitation,
before reaching the CI to the ground state.

Temps and co-workers studied the fluorescence from a
rotation-restricted azobenzene compared to unsubstituted

azobenzene.*”* The kinetics of an azobenzene capped by a
crown ether and a chemically similar open form were almost
indistinguishable from one another. Therefore, a common
isomerization mechanism was invoked, specifically inversion
since rotation was blocked in the capped form. But a so-called
hula twist reaction was mentioned to be possible as well.

Diau and co-workers studied the fluorescence anisotropy of
trans-azobenzene and obtained results that contrasted with
previous works.*”> They observed anisotropy decays indicating
out-of-plane  CNNC-torsional motion, whereas under hin-
drance in viscous ethylene glycol the measured anisotropy
decay was consistent with an in-plane only movement. The
conclusion was that torsion would be the main mechanism in
low viscous solvents, whereas in high viscous environments,
inversion should be the dominant one.

The common view of inversion as the main isomerization
mechanism outlined here was recently reviewed by Bandara and
Burdette.”®® Some new light, however, was shed on the
isomerization mechanism of trans- and cis-azobenzene through
recent work by Ernsting and co-workers.”** Broadband
transient electronic absorption, fluorescence and Raman
spectroscopies were used and transient absorption was
extended to the UV to observe the complete evolution of the
z* band. The finding, discussed below, are summarized in
Figure 71.
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Figure 71. Azobenzene potential energy surface and relaxation/
isomerization pathways consistent with experiment and calculations.
Independence of the dynamics on solvent viscosity suggests the hula-
twist isomerization coordinate. Closed squares mark wavepacket
positions upon vertical nz* (S;) or zz* (S,) excitation, while open
and closed circles denote stationary points and conical intersections
(I), respectively. Relaxation/isomerization via the intersections is
indicated by dashed arrows marked with yields in n-hexane. Reprinted
from ref 746. Copyright 2014 American Chemical Society.

When exciting the nz* transition of the trans isomer, the
tESA signal was found to decay in 0.3—0.4 ps and 2.5—3.5 ps.
The bleach increased between 0.2 and 1 ps, due to the overlay
of a decaying tESA contribution, and recovered within 16 ps.
Upon nz* excitation of the cis isomer, an early, strongly
nonexponential evolution was found within the first ~0.1 ps
and exponential fits were only possible after 0.3 ps. The
ground-state products appeared at 0.3 ps, grew in 1.1 ps and
cooled at times >4 ps. Again, a bleach recovery within 16 ps was
found. Upon zz* excitation, both isomers exhibited spectral
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dynamics with isosbestic points on a 80 fs—0.2 ps time scale,
which was attributed to S, — S; internal conversion. The
recovery of the bleach band observed in the trans-to-cis
direction had an additional time constant of 1.2 ps reflecting an
additional pathway. The evolution of the kinetics after 4 ps was
attributed to the S; — S, internal conversion because cooling
was inconsistent with the evolution of the cis spectra. After
subtracting transient bleach and product spectra, the pure ESA
signal showed an additional contribution at 300 nm rising with
a time constant of 1 ps, while the original ESA bands decayed
on the same time scale. This ESA was attributed to an
intermediate “dark” state decaying in 16 ps through the S; — S,
conical intersection.

The interpretation in ref 746 differs substantially from
previous publications by the Zinth group,””*”"°”*% and by
Tahara and co-workers,”*>*** who assigned the time constant
of 16 ps to vibrational cooling. However, the new information
obtained in the UV spectral region gave a clear indication that
cooling makes only a minor contribute to the signal on that
time scale. This was further confirmed by time-resolved
fluorescence measurements pointing to a 12 ps contribution
and supportive of a long-lived species.

By comparing absolute intensities, Ernsting and co-workers
concluded that 50% of the S, population upon 7z* excitation
does not reach the S, state at the same region as under nz*
excitation. This differs from the conclusions by Tahara and co-
workers that all of the S, population passes through the same S,
region as under nz* excitation. However, Ernsting and co-
workers pointed out that the latter conclusions critically depend
on the absolute values of parameters like lifetimes, which differ
by up to 30% in reports from different groups.

The short-time kinetics of the trans isomer were found to be
solvent independent, whereas the long-time kinetics depended
on solvent polarity/proticity but not on viscosity. From the
comparison with the values obtained for stilbene it was
concluded that the isomerization mechanism must be different.
The various reaction pathways are depicted in Figure 71 and
were described as follows. Both trans-to-cis and cis-to-trans
conformations isomerize upon photoexcitation to the nz* (S,)
state through Cls to the ground-state manifold. Contrary to
stilbene there is not a single branching point in azobenzene, but
two independent Cls leading to different yields when starting
from the cis or trans conformation, respectively. Similar to
stilbene, in the cis-to-trans isomerization the CI is reached in a
barrierless relaxation whereas in the trans-to-cis isomerization a
thermally activated barrier of 8 kJ/mol has to be overcome.
When photoexciting in the zz* band, the dynamics become
even more complex. Both cis and trans isomers enter a CI on a
barrierless pathway from the Franck—Condon active region.
Each of these CI provides two pathways, leading (a) to the S,
state in the trans conformation and (b) to the ground-state, but
through a region on the S, state which is not reached by nz*
excitation. Under steric constraints the latter pathway is shut
down, leading to a full population transfer to the S, state and
relaxation to the ground state along the same pathway as under
S, excitation. Quasi-stationary intermediates were found in the
transient spectra for which there were no indications on the
inversion pathway in the available quantum chemical
calculations. The inversion as an isomerization mechanism
was therefore ruled out. Instead, the hula twist was proposed as
the most probable mechanism being consistent with the
experimental findings. The independence of the isomerization
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dynamics on viscosity further supported the hula twist motion
being the most probable isomerization mechanism.

Numerous quantum chemical calculations were performed
on the Sy and S, potential energy surfaces of azobenzene and
on possible reaction pathways.”**”**7=*!> Many of these
studies considered torsional motion as the reaction coor-
dinate,*7 7812 though the hula-twist motion seem to be the
most probable one, 7% 7581378 yith  regard to the
experimental findings.”*

Unraveling the mechanism of the ultrafast isomerization
dynamics of the retinal chromophore of the rhodopsins was an
important driving force in the development of ultrafast
lasers.*’*"*'” Being beyond the scope of this review, which is
not focused on biological systems, it is still worth noting that
this was also the first system for which a “pedal-like”
isomerization under stron§ steric constraints, the hula-twist
motion, was proposed.”*”**® As mentioned before, the very
same mechanism was also recently proposed as the most likely
one to be found in azobenzene.”*® On the other hand, none of
the molecular systems in liquids investigated over the past few
decades seem to exhibit such a highly efficient one-way reaction
pathway as retinal. Even when a direct road without barriers
leads straight to the CI, which guides the reaction to the
product state, it still seems to be necessary to appropriately
dress the shape of the excited state potential surface by means
of a specially tailored environment as to obtain straightforward
channelling, as it is achieved by the binding pocket of retinal in
the protein environment.

4.1.3. Cyanine Dyes. Since the 1980s, cyanine dyes have
received considerable attention by the time-resolved spectros-
copy community. The work on cyanine dyes until 1999 was
reviewed by Behera and co-workers.”*" Time-resolved studies
in that period used cyanine dyes mainly to investigate thermally
activated and barrierless photochemical reactions and to test
corresponding theories by Kramers, by Grote and Hynes,””"””*
and by Bagchi, Fleming, and Oxtoby.***

Within this framework, Velsko, Waldeck, and Fleming
showed that the rate constants of the ground- and excited-
state isomerization of 115 correlate with solvent viscosity in
linear alcohols (chart 23).°*’ However, one-dimensional
Kramers theory was not able to reproduce the experimental
data when describing the friction by the overall rotation time or
by solvent viscosity. A frequency—de7pendence of the friction, as
suggested by Grote and Hynes,””"””* had to be introduced to
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Chart 23. Structures of the Cyanine Dyes Discussed in This
Section
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Figure 72. (A) Steady-state absorption spectrum of 117 in methanol. (B) Schematic one-dimensional model accounting for the photoinduced
processes. (C) Schematic contour plot illustrating the temporal evolution of the emission as the system evolved on the excited-state potential.

Reprinted from ref 835. Copyright 2007 American Chemical Society.

improve the fits. The authors concluded that more
experimental data would be needed to understand the reasons
for the breakdown of Kramers theory and to clarify the
interplay between the frequency dependence of friction on one
side and the barrier height and sharpness on the other side.
The solvent effect on the barrier crossing during photo-
isomerization of various czanine dyes was studied by
Sundstrom and co-workers,*** measuring the ground-state
recovery. The authors found a power law dependence of the
relaxation rate on the solvent viscosity
ki, x 1 ” (88)
where 7 is the solvent viscosity and the parameter « is used to
characterize the viscosity dependence of the nonradiative
relaxation rate. A good match with experimental data was
found for various cyanine dyes in different solvents. Based on
this viscosity dependence, the isomerization mechanism was
interpreted as torsional motion of the quinolyl groups about the
C—C bond in the polymethine chain. The Sundstrém group
also investigated the solvent-dependent barrier height of the
excited-state photoisomerization of 116 in n-alcohols and found
substantial changes between different solvents.””> Deviations
from Kramers theory were discussed in terms of potential
barrier shifts. Sundstrom and co-workers also compared the
photoisomerization dynamics of 117 and trans-stilbene in n-
alcohols as model systems for barrierless photochemical
reactions.®”® For the latter two, an Arrhenius-type temperature
dependence was found, also supported by fluorescence up-
conversion measurements.””’ The cyanine dye on the other
hand exhibited a more complex behavior, which did not fit into
the framework of an Arrhenius-type temperature dependence.
Vauthey reported on the isomerization dynamics of a
thiacarbocyanine dye in the S, and S, electronic states in
different classes of solvents and at different temperatures using
transient grating spectroscopy.”® None of the obtained data
sets could be reproduced using Kramers theory, even when
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using modified values for the friction, because the exper-
imentally obtained isomerization rates were larger than
predicted by the hydrodynamic Kramers model. Using a
frequency-dependent friction as proposed by Bagchi and
Oxtoby,”” agreement with the Grote—Hynes model””" was
found.

