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A series of pyridinium phenoxides that differ by the dihedral angle between the pyridinium and the
phenoxide rings because of substituents with increasing steric encumbrance has been investigated by
ultrafast spectroscopy. Like the related betaine-30, these molecules are characterised by a zwitterionic
electronic ground state and a weakly polar S, state. Their fluorescence lifetime was found to lie between
200 to 750 fs, decreasing with increasing dihedral angle, and increasing with solvent viscosity. This was
assigned to a non-radiative deactivation of the emissive state coupled to a large amplitude motion
involving the dihedral angle. The transient absorption spectra suggested that emission occurs from the
Franck—Condon S, state, which decays to a dark excited state, that itself most probably corresponds to
the relaxed S, state. Finally, this relaxed state decays to the vibrationally hot ground state through an
intramolecular charge separation process with a time constant ranging between 0.4 and 3 ps, increasing
with the dihedral angle and with the solvent relaxation time. These variations were discussed in terms of

the Jortner—Bixon model of electron transfer, where the charge separation dynamics depends on both
electronic coupling and solvent relaxation. The results suggested that charge separation slows down

with increasing dihedral angle.

Introduction

Pyridinium phenoxides or phenolates (PPs) have been shown to
be a class of push-pull compounds with promising properties as
nonlinear optical materials."* PPs are zwitterions and are thus
characterised by a large permanent electric dipole moment in the
electronic ground state, allowing their orientation by poling in an
external electric field. Furthermore, the first electronic transition
(S,<-S,) is associated with a large change of dipole moment, as
testified by the strong negative solvatochromism of the absorption
band of most phenolate betaine dyes.’ In this respect, betaine-
30 is one of the most sensitive solvatochromic probes and the
energy of its first electronic transition is now widely used as
an empirical polarity scale.® These PPs are also very attractive
molecules for investigating the dynamics of intramolecular charge
transfer, as the S, <—S, transition is associated with a partial charge
recombination (CR) process, whereas the non-radiative S,—S,
transition can be viewed as a partial charge separation (CS).
In this case again, betaine-30 is certainly the most investigated
PP7¢ Barbara and coworkers have performed intensive single-
colour transient absorption measurements of the ground-state
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recovery dynamics of this molecule in various solvents.”*'* The
so-obtained rate constants were discussed in terms of the two
dimensional Sumi-Marcus model for non-equilibrium electron
transfer (ET) modified to take into account nuclear tunnelling as
required for a proper description of highly exergonic ET processes.
Some of the theoretical parameters, such as the solvent and
the intramolecular reorganisation energies, were also determined
from the analysis of the absorption band shape. This approach
was based on the assumption that the excited-state dynamics
of betaine-30 can be discussed in terms of a three level system,
i.e. that CS back to the zwitterionic hot ground-state occurs
directly from the optically-populated excited state. Although good
agreement between experiment and theory was obtained, these
measurements did not reveal the full details of the excited-state
dynamics of betaine-30. A significantly more complex picture has
been subsequently revealed by a transient absorption investigation
of betaine-30 using broadband detection." Tt appeared that the
excited-state dynamics of this molecule is better accounted for
in terms of a four-level system. Indeed, the initially populated
excited state undergoes substantial structural rearrangements to
end up in a state characterised by a different conformation and
smaller electric dipole moment, from which the vibrationally hot
zwitterionic ground state is finally repopulated. The initial partial
CR process was found to be essentially limited by solvation
dynamics, whereas time constants of a few picoseconds were
measured for the final CS back to the zwitterionic hot ground
state.

Apart from betaine-30, the photophysics of most PPs is poorly
documented. We report here on our study of the excited-state
dynamics of a series of sterically-hindered PPs (Fig. 1)*" using
a combination of femtosecond fluorescence up-conversion and
transient absorption spectroscopies. In these PPs, the phenoxyde
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Fig. 1 Pyridinium phenoxides (PPs) 1-4.

group is attached to the carbon atom in the para position relative
to the pyridinium nitrogen, and not directly to the nitrogen atom
as it is the case for betaine-30. The terz-butyl groups in the
ortho position of the phenoxide function limit protonation, most
probably through steric hinderance, and favour solubility, hence
reducing aggregation. On the other hand, alkyl groups of varying
size in the meta position of the pyridinium group allow for a control
of the dihedral angle between the pyridinium and phenoxide rings.
According to semi-empirical quantum chemistry calculations, this
dihedral angle varies from about 10° in 1 to ~50° in 4.* This
coordinate has been suggested to play a significant role in the ET
dynamics of betaine-30,'>1%® as well as in the nonlinear optical
properties of zwitterions.*" The quadratic optical properties of
this series of PPs have recently been reported,* and increasing
nonlinear response with increasing torsion angle was indeed
found. The aim of the present study is first to explore the influence
of the dihedral angle on their intramolecular ET dynamics and
second to see how the excited-state dynamics of these PPs differs
from that of betaine-30.

Experimental

The synthesis of 1-4 has been described in detail in ref. 17.
The solvents, acetonitrile (ACN, puriss. p.a., Sigma), chloroform
(CHCl,, puriss. p.a., Sigma), ethanol (EtOH, puriss. p.a. Fluka)
and 1-butanol (BuOH, puriss. p.a. Merck) were used as received.

Steady-state measurements

Absorption spectra were recorded on a Cary 50 spectrophotome-
ter, whereas stationary fluorescence was tentatively measured on
a Cary Eclipse fluorimeter.

Fluorescence up-conversion (FU)

The FU setup was the same as described previously,® except that
excitation was performed at 500 nm using the frequency doubled
output of a Kerr lens mode-locked Ti:Sapphire laser (Mai Tai,
Spectra-Physics). The polarization of the pump pulses was at
magic angle relative to that of the gate pulses at 1000 nm. The
pump intensity on the sample was on the order of 5 uJ cm™ and
the fullwidth at half-maximum (fwhm) of the instrument response
function was ca. 210 fs. The sample solutions were located in
a 0.4 mm rotating cell and had an absorbance of about 0.1 at
500 nm.

Transient absorption (TA)

The experimental setup has been described in detail earlier.?**
Excitation was carried out at 530 nm with a home-built two-stage

non-collinear optical parametric amplifier. The pump intensity on
the sample was ca. 1-2 mJ cm™. The polarization of the probe
pulses was at magic angle relative to that of the pump pulses.
All spectra were corrected for the chirp of the white-light probe
pulses. The fwhm of the response function was ca. 150 fs. The
sample solutions were placed in a 1 mm thick quartz cell and
were continuously stirred by N, bubbling. Their absorbance at the
excitation wavelength was around 0.3. No significant degradation
of the samples was observed except with 1 in EtOH, for which
a ~20% decrease of the absorption band was observed after
measurements.

Results
Steady-state spectra

The VIS absorption spectra of 1-4 in ACN are shown in
Fig. 2. These spectra consist in a broad absorption band, typical
of a charge transfer transition, with a maximum wavelength that
increases by going from 1 to 4, i.e. upon increasing dihedral
angle. The band of 1 presents some structure, indicative of a
possible smaller charge transfer character of the transition. As
expected for zwitterionic betaines, this absorption band exhibits a
strong negative solvatochromism. The latter is about the same for
1 and 2 but increases with 3 and 4. The solvent dependence of
these compounds will be discussed in detail below. However, their
strong hypsochromic shift confirms the CR nature of its associated
transition.

o l -k
400 450 500 550 600 650
wavelength (nm)

Fig. 2 Visible absorption spectra of 1-4 in ACN.

No stationary emission could be observed with any of 1-4,
indicative of a fluorescence quantum yield inferior to ~10#, and
thus pointing to a very short excited-state lifetime.