Xu and Fleming reported on the isomerization dynamics of
117 studied by three-pulse photon-echo, transient grating and
transient absorption techniques.””’ A multimode Brownian
oscillator model based on the various Feynman diagrams
associated with the different experimental techniques was used
to rationalize the obtained kinetics. The transient grating signal
probing the S, « S, transition showed a fast component of
about 100 fs and a slower one of a few picoseconds. In the
transient absorption experiment, a monoexponential ground-
state recovery was observed and attributed to a bond twisting in
the excited state because the rate was found to depend strongly
on solvent viscosity and temperature. Furthermore, the
isomerization yield was found to depend on the excess energy
of the photoexcitation. The slow relaxation process of a few
picoseconds on the excited-state potential energy surface was
identified as the overall rate-determining process. The authors
concluded that, though the three employed experimental
techniques had been shown to yield the same results when
monitoring solvation dynamics, they resulted in very different
and apparently contradictory wavelength dependencies in the
case of the isomerization dynamics studied. Despite the
simplicity of the molecular system, the dynamics turned out
to be sufficiently complex such that using only a single
technique could have easily led to misinterpretations. As a
matter of fact, the development of broadband techniques,
which enable access to reliable photometric information, was
only at its starting point at the time of this study. With the
improvement of spectroscopic tools and computational power
and methods, the research after the year 2000 could gradually
shift toward a detailed monitoring and modeling of the
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photoinduced population on the excited-state potential energy
surface, away from pictures involving one-dimensional and
sequential pathways.

Robb, Olivucci, and co-workers reported on CASSCF studies
on polymethine cyanines where they found a sequential
deactivation pathway. This involved first a barrierless skeletal
stretch coupled with a twisting motion, followed by a decay to a
TICT state which finally decayed to the photoproduct via an
adjacent CL*' The findings could account for the bimodal
fluorescence decays observed by Sundstrom and co-workers.*””
The realization that ultrafast internal conversion, which is often
mediated by a CI, requires at least two molecular coordinates to
occur, was a major development in this field.

Gerber and co-workers reported on the isomerization
reaction of 118 investigated by single-wavelength and broad-
band transient absorption.**>*** Supported on a semiquantita-
tive level by quantum chemical calculations, a CI was invoked
to account for the observed S, to S, internal conversion. Part of
the population relaxed back within 10 ps to the initially
photoexcited trans isomer, whereas the remainder deactivated
to the cis isomer, which was proposed in two different
configurations, labeled d-cis and cis. Both d-cis and cis
underwent a sequential and thermally activated back-reaction,
with d-cis decaying to cis within 600 ps and cis decaying back to
the trans form in 45 ps. Biphasic kinetics as well as the
computational results suggested that two competing pathways
were operative on the S, potential surface. The authors
suggested that potentially two separate CIs could connect the
S, and S; surfaces, leading to the two different cis isomer
conformations. In coherent control experiments,** the isomer-
ization yield was found to depend on the phase- and amplitude-
shape of the excitation pulse.

A series of papers on time-resolved studies of cyanine dyes
were published by Dietzek et al. Figure 72B schematically
shows the reaction scheme deduced from the transient
absorption experiments presented in refs 835 and 836.
Optimization of the absolute yield of the photoisomerization
of 119 could be achieved by coherent control,**>**® while the
relative yield did not depend on laser parameters. It seemed
that the shape of the excitation pulse could be optimized such
that the interplay between population transfer from the S; to
the S, state and the onset of the moving wavepacket on the S,
potential energy surface led to a more efficient population of
the S, state. Inhibiting a higher order Rabi-like pump-dump
step during excitation was proposed to be the main mechanism.
Three-pulse photon-echo and transient grating experiments
showed that the internal conversion rates did not follow a
conventional shear viscosity dependence.””” The authors
suggested that the local solvent friction would have to be
taken into account. The dynamics observed in transient
absorption measurements on pseudocyanine were discussed
in a one-dimensional picture with the torsion angle as reaction
coordinate.””*** Spectral dynamics were attributed to the
motion of a wavepacket created by photoexcitation on the
excited-state potential well toward the sink region. The
dynamics were discussed with a sequential model of three
distinct processes: (i) spectral broadening of the initially
created population distribution, (ii) directed and barrierless
excited-state torsional motion, and (iii) Brownian torsional
motion coupled to the transition back to the ground-state. A
pump-shaped dump sequence was used to identify the observed
nuclear motions.

Nuclear wavepacket motion in the photoisomerization of
117 in ethylene glycol was reported by Tahara and co-workers
using a pump-dump-probe spectroscopy.”” In this technique,
the excited-state population was dumped back to the ground
state through stimulated emission. The efficiency of the
dumping step was then monitored by means of a third
ultrashort pulse. Three time scales were found in the transients,
100 fs, 7 ps, and 17 ps. The first was ascribed to the escape of
the S; population from the initial Franck—Condon region. The
second, identical to the lifetime of the S, excited-state
absorption deduced from transient absorption experiments,
was ascribed to the passage through the S,/S, CIL. The slowest
time scale was attributed to vibrational cooling, though other
potential contributions could not be excluded. Short rise times
in the dumping efficiency were observed to depend on the
wavelength of the dumping pulse. The authors interpreted this
finding as the signature of a wavepacket motion on the S,
potential energy surface. The evolution of the wavepacket on
the simplified upper potential surface is shown in Figure 73.

“OOT .' . TBDJO
Trans Cis @ :
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Figure 73. Schematic illustration of the wavepacket motion on the S,
potential during trans-cis photoisomerization of 117 deduced from
pump-dump-probe experiments. Reprinted from ref 839. Copyright
2011 American Chemical Society.

Opposing slopes of the Sy and S, surfaces when leaving the
Franck—Condon region, rising on S, and decreasing on S,
specifically, were invoked to account for the observed
slowdown of the dumping efficiency when dumping further
in the near-infrared. Since the potential difference decreases
along the reaction coordinate when moving away from the
Franck—Condon region, the Franck—Condon window for
dumping shifts to the red during the evolution of the
wavepacket toward the bottom of the excited-state potential
well. Accordingly, as the wavepacket is probed more in the red
part of the spectrum, the signal measured after the dump pulse
appears later. The authors proposed that, similar to gas phase
experiments, the obtained information could be used in
combination with MD simulations to obtain information on
the shape of the excited-state potential surface.

Solvent tuning of a CI in a merocyanine derivative was
reported by Haas and co-workers.”*' The prediction of a
lifetime shortening as a function of solvent polarity®** was
verified. In toluene, a lifetime of the excited state of 0.3—0.4 ps
was found, whereas in the substantially more polar acetonitrile
the lifetime increased to 0.9—1 ps. The effect was attributed to
the dependence of the S; — S, gap on the environment.

Ernsting, Santoro, and co-workers®* studied the barrierless
photoisomerization of the “simplest cyanine” 120 using three
broadband techniques: transient electronic absorption, time-
resolved fluorescence and time-resolved Raman spectroscopy.
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Promptly rising stimulated emission was found to decay during
the first 320 fs after photoexcitation, while red shifting and
broadening at the same time. Meanwhile, the ground-state
bleach remained unchanged. Within 1.5 ps, the stimulated
emission disappeared and the bleach started to recover on the
same time scale. These observations were attributed to internal
conversion to the hot ground state. The corresponding spectral
signature grew to a maximum at S5 ps. Time-resolved
fluorescence revealed bimodal kinetics together with a red
shift. The authors attributed these dynamics to an initial
emitting state decaying within 130 fs to an intermediate weakly
emitting state with a lifetime of 880 fs. To obtain an isolated
Raman spectrum of the excited state, the amplitude of the
observed electronic ground-state bleach was used for
subtracting a scaled ground-state Raman spectrum from the
experimental raw data. The optimal residual was found by
minimization. The initial transient Raman spectrum was found
to decay within 90 fs, close to the time resolution of the
experiment. The subsequent signature grew in within S ps and
changed gradually to the “final” transient Raman spectrum at 29
ps. Using quantum-chemical calculations, the authors deter-
mined the minimum energy structures of the S, and S,
potential energy surfaces, as well as the minimum energy
path from the Franck—Condon region to the global S,
minimum. Furthermore, vibrational resonance Raman spectra
were calculated for the three different isomers. A series of seven
empirical states named N, O, P, Q, R, S and X (Figure 74) with
virtual species-associated spectra were then used to analyze the
experimental observations in a global multiexponential fashion
and to map the experimental transients to regions of the
minimum energy path. Figure 74 shows the reaction pathway as
proposed in ref 840. The authors concluded that, even with the
simplest cyanine and a large amount of high-quality
spectroscopic data from three different experimental methods,
it was not possible to derive a picture of the barrierless
photoisomerization based on experimental observations only.
It seems worthwhile to note that though the potential energy
diagram in Figure 74 differs only in the details of the shapes of
the potential wells from those presented in the earlier works

there is an important change in the underlying picture. Earlier
schemes commonly depict potential energy curves on a one-
dimensional reaction coordinate whereas Figure 74 illustrates a
reaction pathway following the minimum of a potential energy
surface of higher dimensions. Of course, the former schemes
are also understood to be part of the full multidimensional
configuration space. However, in the early era of ultrafast
spectroscopy it had not been yet established that a one-
dimensional picture misses the possibility of a conical
intersection being involved and disregards therefore an
important, if not the most important, class of reaction and
relaxation pathways involved in ultrafast isomerization reac-
tions.

4.1.4. Concluding Remarks. Three decades of intensive
research on ultrafast isomerization dynamics revealed that even
in very small molecular systems with only a single possible
reaction coordinate, like in stiff stilbene, reactions show quite
complex dynamics. In only slightly more complex molecular
systems the dynamics can be considerably richer, including
violation of the Kasha—Vavilov rule. Influences of the
fluctuating solvent environment may lead to branching into
several different and competing pathways as observed in stiff
and parent stilbene. The complexity of the multidimensional
excited-state potential energy surfaces adds further challenges
to experimental and computational studies. We are probably
still at the starting point of a more detailed understanding of
ultrafast isomerization, which is only likely to be achieved
through identifying common patterns in systematic libraries of
high quality experimental and computational data yet to be
collected. The example of retinal on the other hand shows that
such reactions can be channelled with very high efficiency into a
single direction when a direct pathway without barriers leads
straight into the CIL This is noted to be particularly efficient
when the chromophore is contained within a specially tailored
environment which removes all the bumps and potholes to be
found on common photochemical roads.

4.2. Conical Intersections

Figure 75 illustrates the progress in understanding ultrafast
internal conversion processes in photochemical reactions over
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cis—trans isomerization (green arrow): (a) Fermi golden rule picture,
(b) avoided crossing picture, and (c) current conical-intersection
picture.

the past decades from a Fermi golden rule picture to Cls. Basic
aspects of the theory of nonadiabatic transitions were recently
reviewed by Malhado, Bearpark, and Hynes,®*’ and by
Takatsuka and co-workers.*** Here, a short historical overview
of the models is given as they were invoked to rationalize
experimental findings in the domain of ultrafast spectroscopy.
Early models of nonradiative transitions were founded on
Fermi’s golden rule in the context of energy level diagrams on
the basis of the Born—Oppenheimer approximation.***~**
These pictures are essentially zero-dimensional, in the sense
that the nuclear coordinates are integrated out when
determining the coupling matrix elements.*** The simplest
picture, which displays both the decay of the S, state population
and the population of the S, state, is a one-dimensional two-
state model with an avoided curve crossing. The first time-
resolved experiments on photoisomerization were mostly
interpreted with such a picture in mind. However, the predicted
rates turned out to not be in agreement with experimental
observations once femtosecond time resolution was
achieved.”*!767777849=851 1y addition, the more detailed the
information the emerging experimental methods were able to
provide, the more difficult it became to account for the
observations with pictures based on concepts which are
essentially one-dimensional.

Since then, a picture emerged which takes into account Cls,
i.e, regions of the conﬁ§urati9n space where multiple electronic
states are degenerate.”””**”*? When the coupling between the
adiabatic states becomes large in such regions, as a
consequence, the Born—Oppenheimer approximation breaks
down. Emerging computational methods showed that Cls are
present in many chemical systems. It is now well accepted that

CIs play a central role in photochemistry,”**~"*° because they
often provide efficient pathways for rapid nonadiabatic
transitions between electronic states.

Dynamics through Cls must involve at least two dimensions
because, in a single dimension, an avoided crossing would to be
found instead of a CI. Hence, one-dimensional schemes or
schemes based on a single reaction coordinate are no longer
appropriate when the observed rates are beyond predictions of
the energy-gap law. Two different types of CIs can be
distinguished,>>**%%>*7%% so.called peaked and sloped Cls
(Figure 76). The former exhibit a funnel-like shape and provide
very fast pathways, whereas the latter resemble a potential well
with a barrier to be overcome before crossing to the lower
electronic manifold may occur. Sloped versus peaked CIs in
trans- and cis-stilbene, respectively, could for example account
for the barrier crossing observed in the trans-to-cis isomer-
ization in stilbene and stiff stilbene, and barrierless dynamics in
the cis-to-trans reaction. Both of these examples were discussed
in section 4.1.

Isomerization throu%h CIs was reviewed a decade ago by
Levine and Martinez.”*® Using ethylene as example, they
showed that an adequate description needs at least two
dimensions and three electronic states. The picture shown in
Figure 75c gives a brief schematic between CIs and
isomerization.

It has been pointed out that the shape of the potential energy
surface in the vicinity of CIs seems to be very sensitive to the
electric field around the molecule.”*>****>° Apparently, such a
mechanism is used by nature to optimize the yield of the retinal
isomerization by steering the reaction with very high speed into
a single channel. Hynes and co-workers discussed peaked
versus sloped CIs in the context of the influence of the solvent
on the photoisomerization of the protonated Schiff base.”*>**
Yarkony,754 Takatsuka and co-workers,*** and Malhado et al.***
reviewed the increasing recent efforts toward the understanding
of nonadiabatic photochemical processes beyond the Born—
Oppenheimer approximation.

4.3. Nonreactive Processes

In pure photophysical cycles, where the final “product” state is
identical to the initial “reactant” state, ultrafast nonradiative
deactivation processes were observed in several classes of
substances. The understanding of internal conversion has been
pioneered by Englman and Jortner,” who formulated the
energy gap law for relaxation between electronic states or
involving the rearrangement of an electronic state in the
essentially zero-dimensional framework of Fermi’s golden rule.
From the refined understanding of internal conversion through
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Figure 76. Schematic representation of peaked (a) and sloped (b) conical intersections.
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ClIs as outlined in the previous section, it is clear that electronic
relaxation processes with rates beyond those predicted by the
energy gap law need to involve at least two intramolecular
coordinates, like the combination of a stretch and a twist. A
relaxation along a single coordinate would lead to avoided curve
crossings and essentially point back to the energy gap law.
Many molecular systems have been investigated during the
past decade, which exhibit nonradiative deactivation rates
beyond the energy gap law.**~*°° Among them, open-shell
ions are known for the ultrafast nonradiative decay of their
excited states. Here, we concentrate on the excited-state
dynamics of these radical ions and limit ourselves to a single
example of a neutral molecule, namely malachite green (121a,
MG; Chart 24). In most of these cases, the ultrafast

Chart 24. Structure of Some of the Molecules Undergoing
Ultrafast Nonradiative Decay after Optical Excitation
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nonradiative decay was proposed to involve substantial nuclear
motion, similar to the isomerization reactions discussed in
section 4.1. However, contrary to these processes, the passage
through the CI is not followed by further nuclear motion
toward a product, but continues with nuclear motion back to
the initial ground-state geometry (Figure 75c).

In the group of substituted triphenyl methane dyes, a well-
known example of ultrafast nonradiative deactivation is MG.
The first time-resolved experiments by Ippen et al. revealed a
ground-state recovery of MG of 2.1 ps in methanol.**® The
time constant of this process was found to depend on solvent
viscosity. After this report, several investigations of the excited-
state dynamics of MG, focusing on its viscosity and/or
concentration dependence, were published.867_872 Based on
these results and on QC calculations,®*” it now generally
accepted that the excited-state decay of MG and close
derivatives involves large amplitude motion of the phenyl
substituents around the bond to the central methane carbon
toward a CI with the ground state. Once in the ground state,
the molecule undergoes back-twist to the equilibrium ground-
state geometry. This viscosity dependence of the excited-state
lifetime of MG was subsequently used to probe friction at
various interfaces.”’>*"*~7¢

Open-shell radicals are generally nonfluorescent because of a
very short-lived D, state. Gumy et al. investigated the ground-
state recovery dynamics of the perylene radical cation, Pe-*, as
well as the radical anions of perylene and anthraquinone.®””
They found that, whereas the excited-state lifetime of Pe:" in a
boric acid glass amounted to 35 + 3 ps, the D, lifetime of all
three radical ions in liquid was shorter than 15 ps, the IRF of
the experiment. Later on, Brodard et al. found a 100 ps lifetime
for Pe-* in low-temperature rigid matrices."’® On the other
hand, Zhao et al. found <200 fs excited-state lifetime for
biphenyl and naphthalene radical cations in boric acid glass and
confirmed the longer decay time of Pe-*.*”" In a subsequent
series of three papers, Bearpark, Robb, and co-workers reported

on quantum-chemistry calculations of the excited-state
dynamics of naphthalene,*** pyrene,**' and perylene radical
cations.”® For the former two cations, they found the presence
of two sloped D,/D, and D,/D, Cls associated with in-plane
distortion that could easily be accessed to upon D,,, < D,
excitation.”*>**" For Pe-*, no such planar D,/D, CI could be
identified,*® explaining the longer excited-state lifetime of this
cation, compared to those of naphthalene and pyrene.

Hammarstrom and co-workers studied the femtosecond
dynamics of the methyl viologen radical cation (122) using
transient electronic absorption.”® A rapid deactivation within
0.7 ps was found as well as an intermediate with a 1 ps lifetime.
A signal decaying on a 16 ps time scale was attributed to a
contribution from the hot ground state. The authors explained
these dynamics using a model with a branching from lowest
vibrational level of the D, state toward the two intermediate
states, on of them being identified as the vibrationally hot
ground state. The spectrum of the first intermediate could not
be assigned due to its broad and unstructured nature, though it
was obvious that it belongs to the ground-state manifold since it
is populated upon leaving the lowest level of the D, state. In
comparison with signatures of hot ground-state populations to
be found elsewhere,"*" the isolated signature of a ground-state
vibration in a transient electronic absorption spectrum found
here seems to be rather unique.

The ultrafast internal conversion of two fullerenes (Cg),
specifically mono- and dianions, in solution was studied by
Meech and co-workers.*** The ground-state recovery kinetics
showed a 3.5 ps exponential decay of the bleach signal to a
long-lived plateau in the monoanion and a dominant 400 fs
recovery in the dianion. By comparison with gas-phase
experiments, it was concluded that mainly intramolecular
processes are responsible for this ultrafast internal conversion.
The plateau was attributed to a long-lived bottleneck state, the
latter due to its population on a few picosecond time scale.
Low-lying vibronic states of the Jahn—Teller ground-state
manifold were proposed or a photoinduced process in the
excited state like an electron detachment as possible candidate
for the ultrafast nonradiative decay.

The excited-state dynamics of Wurster’s blue (123, WB)
were studied by Grilj et al. using combination of fluorescence
up-conversion, transient electronic absorption and quantum-
chemical calculations.”® The emission yield upon D, « D,
excitation was found to strongly depend on temperature. The
D, — D, fluorescence quantum yield increased from <107°
(the detection limit) at room temperature to 0.02 at 82 K. Over
the same temperature range, the fluorescence lifetime changed
from 210 fs to 650 ps. Transient electronic absorption
measurements showed that the ultrafast decay of the D, state
lead directly to the vibrationally hot D, state. Interestingly,
these dynamics were found to be essentially independent of the
solvent. These results could be rationalized with the help of
quantum-chemical calculations that identified a D,/D, CI,
separated from the Franck—Condon active region by a shallow
barrier, associated with the torsion a dimethylamino group
(Figure 77). This investigation was later extended to Wurster’s
salts with other N substitutions.*® All the cations in this study
were found to have a ~ 200 fs excited-state lifetime at room
temperature and to light up below 120 K, with the exception of
one with bulky isopropyl nitrogen substituents, which did not
exhibit any detectable fluorescence even at 12 K. The authors
suggested that, whereas the twist motion of an amino group
could explain the ultrafast decay of the Wurster’s salts with
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Figure 77. D, potential energy surface of WB in methanol along the
two coordinates responsible for the ultrafast nonradiative decay. The
two paths from D, toward D,/D, ClIs are represented with dashed
lines. Reprinted with permission from ref 65. Copyright 2011 Wiley-
VCH Verlag GmbH & Co.

small substituents, another CI involving other coordinates, like
pyramidalization, should be responsible for the nonradiative
decay of the Wurster’s cation containing bulky substituents.