Time-resolved fluorescence

Despite the lack of stationary emission, a fluorescence up-
conversion signal could be observed at wavelengths located above
the maximum of the S,<«S, absorption band. Fig. 3A shows
time profiles of the fluorescence intensity at different wavelengths
recorded with 1 in EtOH. A slowing down of the fluorescence
dynamics with increasing wavelength can clearly be observed.
These time profiles could be analyzed globally using the convolu-
tion of the instrument response function with a biexponential
function using the same pair of time constants, 7; = 0.15 ps
and 7, = 0.39 ps, and the amplitudes shown in Fig. 3B. As
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Fig. 3 (A) Intensity-normalised fluorescence time profiles of 1 in EtOH
recorded at various wavelengths upon 500 nm excitation. (B) Wavelength
dependence of the amplitudes obtained upon global analysis of the
fluorescence dynamics of 1 in EtOH.

no stationary fluorescence spectrum could be measured, decay
associated emission spectra could not be reconstructed and the
amplitudes displayed in Fig. 3B are those directly obtained from
the analysis of the intensity-normalised time profiles. Whereas ap,,
the amplitude related to the longest time constant, is positive at all
wavelengths measured, that related to 7, is positive below 590 nm
and negative above. Therefore, the latter time constant is associated
with a red shift of the fluorescence spectrum. According to the
value of 7y, this effect is most probably due to the solvation of
the excited state, i.e. to a dynamic Stokes shift. Solvent relaxation
in EtOH has been reported to occur on various timescales with
sub-picosecond time constants associated with inertial motion and
time constants of 5 and 30 ps due to diffusive motion.”® On the
other hand, as ay, is positive at all wavelengths, the time constant
T = 0.39 ps can be interpreted as the decay time of the emitting
population. As this population is extremely short-lived, only the
fastest component of the solvation dynamics can be observed in
the dynamic Stokes shift. In addition to the solvent, relaxation of
intramolecular modes could also contribute to this shift.

The time profiles of the fluorescence measured with the other
PPs in EtOH are very similar and have thus been analyzed in
the same way. The resulting time constants are listed in Table 1.
The amplitudes, a; and a; of the biexponential function exhibit
a similar wavelength dependence than with 1 and thus the time
constants, 7; and 7, can be interpreted alike. A shortening of
both time constants can be observed by going from 1 to 4. As 1y,
is noticeably shorter than the instrument response function of the
FU setup, these differences should be considered with caution. On
the other hand, the decrease of 7, by going from 1 to 2 and from

Table 1 Time constants obtained from the global analysis of the fluo-
rescence up-conversion profiles measured at different wavelengths with
various PP/solvent systems, and solvent properties (error on 7;: £10%)

E+(30)/

PP Solvent & kcal mol™! nt/cP To/PpS To/ps
1 ACN 37.5 45.6 0.34 0.12 0.25

1 CHCl, 4.8 39.1 0.54 0.16 0.37

1 EtOH 24.5 51.9 1.08 0.15 0.39
1 BuOH 17.5 49.7 2.6 0.22 0.75

1 EtOH 0.15 0.39
2 EtOH 0.10 0.25
3 EtOH 0.08 0.18
4 EtOH 0.07 0.20

“ Dielectric constant. ® Viscosity.

2 to 3 and 4 is more significant. Consequently, these results point
to a fluorescence lifetime that decreases with increasing dihedral
angle between the pyridinium and phenoxide rings.

The fluorescence dynamics of 1 has also been investigated in
three other solvents, namely CHCl;, BuOH and ACN. In these
cases again, the time profiles could be well reproduced using a
biexponential function with the time constants listed in Table 1.
It appears that 7; does not exhibit a strong solvent dependence,
in agreement with its assignment to inertial solvent motion. As
excitation is performed slightly on the blue side of the absorption
band, some vibrational relaxation could also contribute to this
dynamic component.