Ultrafast internal conversion via Cls can generally be
anticipated to occur with flexible molecules, especially those
for which the excited-state equilibrium geometry differs largely
from that of the ground state. The prevalence of Cls for the
radical ions of rigid molecules such as naphthalene or perylene
may be surprising at first glance. However, these molecules
become much more “floppy” upon ionization and subsequent
nm* excitation. This, together with their generally high density
of electronic excited states and their relatively small D,-D gap,
explains why their photophysics are apparently dominated by
Cls.

4.4. Photochromic Systems Undergoing Bond-Rupture

Photochromic systems undergoing bond-breaking/making
(Figure 78), either via electrocyclic reactions (diarylethenes,
fulgides) or simple bond rearrangement (spiro-compounds/
chromenes), are currently receiving a lot of attention as
molecular and biomolecular switches for numerous applications
ranging from photocontrolled switching of enzyme activity,
optical data storage to the modulation of energy and electron
transfer processes.

On the other hand, from a fundamental point of view, they
constitute excellent prototypic systems for studying the impact
of the nature of the relevant electronic states and the chemical
structure (or the dynamics) of the molecular environment on
the ensuing ultrafast dynamics. This then also enables a study of
their influence on parameters as diverse as photostability or
product quantum yields. In particular, many of the studied
systems have at least one CIs. The topology around these,
which determines the fate of the excited state species, shows
distinct temperature and solvent dependent dynamics and may
even exhibit pronounced excitation wavelength effects. In many
cases the excited state lifetimes are so short that hot ground-
state features and vibrational cooling dynamics, as well as

open form closed form
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fulgide
(@]
|
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absorption in the UV

Figure 78. Open and closed-ring forms of the three classes of
substance discussed.

subsequent product isomerization reactions in the ground state,
are commonly observed.

Here we will discuss the ultrafast dynamics of the most
prominent photochromic species but restrict ourselves to
studies performed after the review by Tamai and Miyasaka.**®
One of the most simple imaginable systems that undergoes a
ring opening/closing reaction is 1,3-cyclohexadiene/1,3,5-
hexatriene. However, its dynamics were recently exhaustively
reviewed by Weber and Das® as well as Arruda and
Sension.*®

4.4.1. Diarylethenes. Diarylethenes (DAEs) can be viewed
as stilbene derivatives, with the phenyl rings of stilbene replaced
by five- (or higher) membered heterocyclic rings, such as
thiophene, furan or benzothiophene rings, which possess low
aromatic stabilization energy. While their exceptional properties
and versatile use as technologically relevant photochromic
molecules have been extensively reviewed by Irie and co-
workers,***” their thermal stability, the spectral differences
between their open- and closed-ring isomers, as well as the
large number of coloration/decoloration cycles they can
undergo have made them ideal candidates for mechanistic
investigations using ultrafast optical spectroscopy.

The photochromism of DAEs is based on the pericyclic ring-
opening and ring-closure reaction between the central 1,3,5-
hexatriene and 1,3-cyclohexadiene moieties™" according to the
Woodward—Hoffmann rules®”* (Figure 79). It allows for a vast
variation of color changes by structural modification of the
heterocyclic rings.*”’

The ultrafast excited-state dynamics of DAEs were studied
extensively in the liquid phase,g%_924 as well as in the solid
phase to a lesser extent,””>**~"* and were extensively
reviewed in the recent literature,***#%%5%

Despite the various possible chemical modifications, both on
the central double bond bearing cyclopentene and on the
heteroaromatic rings, there are common features to all of the
diarylethene molecules studied so far by ultrafast techniques,
which are tentatively summarized in the potential energy
diagram shown in Figure 80 and the absorption spectra in
Figure 79: (i) The closed-ring isomer (C) has a pronounced
absorption band in the visible region, which is well separated
from the absorption spectra of the open-ring isomers (O),
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Figure 79. Chemical structures of the open- (black) and closed-ring
isomers of 125b and corresponding absorption spectra. Adapted from
ref 890. Copyright 2014 American Chemical Society.
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Figure 80. Tentative potential energy scheme for the ring opening/
closing reaction of DAEs. The pump—pump—probe pathways and the
corresponding tentative excited state potentials are also given. The
times are indicative for 124b and taken from ref.”"” Adapted from ref
920. Copyright 2014 American Chemical Society.

which absorb at higher energies. (ii) The open-ring form exists
as parallel (P-form) and antiparallel (AP-form) conformers,
with only the AP-form being able to undergo the ring-closing
reaction (see e.g. scheme 16 in ref 889 for the geometry of the
two forms). (iii) The ring-closure reaction proceeds in an
activationless manner whereas (iv) the ring-opening process is
an activated process. Chart 25 gives an overview of the open-
form structures of the relevant samples discussed in this
subchapter.

4.4.1.1. Thiophene-Substituted DAEs (124—125). 4.4.1.1.1.
Cyclization. In a series of papers, Ern et al. investigated the
cyclization (and reversion, vide infra) dynamics of 125¢,"”* a
dianthryl derivative®™” (ant-125a) and a dibenzoyl-phenyl-
ethinyl (bpe-125a) derivative’” of 125a using fs transient
electronic absorption. For all three samples a mixture of
reactive AP and unreactive P-form open conformers was
excited. After excitation both types of conformers underwent
fast electronic-conformational relaxation within approximately
1 ps. Subsequently the unreactive conformer showed

fluorescence with a lifetime distribution of 100 to 400 ps.*”

The reactive AP-form conformer, on the other hand, relaxed to
a precursor state, the lifetime of which was strongly dependent
on the energy of the S, state of the open isomer. This lifetime
increased from 2 to 6 and to 10 ps for S, energies decreasing
from 4.1 to 3.5 and to 3.2 eV for 125c¢, bpe-125a, and ant-
125a, respectively. Calculations based on the collective
electronic oscillator approach”*”*" pointed toward a rather
flat energy surface along the reaction coordinate (the carbon—
carbon distance between the methyl-group-bearing carbon
atoms of the two thienyl groups) up to a distance of
approximately 3 A. The slope of the energy surface at closer
distances, i.e., the region of the conical intersection between S,
and Sy, becomes steeper the larger the excitation energy of the
molecule. Thus, the cyclization reaction was found to be
essentially downhill and barrierless.”’”

In support with a barrierless process, Bertarelli and co-
workers observed an ultrafast cyclization of a polymer of 125a
in chloroform on a sub-200 fs time scale using broadband
transient electronic absorption.”’

Okabe et al. used picosecond time-resolved Stokes Raman
spectroscopy with a time resolution of 4 ps to study the
cyclization of 125b in 1-butanol and ethylene glycol.””” The
cyclization, which was monitored by following the time
evolution of two Raman bands at 1551 and 1592 cm™
(ascribed to the closed form in the electronic ground state),
was found to occur in 4 ps and to be followed by vibrational
cooling with a 10 ps time constant. The viscosity independence
of the cyclization pointed to a barrierless or only slightly
activated reaction. Time-resolved fluorescence experiments
yielded a distribution of sub-ns to ns lifetimes, which were
attributed to the emission of the unreactive parallel open-form
conformer.

Hania et al. investigated the ring-closing reaction of 124a and
124¢ in cyclohexane at room-temperature using polarization
selective broadband transient electronic absorption with a 90—
110 fs time resolution.””*”'® For both molecules, which only
differed in the substituents of the central double-bond bearing
five-membered ring, the ring closing dynamics could be
subdivided into three steps, namely preswitching, ring-closing
and postswitching dynamics. In the preswitching step, the
Franck—Condon excited state rapidly mixes with nearby dark
states, leading to excited state relaxation to a partially ring-
closed state on the 50 (124a) to 70 fs (124c) time scale. In the
ring-closing step, population transfer to the hot ground state of
the closed form takes place on the 0.9 (124a) to 4 ps (124c)
time scale. Finally, in the postswitching step, the hot ground
state relaxes to thermal equilibrium during the first 100 ps, thus
completing the switching process. The open conformers which
were unable to undergo cyclization experienced preswitching
dynamics, which were then followed by population relaxation
to the ground state of the open form. Comparing the two
compounds Hania et al. concluded that, while the fluorinated
switch 124a was better, i.e., faster and more efficient than the
nonfluorinated switch 124c, the latter provided a much clearer
experimental picture of the involved mechanisms.

Almost ten years later, Elles, Scopigno, and co-workers
investigated the cyclization dynamics of 124b using fs
broadband transient electronic absorption and fs stimulated
resonance Raman in cyclohexane at room temperature.”'” The
higher structural selectivity offered by transient vibrational over
transient electronic spectroscopy allowed them to gain further
insight into the structural evolution after UV excitation. By
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Chart 25. Most Prominent DAE Structures Investigated by Ultrafast Spectroscopy”

X X

IR,

124a: R,=CHj; Ry=H; R3=Ph; X=F

124b: R,=CHs; R,=CHg; R3=Ph; X=F

124¢: Ry=CHg; Ro=H; Rg=Ph; X=H

124d: Ry=CHg; Ry=H; R3=Ph; X=F

124e: R;=0CH3; R,'=CHg; Ro=H; R3=Ph; X=F
124f: R,=0CHj; R,=CHg R4=Ph; X=F

125a: R;=CHg; Ry=Rs=H; X=F
125b: Ry=CHg; Ry=H; R3=CHg X=F
125¢: R,=CHg; Ry=H; Ry3=CHO; X=F

12Ba: n=2
1&:: n=4

126a: R;=CHg; R,=H; X=F
126b: Ry=CHy; R,=COCH3; X=F

(CHz)p

127a:R,=R,=R3=CHy; X=0
127b:R;=R;=R3=H; X=NCH;
127¢c:R=R3=CHy Ry=H; X=NCH;3
127d:R =R 3=CHg; R,=H; X=NCH,PH

O WO

“If the primed and unprimed substituents are identical only the unprimed one is explicitly given.

tuning the Raman pump wavelength to the corresponding
resonances, the authors could selectively monitor the resonance
enhanced Raman signal of the nonreactive open form and of
the closed product form. The electronic spectra, on the one
hand, allowed the assignment of a complete electrocyclization
within a few hundred fs, very much in line with the findings by
Hania et al,”'® while the nonreactive open-ring conformer
underwent intersystem crossing with a 23 ps time constant. The
temporal evolution of the high frequency C=C stretch mode
of the central ethylenic bond (at 1503 cm™), on the other
hand, which is very sensitive to the degree of conjugation along
the backbone of the molecule and thus to cyclization, did not
reach the equilibrium ground state of the closed-ring product
for several tens of ps. The two complementary techniques thus
allow disentangling the sub-picosecond electronic dynamics
from the accompanying much slower structural rearrangement,
which extended up to 100 ps.

4.4.1.1.2. Cycloreversion. In parallel to the above-mentioned
cyclization, Ern et al. also studied the cycloreversion reaction of
125¢, ant-125a, and bpe-125a.897’899’902 The combination of
the collective electronic oscillator approach, semiempirical
calculations and femtosecond transient electronic absorption
allowed for a clear picture of the cycloreversion reaction.
Immediately after excitation, the systems underwent structural
relaxation in 0.3—1 ps, evolving along the potential energy
surface toward a minimum, itself separated from the CI
responsible for the cyclization/cycloreversion process by an
energy barrier. The decay of the excited-state population in this
potential energy minimum occurs via efficient radiationless
deactivation in approximately 10 ps and rather ineflicient
cycloreversion with time constants of 325 ps for 125¢ and ca.
100 ps for ant-125a. For bpe-125a variations in the
cycloreversion yield by a factor of 6 were found, depending
on the different closed-ring isomers of the benzoyl-phenyl-
ethinyl substituents.

Okabe et al. used picosecond time-resolved anti-Stokes
Raman spectroscopy with a 4 ps time resolution to study the
cycloreversion reaction of 1,2-bis(3,4-dimethyl-S-phenyl-2-
thienyl)perfluorocyclopentene in acetonitrile.””” The vibration-
ally excited S, state of the open-form was populated within the
time-resolution of the experiment and decayed within 16 ps. In

addition, the authors concluded that the excess energy
generated by the cycloreversion reaction was mainly localized
on the C=C stretching mode of the cyclopentene moiety (at
1599 cm™') rendering it the main promoting mode of the
reaction.

Mathies and co-workers investigated the cycloreversion of
124b in cyclohexane using 2D FSRS.”** By monitoring the time
evolution of 21 excited-state Raman modes, the following steps
could be resolved: (i) nuclear relaxation out of the Franck—
Condon region within 0.5 ps, (ii) passage through the
transition state region with a 3 ps time constant, and (iii)
evolution of the system toward the CI between S, and S, with
ca. 6 ps time constant. Moreover, careful examination of the
oscillations of the excited-state Raman peak frequencies and
amplitudes and analysis of the correlations between different
vibrational mode properties allowed the authors to sort the
modes into reactive and unreactive ones. They could
demonstrate that, whereas the 191 cm™' methyl wag plays an
important role in the initial stages of the cycloreversion, the
strong anharmonic coupling between this mode and the 467
cm™' C—C bend, as well as the 1333 cm™ C—C stretch is
critically involved in the crossing of the transition state region.
Similarly, the authors could also identify the unreactive modes
responsible for the low overall quantum vyield of the
cycloreversion reaction.

Several groups found that the yield of the cycloreversion of
diarylethenes is significantly enhanced upon multiphoton
excitation, making it an interesting reaction from the
technological (multiphoton gatin )% as well as the mecha-
nistic points of view, 00P0%917,920952

Irie, Miyasaka, and co-workers used 100 fs and 15 ps pulses
in the visible to investigate the effect of multiphoton excitation
on the cycloreversion reaction of 124a”°”°*?** and 124d—f"**
in n-hexane as a function of the laser excitation intensity,
wavelength and pulse duration. For the fs-experiments, the
conversion yields were as low as under continuous illumination
(1-2%) and independent of the excitation intensity. However,
the ps-experiments resulted in yields of up to 40—70%, strongly
dependent on the excitation intensity (Figure 81a).””" Both,
femto- and picosecond experiments gave a ground-state
recovery time of 0.7—10 ps.””””** The authors were able to
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Figure 81. (a) Excitation-intensity dependence of the ring-opening
efficiency of 124d in n-hexane using 15 ps, 532 nm laser pulses. The
solid line is calculated using the reaction scheme in (b). Adapted from
ref 909. Copyright 2004 American Chemical Society.

rationalize all their results using a reaction scheme (Figure 81b)
in which the leading photons of the ps pulse promoted the
molecule to the lowest electronically excited state, from where
it is re-excited from the trailing photons to a higher electronic
state with a more favorable cycloreversion yield. The absence of
an enhancement with fs pulses substantiated the sequential
nature of the two-photon process. Additional one-photon
absorption experiments using a ns pulse at 266 nm, where
effective multiphoton processes are negligible, recovered the
results of the steady-state and femtosecond experiments,
providing further evidence that it is the nature of the excited
electronic state that is of crucial importance rather than the
energy of the incident light.””” One-photon pumping in the UV
did however significantly enhance the cycloreversion for a left—
right asymmetric derivative of 124a (1-(2-methyl-3-benzo-
thienyl)-2-(2,4-dimethyl-S-phenyl-3-thienyl)-perfluorocyclo-
pentene). This led the authors to conclude that the selectivity
of the cycloreversion reaction can be attributed to the
population of a specific electronically excited state, which is
optically forbidden for 124a and more allowed for its
asymmetric derivative.”*”

Ward et al. gained significant insight into the excited-state
topology of 124b using fs electronic pump—probe and one-""
and two-color”’ pump—repump—probe spectroscopy. They
found that the initially excited molecule first had to cross an
activation barrier on a time scale of ca. 3 ps before the
secondary pump (at S00 nm) could indeed enhance the
reaction yield (with an optimal time-delay of S ps), while re-
excitation before crossing the S, barrier had no impact on the
cycloreversion yield. These observations imply a large change of
the topology of the higher excited state as the molecule moves
along the reaction path (Figure 80).”"” The decrease of the
optimal time-delay between pump and repump pulses for
cycloreversion enhancement from S ps down to 100 fs upon
using a repump pulse at 800 nm instead of 500 nm suggested a
strong sensitivity of the higher excited state(s) to the initial
motic;;lo away from the Franck—Condon region of the S,
state.

4.4.1.2. Benzothiophene-Substituted DAEs (126). 4.4.1.2.1.
Cyclization. Shim et al. investigated the cyclization of 126a—b
in chloroform using steady-state as well as fs and ps time-
resolved fluorescence spectroscopy in combination with
quantum chemical calculations.”"' Both samples showed

biphasic fluorescence decays with 1 and 100 ps lifetimes. As
the unreactive P conformer was assumed to not significantly
contribute to the time-resolved emission spectra, given its low
radiative rate constant, the biphasic emission decay was
interpreted as originating from at least two different
conformations of the reactive AP-form conformer. While one
subpopulation undergoes fast direct cyclization, probably
through a CI, the other subpopulation undergoes activated
cyclization driven by solvation-controlled conformational
reorganization. The cyclization for 126a occurred mostly via
the “slow conformation”, while the fast channel played a more
pivotal role in the cyclization dynamics of 126b.

Irie, Miyasaka, and co-workers dedicated a series of three
papers to the viscosity,”'® temperature’’® and solvent polarity
dependence’ of the photochromism of 126a. To this end,
they employed transient electronic absorption spectroscopy
with approximately 80—100 fs time resolution in combination
with reaction quantum yield measurements. Excitation of the
mixture of reactive and unreactive conformers resulted in
biphasic dynamics with lifetimes in the 0.4—1.5 ps and 130—
200 ps ranges. The short component, attributed to the ultrafast
cyclization of the reactive conformer, was found to be
completely independent of solvent viscosity over more than 1
order of magnitude915 and almost independent, i.e., without a
clear observable correlation, of solvent polarity.”** In addition,
the cyclization reaction yield was found to be independent of
temperature over a range of almost 100 K.”'® Contrary to the
interpretation by Shim et al. the second, ca. 150 ps long,
component was attributed to the dynamics of the AP
conformer undergoing intersystem crossing to the triplet state
without any cyclization.”"> These experimental findings led the
authors to conclude that the fate of the reactive AP conformer,
such as the cyclization or deactivation back to the open-ring
isomer was entirely determined by the CI, which can be
reached without a barrier.
4.4.1.2.2. Cycloreversion. Shim et al. also studied the
cycloreversion reaction of 126a in n-hexane using femtosecond
time-resolved fluorescence and transient absorption measure-
ments.””® Both types of experiments showed a biphasic decay of
the photoexcited closed-form conformer with 4 and 22 ps, as
well as oscillations of the signal intensity due to a vibrational
wavepacket at 66 cm™'. The short component could not be
unequivocally ascribed to any process, and the 22 ps
component was suggested to reflect the time scale of the
wavepacket dynamics along the S, potential energy surface.
From the insensitivity of the emission decay on the pump
wavelength together with the observed wavepacket motion, the
authors concluded that the energy barrier for the cycloreversion
was reasonably high and that the ring-opening reaction
proceeded essentially via nonadiabatic curve crossing of the
initially prepared state and the open-form ground state.

In analogy to the studies on the multiphoton %ated
cycloreversion of the structurally similar 124a,”°%%%%%
Miyasaka et al. performed fs and ps experiments on the
cycloreversion of 126a.”°° In agreement with the findings for
124a, they observed an enhancement of the cycloreversion of
more than a factor of 50 upon ps excitation when compared to
fs or steady-state experiments. This was qualitatively rational-
ized with an analogous reaction scheme as for 124a.