On the other hand, 7, manifests a more marked solvent
dependence and increases by a factor of 3 by going from ACN to
BuOH. Table 1 indicates that there is no simple correlation between
T, and a single solvent property, but an increase of 7, with the
solvent viscosity can be discerned. However, considering that 7, is
the same in EtOH and CHCI;, and that EtOH is twice as viscous
as CHCI,, it appears that other solvent properties like solvent
polarity, expressed either in terms of the dielectric constant or the
empirical E+(30) scale, must also influence this time constant. Such
combined influence of solvent polarity and viscosity has already
been reported for the photoisomerization of cyanines and for other
processes involving structural changes of polar molecules.?*¢

Transient absorption

The TA spectra recorded with 1 in EtOH at various time delays
after 530 nm excitation are depicted in Fig. 4. At short time
delay (Fig. 4A), the spectra are dominated by a negative TA
band that corresponds to the bleach of the S,«S, absorption
band. Additionally, a weaker negative feature extending from 550
to more than 700 nm can be observed. After about 300 fs, this
feature is no longer visible and is replaced by a small positive
TA band at ~560 nm. According to its position and lifetime,
this negative band can be rather safely ascribed to stimulated
emission. The 560 nm band is ascribed to the absorption of a
dark, non-emissive, intermediate. The TA spectra recorded on a
longer timescale (Fig. 4B) show a substantial decrease of the bleach
accompanied by the growth and the blue shift of the positive band.
This band reaches its maximum intensity after about 3.5 ps. From
then on, its position remains unchanged and its intensity decays to
zero within a few tens of picoseconds, in parallel with the decay of
the bleach. The same measurements have been repeated in ACN,

910 | Photochem. Photobiol. Sci., 2010, 9, 908-915
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Fig.4 Transient absorption spectra recorded with 1 in EtOH at different
time delays after 530 nm excitation.

CHCI,; and BuOH and yielded very similar TA spectra. TA spectra
of 2 were also recorded in all four solvents, whereas 4 was only
investigated in ACN. In these cases again, no significant differences
with the spectra shown in Fig. 4 were observed, with the exception
of the position of the negative band stemming from the bleach
of the S,<«S, absorption and the timescale associated with the
spectral changes.

The spectra measured at various time delays with a given
PP/solvent system have been analyzed globally using a sum of
exponential functions. A good fit was obtained with three to four
exponential functions, with the time constants listed in Table 2.
The decay-associated spectra resulting from such an analysis with
1 in EtOH are illustrated in Fig. 5, those obtained with the other
systems being qualitatively very similar. This figure reveals that the
spectrum associated with the shortest time constant (7, = 0.45 ps)
is negative above 550 nm, where stimulated emission dominates
the TA spectra at very early time. Thus, this time constant can
be safely ascribed to the decay of the stimulated emission and to
the decay of the Franck—Condon (FC) excited state population.
This interpretation is supported by the resemblance of this time
constant, 7,, with 7, obtained from the FU measurements.
The positive feature around 500 nm could be due either to the
absorption of this emitting state or to some artefact originating
from the data analysis, as the shape of this band resembles that of
the bleach of the ground state absorption and as the time constant
is close to the instrument response function.

Table 2 Time constants obtained from the global analysis of the transient
absorption spectra measured with various PP/solvent systems and tenta-
tive assignment according to the decay-associated spectra (bold: decay
of the FC state population; italic: decay of the dark state population;
underlined: vibrational cooling; normal: ambiguous, probably mixed
contributions. Error on 7: £15%, unless marked with a ‘~’

PP Solvent 7,/ps T,/ps T,/ps 7,/ps
1 ACN 0.3 0.4 12 11

1 CHCl, 0.5 0.8 19 14

1 EtOH 0.45 1.2 5.0 ~50
1 BuOH 0.9 1.6 3.0 15

2 ACN 0.35 0.9 9.2

2 CHCl, 0.6 0.9 2.2 15

2 EtOH 0.45 3.3 7.8 ~60
2 BuOH 1.0 2.6 7.7 ~90
4 ACN 0.5 15 12

3

= 1
3

©
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Fig. 5 Decay-associated spectra obtained from global multiexponential
analysis of the TA spectra measured with 1 in EtOH.