In addition to the cyclization of 126a, Irie, Miyasaka and co-
workers also studied the temperature’’® and solvent polarity
dependence’®’ of the cycloreversion of 126a. In clear contrast
to the cyclization, which was almost independent of both

DOI: 10.1021/acs.chemrev.6b00491
Chem. Rev. 2017, 117, 10826—10939


http://dx.doi.org/10.1021/acs.chemrev.6b00491
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.6b00491&iName=master.img-107.jpg&w=239&h=154

Chemical Reviews

parameters, the cycloreversion showed clear temperature and
solvent polarity dependence. Upon increasing temperature, the
cycloreversion yield increased at the same time as the excited
closed-ring lifetime decreased. From a classical kinetic analysis
of their combined reaction yield and time-resolved results, the
authors concluded that the potential energy surface of the S,
state could be viewed as adiabatic with both reactions
(cyclization and cycloreversion) proceeding through a common
CL The pronounced temperature dependence of the cyclo-
reversion yield was attributed to the competition of the
different temperature dependencies of the reaction over the
activation barrier leading to the CI, k¢, with a nonradiative
deactivation process recovering the closed-ring conformer, k,
(see Figure 82).”'° On the other hand, the cycloreversion yield

s,

hv

So

Open-ring isomer

Closed-ring isomer

Figure 82. Reaction scheme for the cycloreversion of 126a. Reprinted
from ref 916. Copyright 2012 American Chemical Society.

decreased with an increase in solvent polarity. By applying the
same kinetic scheme as before, the authors concluded that both
kcr and k, increased with increasing solvent polarity, the latter
being more effective than the former. In addition, the excited
state transient absorption time-profile of the excited closed-ring
form exhibited strong oscillations corresponding to a 62 cm™!
vibrational wavepacket in both polar and apolar solvents, with
the former exhibiting an additional large shift to higher energies
within a few 100 fs. This was interpreted as simultaneous
structural rearrangement and solvent relaxation from the
Franck—Condon to the equilibrium state.”**

4.4.1.3. Maleic Anhydride Containing DAEs (127).
Miyasaka, Irie and co-workers employed ps transient electronic
absorption and time-resolved emission spectroscopy to
investigate the effect of solvent viscosity on the cyclization
and cycloreversion reaction of 127a in a series of long chain
aliphatic solvents.””* Immediately after excitation of the open-
ring form, the reactive AP form could either directly undergo
fast and viscosity independent cyclization within the 15 ps time-
resolution of the setup, or it could relax into a CT type state.
Cyclization occurred from this relaxed and fluorescing state on
the time scale of several 100 ps with a moderate viscosity
dependence. For the cycloreversion reaction on the other hand,
which proceeded on the time scale of a few ps, only a very weak
viscosity dependence of the yield was found. The authors
concluded from this that the process is controlled by the fast
inertial solvent motion in the first solvation shell, rather than by
the slower diftusive friction.

Zinth and co-workers applied actinometry and fs transient
electronic absorption to investigate the cyclization reaction of a
series of bis(thiophen-3-yl)maleimides, 127b—d, in acetoni-
trile.”'> Almost no cyclization was observed for the sterically
unhindered 127b and the entire excited-state population was
found to mostly decay via internal conversion on the ns time
scale. Like most other DAEs, two open-form conformers
coexist in the ground state for the sterically stronger interacting
samples 127c¢ and d, with only the AP-form capable of
undergoing cyclization in 16 ps. The unreactive P-form decayed

to the ground state of the open form on the ns time scale. The
comparison of 127b with ¢ and d pointed to the steric
interactions, present in ¢ and d, as a necessary requirement for
sampling a large conformational space in the excited state and
thus enabling ring closure.

4.4.1.4. Other DAEs. Aloise et al. investigated the effect of
solvent polarity, excitation wavelength and chemical structure
on the photocyclization of two bridged metacyclophan-1-enes
using fs transient electronic absorption spectroscopy and
quantum-chemistry calculations.”’* Excitation of 128a into its
S, state yielded the hot ring-closed ground state product almost
quantitatively within 120 fs. Higher excitation energies, on the
other hand, resulted in the population of the hot S state, whose
dynamics were found to occur along two distinct pathways
toward ring-closure. One was identical to that found upon
lower excitation energy, and the second was found to depend
on solvent polarity and to be slower by more than 1 order of
magnitude. While the first reaction pathway was ascribed to a
nonadiabatic transition to the S; state of the closed form and
subsequent internal conversion, the second pathway was
suggested to take place adiabatically through a conical
intersection with some CT character and, hence, the solvent
polarity dependence. For 128b, with a significantly enlarged
distance between the two reactive carbons, only the less
efficient adiabatic pathway, with 10—20 ps dynamics, was
found.

Buckup et al. reported on the cycloreversion reaction of a
series of diarylethene-based photoswitchable deoxyuridine
nucleosides bearing different substituents on the thiophene
moiety.””" Employing sub-20 fs pulses for pumping the closed
photoswitch at 500 nm, the authors observed multiphasic
excited-state deactivation in less than 500 fs, which, in line with
findings for the structurally similar 124b,”*° were interpreted as
passing over a shallow barrier before reaching the open-isomer
conical intersection. The observed coherent oscillations with a
frequency of 140 cm™', which appeared on the excited-state
absorption dynamics were assigned to ring deformation
vibrations and were considered as indication for a ballistic
motion on the excited-state surface. Moreover, the product
branching and yields were governed by subtle topological
details at the S,;/S, CI.

Bragg and co-workers investigated the photocyclization of o-
terphenyl”'”** (130) in various solvents and of 1,2-
diphenylcyclohexene™* (129) in tetrahydrofuran using fs
transient electronic absorption. From the comparison of the
ultrafast dynamics of 130, with significant structural constraint
on the central C=C bond bridging the phenyl rings, with that
of the unconstrained 129, the authors found that cyclization of
130 was significantly slower than that of 129 which occurred in
less than 1 ps. They thus evidenced the importance of the
twisting motion around this central C=C bond for
cyclization.”* A more systematic investigation on the solvent
dependence of the cyclization dynamics of 130 revealed (see
Figure 83), that the fast structural relaxation dynamics in the
excited-state, with time constants of 1.6 and 4.2 ps in hexane
and dioxane, was followed by vibrational relaxation of the
ground state of the ring-closed product on the tens of ps time
scale and thermal cycloreversion within tens of ns. Surprisingly
the authors found a better correlation of the excited-state
relaxation dynamics with the solvent density than with viscosity.
This slowdown with increasing solvent density suggested that
solute—solvent collisions play the most prominent role in the
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Figure 83. Proposed qualitative picture of the relaxation pathways of
130 upon UV excitation. Reprinted from ref 918. Copyright 2012
American Chemical Society.

deactivation of the wavepacket initially launched on the excited-
state potential energy surface.”"®

4.4.2. Fulgides/Fulgimides. Fulgides and fulgimides
constitute another important class of photochromic molecules,
whose photochromism is again based on the pericyclic
cyclization and cycloreversion between the central 1,3,5-
hexatriene and the 1,3-cyclohexadiene. These thermally stable
and irreversible photochromic compounds show good photo-
stability over many illumination cycles.”*> This made them
serve as paradigm molecules for optical switching and data
storage applications.”**”*” In addition, they found relatively
widespread use in such diverse areas as switches of enzymatic
activity”>*”*” or as photoinduced modulators of electron and
electronic energy transfer.”*’

In analogy to the DAEs, we focus on works after the review
by Tamai and Miyasaka.** In addition, we do not address the
ultrafast dynamics of furylfulgides, as this topic was well
covered by a recent review by Renth et al.”*'

Again, it is useful to point out the similarities of all studied
systems (see Chart 26 for the structures): (i) the photochromic

Chart 26. Most Prominent Fulgide/Fulgimide Compounds
Investigated by Ultrafast Spectroscopy

Indolyifulgimides

Furylfulgides
131: Ry=Br; R,=CHg; X=NCH; 134

Indolylfulgides
132: Ry=H; R,=CHjz; X=0
133: Ry=H; R,=CFg X=0O

system consists of two colorless open forms and one colored
photocycled form (C-form). Only one of the open forms
(usually referred to as E-form) can undergo ring-closing, while
the other (called the Z-form) can merely isomerize to the E-
form upon photoexcitation (Figure 84). (ii) The ring-closure
proceeds in a usually ultrafast manner and is essentiall
activationless.”** %" (iii) Cycloreversion”*>?**~ 2442469517957 i
an activated process, which shows a strong solvent polar-
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Figure 84. Structures and absorption spectra of the three isomers of
134 in n-hexane. Adapted with permission from ref 959. Copyright
1996 Elsevier B.V.

4.4.2.1. Indolylfulgimides. The groups of Braun and Gilch
thoroughly investigated the cycloreversion”**~7*#73195295% 44
cyclization”~"** reactions of 131 using a combination of fs
UV /vis”>7423895% and mid-IR7*7*7°1% transient absorp-
tion as well as Kerr-gated broadband fluorescence”” spectros-
copy. Transient absorption experiments yielded common
biphasic dynamics for the cycloreversion,”' with the faster
component attributed to the actual cycloreversion of 131 and
the slower component assigned to the vibrational cooling of the
ground state of the E conformer (Figure 85). DFT calculations
allowed for an unequivocal assignment of the observed IR
modes in the 1300—1800 cm™' range to normal modes of
educts and products.”

delay time (ps)

1400 1500 1600 1700 1800
wavenumber (cm™)

4 -2 0 2 4
color code for absorption change (mQOD)

Figure 85. Transient IR spectra measured after photoexcitation of the
C-form of 131. Short time dynamics are attributed to the
cycloreversion reaction, while the longer dynamics are identified as
vibrational cooling of the ground state species. Reprinted from ref 952.
Copyright 2006 American Chemical Society.