The spectrum associated with 7, is characterised by an intense
negative band at 500 nm, pointing to a substantial recovery of
the ground-state population. The positive band above 550 nm
suggests that the decay of the dark excited state takes place with
this time constant as well. Finally, the spectra related to the two
largest time constants, 7; and 7,, show a negative band in the
S, <8, absorption region and a positive band at its red edge. Such
spectra are typical of hot ground-state absorption.””?® Indeed,
the optical transition from the vibrationally hot ground state is
shifted to longer wavelengths compared to that occurring from the
lowest vibrational state. Consequently, the transient absorption
spectrum is characterised by a negative band arising from the
depletion of the vibrationally relaxed ground-state population,
together with a nearby, partially overlapping, positive band due to
the population of the vibrationally hot ground state. The positive
band in the 7, spectrum is slightly blue shifted relative to that in
the t; spectrum. This effect can be explained by the fact that the
absorption spectrum of the hot ground state progressively shifts
to shorter wavelengths as vibrational cooling takes place.

A similar analysis has been performed with the other PP/solvent
systems and the resulting time constants together with their

This journal is © The Royal Society of Chemistry and Owner Societies 2010

Photochem. Photobiol. Sci., 2010,9, 908-915 | 911



assignment are listed in Table 2. In some cases, the assignment
of 7, was ambiguous as the associated spectrum indicated both
stimulated emission and dark state decay. Most probably, the
dynamics of these processes is not purely mono-exponential and
thus several processes could show up in a given time constant.
A non-exponential dynamics would not be surprising here,
considering that population decay occurs on a similar timescale as
those of solvent and vibrational relaxation. Such non-exponential
population dynamics has, for example, been observed with the CR
of excited donor—acceptor complexes in polar solvents.**

By comparing these time constants with those obtained from
the FU measurements (Table 1), a good agreement between 7,
and 7, can generally be observed, with some exceptions such as
2 in EtOH. However, considering the strong overlap of the bands
associated with stimulated emission, with dark excited state and
hot ground state absorption, it appears that 7, could partially
originate from other contributions than from the decay of the
stimulated emission only. Therefore, the time constant obtained
from FU, 7, most certainly better describes the decay of the
emissive FC state population than that obtained from the analysis
of the TA spectra.

Discussion

From the above results, it appears that the excited-state dynamics
of all four PPs investigated here can be well accounted for by a
four level scheme:

S, 5 §FC _mleion gl _ €5 bt VC g (1)
where VC stands for vibrational cooling. A similar scheme has
already been proposed earlier to explain the dynamics observed
with betaine-30 in polar solvents.’* Considering the similar struc-
tures of 1-4 and betaine-30, such resemblance is not surprising.
Global analysis of the TA spectra with target analysis based of
this scheme has also been tried. It should be noted that the time
constants found assuming four successive first order processes are
in principle the same as those obtained from a global analysis
with the sum of four exponential functions, and that the resulting
species-associated spectra are linear combinations of the decay
associated spectra.*’ However, considering that the different steps
of the excited-state dynamics of the PPs are ultrafast and do not
follow purely monoexponential dynamics, the species-associated
spectra obtained assuming a simple succession of four processes
following a first order kinetics most certainly do not reflect the
actual spectra of the various intermediates. This probably explains
why the so-obtained ‘species’ spectra were very similar to the decay
associated spectra. Consequently, these spectra were not further
considered.

The transition from the FC excited state to the dark excited state
most likely involves structural and solvent relaxation as in betaine-
30. In fact, the dark excited state most probably corresponds
to the thermally equilibrated S, state. Because of substantial
structural differences, the S, and the S, potentials should be
strongly displaced and thus the minimum of the S, potential
cannot be directly reached optically from S,, as also seen through
the decreasing oscillator strength when comparing molecules with
increasing dihedral angle. For the same reason, emission from
the relaxed S, state has essentially no dipolar strength. Structural

and solvent relaxation can also be expected to lead to a further
decrease of the electric dipole moment of the PPs. Thus, the time
constants obtained from the FU measurements reflect this excited-
state relaxation, with 7, being essentially due to the inertial part of
solvation and to the relaxation of high frequency intramolecular
modes, and with 7, corresponding mainly to the relaxation of
lower frequency modes. After this process, the relaxed excited
state is no longer fluorescent and thus the slower stage of solvent
relaxation cannot be observed in the fluorescence dynamics.

As mentioned above, T, seems to be correlated with solvent
viscosity (Table 1). This suggests that the structural relaxation
involves some large amplitude motion, most probably a twist
around the single bond between the pyridinium and the phenoxide
rings.

Interestingly, 7, measured in a single solvent, EtOH, decreases
when going from 1 to 4, namely with increasing dihedral angle of
the PP. This correlation agrees with the hypothesis of a twisted
relaxed excited state. Indeed, if the PP is already twisted in the
ground state because of the presence of the substituents on the
pyridinium ring, the FC excited state is itself already pre-twisted
and thus relaxation should involve smaller structural changes and
can thus be expected to be faster, as found here. However, it
should be kept in mind that the zwitterionic form is only one
of the limit structures of the PPs, the other being the quinone
form. The zwitterionic structure can be expected to be favored
by an increasing torsion angle. This idea is supported by the
slightly structured absorption band of 1 (Fig. 2) that could be
due to a larger quinone character. As a consequence, the excited-
state relaxation of the less twisted PPs could not only involve a
larger torsional motion but also require different rearrangements
of other intramolecular modes.

The large electron density at the phenoxide oxygen in the
ground-state should strongly favor H-bonding in both EtOH and
BuOH. At the same time, the H-bond strength should be strongly
reduced in the excited state because of its much weaker polarity.
Thus, H-bonds to the solvent should not play a significant role
in the deactivation of the S, state of 1-4 in protic solvents. If
this was the case, 7, would be shorter in EtOH and BuOH than
in non-protic solvents, as found for H-bond-assisted non-radiative
deactivation.’??5 Furthermore, if excited-state proton transfer was
taking place, the protonated form of the PPs would have been
observed. Protonated 1-4 PPs start to absorb just below 400 nm
and fluoresce in the visible region.* If these species were formed,
they would have been observed either by TA as the spectral window
of the setup extends down to 350 nm, or by fluorescence. In
any case, both H-bond-assisted non-radiative deactivation and
intermolecular excited-state proton transfer occurs in the 107°—
107% s timescale,3? and are thus too slow to take place within the
ultrashort excited-state lifetime of the PPs.

As the excited state is much less polar than the ground state, its
decay back to S, can be considered as an intramolecular CS. The
time constants ascribed to this process, Tcs, are listed in italic in
Table 2. The latter shows that, for both 1 and 2, 7. increases in the
order ACN < CHCI; < EtOH < BuOH. This sequence does not
correlate with the dielectric constant or the E:(30) polarity scale
but follows the same trend as viscosity and solvation dynamics.
However, the latter is known to be strongly multiphasic,¥*® and
Tes in 1 would rather correspond to the faster components of
solvation. On the other hand, if we compare 7 in a single solvent,
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like for example ACN, we can see an increase in the order 1, 2 and
4, i.e. with increasing dihedral angle. The same trend can be also
observed in the other solvents with 1 and 2. In fact CS in 2 is
about 2.5 times as slow as in 1, independent of the solvent. This
increase of 7.5 with increasing twist angle could be explained by
a reduction of the electronic coupling V for ET. Indeed, the CS
dynamics in these PPs can be qualitatively rationalized using the
Jortner-Bixon model, with the ET rate constant given by:*

L 2)

ET —
1+«

where ky, 1s the rate constant for a non-adiabatic ET, which, in its
semiclassical form, can be expressed as:*#

K _2n

oL n 2
AT T Vi (4mdk,T) ™" Z%exp(—S) exp [_ M}
n=0 M-

A%k, T
(3)
where A, is the reorganization energy of the low frequency modes, S
the Huang—Rhys factor, o the average frequency of the vibrational
modes coupled to ET with the vibrational quantum number » and
AGygy the driving force.
In eqn(2), x is a so-called adiabaticity parameter:

o dnlV’ir,
h4,

where 7, is the longitudinal dielectric relaxation time of the
solvent.