In subsequent works”***** similar transient absorption
measurements revealed the possible involvement of a solvent-
polarity dependent activation energy in the ring-opening, with
the reaction being faster by a factor of 1.5—2 in apolar than in
polar solvents.”**”** The ring-closure, on the other hand, was
found to proceed on the sub-picosecond time scale without any
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appreciable activation barrier, to be followed bZ 3ground—state
vibrational cooling on the tens of ps time scale.”*

Important insight into the topology of the excited-state
potential energy surface for the full photocycle, comprising ring
opening and closing, was gained from the combined transient
electronic absorption and Kerr-gated broadband fluorescence
experiments by the Gilch group on 131 in acetonitrile.”** Both
cyclization and cycloreversion were found to exhibit ultrafast
biphasic dynamics, in 55 and 400 fs for cyclization and in 90 fs
and 2.4 ps for cycloreversion. The transient absorption
experiments revealed additional slower dynamics in the 10 ps
range, attributable to vibrational cooling of the hot ground-state
species. Based on the strong differences in the emission spectra
of the open and closed forms, the authors proposed a two-
dimensional model with separate reaction paths for the two
reactions (Figure 86). Within less than 100 fs after the

a)

N
reaction coordinate 2

Figure 86. Tentative 2-dimensional excited state potential energy
surface scheme for the complete photocycle of 131. (a) the reactive
zone with the two Cls. Reprinted with permission from ref 942.
Copyright 2007 American Chemical Society. (b) Sketched view of the
entire surface including the tentative ground state potential. Reprinted
with permission from ref 944. Copyright 2008 Elsevier.

excitation to the 1B, state, the C or E-isomers undergo internal
conversion to the 2A, state via two distinct conical
intersections, thus accessing different minima, which mark the
branching points for the photoreaction and/or further internal
conversion to the 1A, ground state.”** This interpretation was
fully supported by a subsequent study by Braun and co-workers
who additionally used transient vibrational absorption spec-
troscopy.”**

The group of Braun and co-workers undertook a comparative
investigation on the effect of thermal and optical excess energy
on the cycloreversion of 131 (and 132, with an analogous
result) using fs transient electronic absorption and quantum
efficiency measurements in toluene and acetonitrile.””* From
the quantum yield measurements, the authors found that both
temperature as well as optical excess energy significantly

enhanced the ring-opening, thus violating the Kasha-Vavilov
rule. However, a thorough analysis of the Arrhenius plots,
performed vs thermal and optical energy, clearly revealed that
the optical excess energy only contributed by 13—20% to the
enhancement of the cycloreversion. The authors could
rationalize this finding by arguing that vibrational relaxation
in the excited state, required to significantly populate the low
frequency modes associated with the reaction, was too slow to
compete with the ring-opening reaction itself and/or the
intermolecular energy redistribution.

Recently, Slavov et al. reported on the full photocycle of a
water-soluble derivative of 131, bearing carboxylic acid groups
on the imide-N and R, using fs transient electronic absorption
and broadband fluorescence spectroscopy.”*® The observed
photocycle dynamics in organic solvents closely matched the
previous findings for 131.7"%7** In water, however, the
cycloreversion was found to be almost twice as fast as in
polar solvents and even slightly faster than in apolar solvents,
illustrating the pivotal influence of excited-state proton transfer
on the relaxation dynamics of this type of fulgimides. On the
other hand, the cyclization reaction was ultrafast (0.4 ps) and
independent of the solvent.

4.4.2.2. Indolylfulgides. Using a combination of fs mid-IR
experiments between 1200 and 1900 cm™', CASSCF and
TDDEFT calculations, Nenov et al. could provide a thorough
and comprehensive description of the full photocycle of all
three conformers of 133 in tetrachloroethylene.”*® In line with
the results from Zinth and co-workers,”>® who had investigated
133 in cyclohexane using fs transient electronic absorption, the
authors found biphasic behavior for the cycloreversion upon
excitation into the S; state. The 2.2—3 ps lifetime was attributed
to the excited-state decay of the C-form, while the 10—20 ps
components were ascribed to vibrational cooling of the hot C
and E-form in the electronic ground state. Previously, Braun
and co-workers had shown that the cycloreversion of 133
constituted an activated process with a significant activation
energy.958 The cyclization reaction, on the other hand, showed
ultrafast excited-state deactivation dynamics in the 0.3—0.45 ps
range,”**** independent of the excitation wavelength and
solvent polarity.”*> These fast dynamics were again followed by
vibrational cooling of the hot electronic ground state within
10—20 ps.”**”*® Based on these experiments and high level
quantum-chemical calculations, Nenov et al. established a
schematic reaction scheme (Figure 87), comprising three
conical intersections and including the unreactive Z-conformer.
Contrary to the groups of Gilch and Braun for 131 (vide
supra), the authors invoked a common conical intersection
(Clcsg), through which cyclization and cycloreversion
proceeded with high yield. While the unreactive Z-conformer
deactivates via internal conversion to either the Z or E ground
state (via Cl,/5), the population of the closed-form C-isomer
bifurcates and deactivates either through the “unreactive” Cl¢
or the “reactive” Clc/g. On the other hand, two-thirds of the
population of the cyclizable open-form E-conformer evolves
ballistically toward the “reactive” Clc g, while the remaining
population undergoes deactivation/isomerization via ClI/g.

Zinth and co-workers studied the efficiency and dynamics of
the cycloreversion of 133 in cyclohexane upon excitation into
different excited electronic states using fs transient electronic
absorption spectroscopy.”’” Excitation into the S, state resulted
in a reaction quantum yield for cycloreversion of only 7%.
However, excitation into a surprisingly long-lived (0.5 ps)
higher electronically excited state, Sy, at 340 nm, resulted in an
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Figure 87. Schematic reaction scheme of 133 including the relaxation channels of the excited state and the effect of excitation wavelength on the
cycloreversion. Adapted from ref 946. Copyright 2012 American Chemical Society.

almost 4—5 times higher quantum yield in violation of the
Kasha-Vavilov rule. Similar findings had previously been
reported for a variety of DAEs cycloreversion reactions (vide
supra). These observations could be rationalized within the
reaction scheme outlined above (Figure 87). The “unreactive”
CI (CI¢) exclusively afforded the closed-ring conformer, while
the reactive one (Clc,z) led to a branching between (a)
reaction to the ring-open E conformer and (b) unreactive decay
to the closed-ring conformer. Excitation into the Sy state thus
led to 60% of the population bypassing the S, surface and
directly deactivating via the “reactive” Clc/ and only 40%
experiencing the same dynamics as if excited into the S; state.

Braun and co-workers studied the effect of temperature and
optical pre-excitation on the reaction yield of the cycloreversion
of 133 using fs visible pump—probe and pump—pump—probe
spectroscopy in dioxane.””® The temperature-dependent
pump—probe measurements yielded decreasing cycloreversion
times and increasing quantum efficiencies with increasing
temperature, confirming the activated nature of the ring-
opening. In particular, as shown in Figure 87, two activated
processes with different pre-exponential factors and activation
energies leading to the two conical intersections for internal
conversion (via CI:) and reactive ring opening (via Cl¢/g)
could be identified. Even more interestingly, the authors
showed that a nonequilibrium ground state of the C-form,
produced upon pre-exciting the open E-form at 400 nm and
subsequent cyclization, could significantly accelerate the ring-
opening dynamics, triggered by pumping at 630 nm. Such
preexcitation resulted in an increase of the quantum yield of
ring-opening by a factor of almost 3. Apparently, the vibrational
modes that are excited as a result of the ring-closing process
also play a pivotal role in the subsequent ring-opening reaction,
rendering the cycloreversion of 133 a highly mode-specific
photochemical reaction.

In a series of two papers, Brust et al. reported on the
cycloreversion of 132 in acetonitrile.””””** In agreement with
their own findings on the structurally almost identical 133, the
authors observed a biphasic and temperature dependent
cycloreversion reaction. Again, the short 0.7 ps component
was ascribed to solvation dynamics, while the slower 12 ps
process was assigned to the excited-state decay of the C-form
and the related product formation.”>* In addition, experiments
comparing the effect of thermal and optical excess energy on

the ring-opening agreed with the results obtained for the
indolylfulgimide 131 (vide supra).”>*

The most recent contribution to the understanding of the full
photocylce of 132 can be attributed to Slavov et al.”*’
Temperature and solvent dependent quantum efficiency
measurements confirmed previous findings that the cyclization
reaction proceeds in a barrierless manner, while the cyclo-
reversion is thermally activated with a solvent polarity
dependent barrier. Moreover, the strong periodic oscillation
observed in the transient absorption data was assigned, based
on quantum-chemistry calculations, to the out-of-plane motion
of the indolyl and the succinic rings. This mode was shown to
be one of the main contributors to the reactive coordinates of
the cycloreversion.

4.4.2.3. Furylfulgides. The cyclization, cyclorever-
sion,”**?°%%*7 " and isomerization”®® of 134 and related
derivatives were extensively studied by the groups of Miyasaka,
who focused on multiphoton effects on the ring-opening, as
well as by Temps and Renth, who concentrated on structural
effects. These efforts were thoroughly reviewed very recently by
Renth et al.”*'

4.4.3. Spiro-Compounds and Chromenes. Photochro-
mic systems based on spiro-compounds and chromenes were
intensively studied”®’ owing to their versatility in multiple
applications”®” as diverse as organic optoelectronics”***** to
switches in biological systems.”

The photochromism of these two classes is based on the
photoinduced heterolytic carbon—oxygen bond cleavage (in the
pyran or oxazine unit) in the ring-closed form, giving rise to the
formation of zwitterionic merocyanines (spiropyrans) or
quinoidal open-form conformers (spirooxazines, chromenes).
Here, in contrast to the two previous classes of photochromic
compounds, the open-form is strongly colored due to the
enhanced 7#-delocalization, whereas the ring-closed form is
generally colorless as conjugation of the 7 electron system is
significantly reduced either by the orthogonal position of the
two heterocycles (spiro-compounds) or by the broken
conjugation on the fully substituted carbon located on the
pyran ring (chromenes). Another important difference
compared with DAEs or fulgides is the number of isomers.
Here, the open form can exist in 8 different isomeric forms,
arising from the cis/trans configuration of the three double
bonds. Chart 27 gives an overview of the closed-form structures
of the relevant samples discussed in this subchapter.
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Chart 27. Spiro and Chromene-Based Structures, with the
Bond Broken during the Reaction in Red

Spiropyranes: X = CH
135a: R=H; RE:H
135b: R{=NO;; Ry=H

135¢: Ry=NO,; R2=NO,|
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In a series of four papers, Fidder and co-workers reported on
the dynamics of the ring-opening reaction of 135a°*° and
135b°77°% in various solvents. In contrast to previous
results,”’® where sub-picosecond formation of the merocyanine
(MC) form was deduced from transient electronic absorption,
transient IR spectra 135a at wavenumbers characteristic for the
MC form pointed to much slower product formation.”®
Internal conversion of the spiro-form was found to occur on the
sub-picosecond time scale and to be the most important (90%)
deactivation pathway of the excited state. The other minor
pathways lead to the population of an intermediate of
“unknown nature”, which subsequently produced MC in 28
ps. In the first investigation of the ring-opening dynamics of
135b the yield of product formation was found to depend on
the excitation wavelength and to be monoexponential in the
polar acetonitrile (7—10 ps) and biexponential (5—30 and 100
ps) in the apolar tetrachloroethene. The excitation-wavelength
dependence was attributed to the cooling of hot product states,
whereas the bimodal dynamics in the apolar solvent were
assigned to the production of an additional MC isomer.”®’”
Using fs transient vibrational absorption spectroscopy, the
authors observed an energy gap dependence for the efficient S-
— S, internal conversion process of 135b, which was weaker
than expected from the well-established energy gap law and
could be satisfactorily attributed to large conformational
changes between the S, and S, states.”” In the follow-up
paper on 135b, the authors expanded their arsenal of
experimental techniques with fs transient vibrational absorption
and time-resolved emission spectroscopy.”®® The combination
of the three complementary techniques allowed the essential
reaction steps to be pinned down (Figure 88). The initially
populated spiro S; state undergoes ultrafast (<0.2 ps)
branching into the hot spiro S, state, intersystem crossing to
the spiro T state and ring-opening into the MC T, state. The
hot spiro ground state cools within 47 ps, while the spiro triplet
state decays via oxygen quenching. On the other hand, the T,
state of MC undergoes internal conversion within 0.5 ps and
subsequent vibrational cooling (17 ps) to the relaxed T; state,
which is itself converted into an additional MC isomer on the
350 ps time scale.

Brixner and co-workers studied the full photocycle of
135¢,””" as well as its cyclization from different open-form
isomers”’> using fs transient electronic and vibrational
absorption spectroscopy. In addition, the authors used three-
color pump—repump—probe experiments for demonstrating
how entire opening (closure)/closure (opening) cycles could
be achieved within 40 ps (6 ps) via ultrafast bidirectional
switching.””!

In agreement with previous indirect evidence for a
photoinduced ring-closing reaction of 135c,””> Buback et al.
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Figure 88. Tentative reaction scheme for the ring-opening reaction of
spiropyran 135b. Reprinted from ref 968. Copyright 2005 American
Chemical Society.

could only observe a biphasic decay of the bleach of the open-
ring form when using transient electronic absorption. However,
using transient vibrational absorption, the authors could clearly
monitor unambiguous spectral evidence of the formation of the
spiro-form on the sub-100 ps time scale. The longer time
constant of 830 ps was only observed in the visible region and
could be assigned to the ring closure of a second MC isomer.
Contrary to 135b, the authors could rule out the possible
involvement of triplet states in the cyclization of 135c. The
cycloreversion of 135¢, on the other hand, occurred on the sub-
picosecond time scale, yielding a vibrationally hot cis MC form,
which subsequently decayed within 34 ps to a distribution of
ring-open isomers. The formation of the thermodynamically
most stable isomers eventually took place on a significantly
longer time scale.

In a subsequent work, the same group undertook a thorough
investigation on the competition between the ring-closing and
isomerization reactions of a mixture of the trans/trans/cis and
all-trans isomers of 135c.”’> From fs transient electronic
absorption measurements at 6 different excitation wavelengths
and global analysis of the resulting data at times where
vibrational cooling was over, the authors could show that
isomerization occurred exclusively during vibrational relaxation
on the excited state surface, and not via a CI. Once the cooling
had ceased, isomerization was no longer possible and the two
excited isomer populations underwent internal conversion back
to the ground state or ring-closure along separate pathways.
The ring-closure yields were found to occur with 30—40%
quantum efficiencies whereas the isomerization efficiency in
both directions was less than 29%.

Wachtveitl and co-workers investigated the full photocycle of
a water-soluble spiropyran derivative using transient electronic
and vibrational absorption spectroscopy (Figure 89).””* They
found that the ring-opening reaction from the short-lived spiro
S, state (1.6 ps) proceeded through branching at a CI with an
efficiency of only 3.3%. They also observed that the ring closure
reaction occurs with an efficiency of less than 20% from a
vibrationally hot MC ground state, itself populated within 3.2
ps via internal conversion.

Favaro and co-workers observed ultrafast ring—opening
dynamics in <200 fs with several spiropyrans and oxazines,”’
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Figure 89. Reaction pathways for ring-closure and reversion of a
water-soluble spiropyran in a simplified potential energy scheme. The
ring-opening proceeds through the conical intersection (CI), whereas
the ring-closure takes place from the hot ground state of the
merocyanine. Reprinted from ref 974. Copyright 2012 American
Chemical Society.

whereas Kumar et al. measured ultrafast internal conversion
(300 fs) in the open-form of a spirophenanthrooxazine using a
sub-40 fs transient electronic absorgption, thus not allowing
significant ring-closure to take place.””®

Cordes and co-workers,””” could draw a conclusive picture of
the ultrafast photochemical ring-opening reaction of 136, which
had been previously studied by several groups using transient
electronic absorption spectroscopy.”’*~**" In addition to
previous studies, which had relied on visible TA, Cordes and
co-workers additionally used broadband fluorescence spectros-
copy and could elaborate a reaction scheme (Figure 90),
consistent with all the experimental data, that differed from

"~ R

reaction coordinate =

sycF) R

Figure 90. Tentative reaction scheme for the ring-opening reaction of
the closed form (CF) of 136 upon UV excitation. Reprinted with
permission from ref 977. Copyright 2013 The Royal Society of
Chemistry.

those proposed previously.””” In brief, the Franck—Condon
excited state undergoes vibrational relaxation, bond-alternation
or solvent relaxation within 200 fs to the energy minimum M*
on the S, surface. Transition along the flat excited state surface
over an almost insignificant activation barrier to the ground
state via a CI occurs within 1—1.5 ps. This transition was clearly
evidenced by the disappearance of the fluorescence and the rise
of spectral features of the product. Most of the excited-state
population undergoes ring-opening at the CI, with the
remainder decaying to the ring-closed electronic ground state.
However, during its cooling, the ring-open form can convert to
the other open form.

4.4.4. Concluding Remarks. In summary, we can conclude
that the dynamics of these types of photochromic systems are
rich and diverse and depend critically on the topology of the
excited-state potential energy surface(s). Many of the systems
show strong excitation wavelength or even intensity depend-
ence. Pinning down of the precise evolution of the systems
along the excited state PES, the possible importance of
coherent effects involved (e.g, in ring-opening reactions), or
merely the determination and rationalization minute structural
changes may exert on product yields, renders each of the
investigated systems a new challenge, require the combination
of multiple experimental techniques, and make drawing general
conclusions a difficult task.

5. FINAL REMARKS

Thanks to the developments in ultrafast spectroscopic
techniques, computational methods, and theoretical models,
our understanding of the ultrafast photochemical reactions in
liquids has increased tremendously. The present pictures of all
the reactions discussed depart substantially from those
proposed a few decades ago. The level of precision offered by
the spectroscopic and the computational techniques is such that
it is becoming possible, in some cases at least, to draw a very
detailed picture of the course of a photochemical process.
However, the more precise the picture, the more one realizes
that each molecular system is unique and that drawing a general
scheme for a given reaction is not always feasible. Indeed, the
course of the reaction depends critically on the shapes of the
multidimensional potential energy surfaces of the ground and
excited states along the reactive coordinates. If, on the one
hand, the reaction involves mostly solvent modes and leads to
minor changes in the intramolecular nuclear coordinates, as it is
the case for many charge-transfer processes, the free energy of
the relevant states along the reaction coordinate is parabolic
within the linear response approximation. This simplicity allows
for developing relatively simple theoretical models, such as the
Marcus model. These models can be used to make semi-
quantitative predictions on the rate constant of the reaction for
a given system, provided that a few parameters, which can be
determined or estimated independently, are known. Such
models can be relatively simply extended to include non-
equilibrium effects and to account for the time-dependent
reaction rate coefficients. On the other hand, if the reaction
involves mostly intramolecular coordinates and substantial
structural changes (as it is the case for cis—trans isomer-
izations), the potential-energy surfaces along the reaction
coordinate are no longer parabolic and the elaboration of a
general model, valid for a wide range of compounds, is no
longer feasible. In these cases, knowledge of the potential-
energy surfaces is needed to rationalize experimental data and
to allow predictions on how variation of a given experimental
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parameter, such as temperature, solvent, or excitation wave-
length, may affect the dynamics. Probably the best approach to
draw a consistent picture for this type of processes is to
combine several spectroscopic techniques as well as quantum-
chemical calculations.

Although nonequilibrium effects are ubiquitous in the above-
discussed reactions, they have not yet been systematically
investigated. They are often neglected and the measured
population changes are analyzed assuming exponential
dynamics, and quantified using classical kinetics. Although
this approach gives “simple” numbers that are sometimes
useful, it does not account properly for the reaction dynamics
and can lead to erroneous conclusions. Moreover, it misses the
opportunities offered by nonequilibrium effects for the
development of photochemistry beyond the Kasha—Vavilov
rule. Clearly further work in this direction is needed.
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ABBREVIATIONS AND ACRONYMS

2D-EV = two-dimension electronic-vibrational (spectrosco-
py)

A = (electron) acceptor

AH = acid

B = base

BEBO = bond-energy bond-order

CI = conical intersection

CR = charge recombination

CS = charge separation

CT = charge transfer

D = (electron) donor

DAC = donor—acceptor complex

DAE = diarylethene

D-B-A = donor-bridge-acceptor

DFT = density functional theory

DRE = diffusion-reaction equation

DSE = Debye—Smoluchowski equation

ESIPT = excited-state intramolecular proton transfer
ESPT = excited-state proton transfer

ET = electron transfer

ESRS = femtosecond stimulated Raman spectroscopy
FWCD = Franck—Condon weighted density of state
HOMO = Highest occupied molecular orbital

ICT = intramolecular charge transfer

IRF = instrument response function

ISRS = impulsive stimulated Raman scattering

IVR = intramolecular vibrational redistribution

LE = locally excited

LIP = loose ion pair

LUMO = lowest unoccupied molecular orbital

MD = molecular dynamics

P(AP)-form = parallel (antiparallel) form

PCET = proton-coupled electron transfer

PICT = planar intramolecular charge transfer (state)
PT = proton transfer

RICT = rehybridized intramolecular charge transfer (state)
RTIL = room-temperature ionic liquid

TCSPC = time-correlated single photon counting
TD-DFT = time-dependent density functional theory
TICT = twisted intramolecular charge transfer (state)
TIP = tight ion pair

TS = transition state

WICT = wagged intramolecular charge transfer (state)
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