Eqn(2) reveals that, if the adiabaticity parameter is sufficiently
large, the ET rate constant depends on both the electronic coupling
and the solvent dynamics. The electronic coupling 7 for CS in
1-4 back to the ground-state is not known. In principle, V" can
be estimated from the oscillator strength of the charge transfer
optical transition, f:*

“

8n'm 2
= (VA
4 3h3ezvm, ( ,U)

&)

where m, is the mass and e the charge of the electron, / the
Planck constant, v,, the average frequency and Au the dipole
moment difference between the ground and excited states. The
determination of ¥ requires knowledge of the oscillator strength
for the optical transition from the relaxed excited state. As this
quantity is not accessible, we can use, as an upper limit, the
oscillator strength for the transition from the ground state to the
FC excited state, which has been shown to decrease from 0.65 to
0.25 by going from 1 to 4.* The dipole moment difference Ay is not
known either. However, the permanent electric dipole moment of
the ground state of 1-4 has been calculated to range between 21
and 25 D.* With a value of 20 D for Au, eqn(5) yields an electronic
coupling V' = 0.3 eV for 1, which decreases continuously down to
V' =0.2 eV for 4. Once again, these are upper-limit values, as the
lack of emission from the relaxed excited state points to a much
smaller oscillator strength of the transition to the ground state.
Thus a 100 times smaller f value, corresponding to V" of the order
0f0.02-0.03 ¢V (~200 cm™), and an average 7, of 0.26 ps for ACN,
the fastest solvent, and of 63 ps for BuOH, the slowest one,? give
adiabaticity parameters, k, in the range of 1.8 for 4 in ACN up

to 1.2 x 10* for 1 in BuOH. These estimates for x reveal that CS
back to the ground state is not purely non-adiabatic and thus its
rate constant depends on both V" and solvation time.

The increase of 75 from 1to 4 in a given solvent can be explained
by a decrease of V', which could originate from different twist
angles of the relaxed S, state. However, the shortening of the
fluorescence lifetime 7, observed by going from 1 to 4 suggested
that the extent of structural change decreases accordingly and
that the twist angle of the four PPs should differ less than in
the ground state. However, as the reduction of V' with increasing
dihedral angle should follow a cosine dependence, a variation of
the angle around 80-90° will have a much stronger effect on V'
than a change around 10-50°, the ground-state values.

However, one should also keep in mind that the presence of
substituents with increasing bulkiness on the pyridinium ring
implies larger delocalization of the electric charges and thus a
smaller electronic coupling.® Consequently, the variation of 7
cannot be unambiguously ascribed to a different dihedral angle
of the relaxed excited state. Moreover, other factors such as the
driving force could also contribute to the observed difference in CS
dynamics. Indeed, the redox properties of aromatic compounds
can be easily tuned by varying the size of alkyl substituents.*
This effect is probably at the origin of the red shift of the S,<«-S,
absorption band observed by going from 1 to 4.

On the other hand, the solvent dependence of 7.5 can be
accounted for by an increase of x by going from ACN to
BuOH. However, according to eqn(2) and (4), a x of 1.2 x 10¢,
as calculated for 1 in BuOH, would imply that e < 7. This
is clearly not the case here as CS in BuOH is much faster that
the average solvation time of 63 ps. ET faster than solvation has
been described theoretically by Sumi and Marcus using a two
dimensional description of the reaction coordinate.**¢ Whereas
in conventional ET theories the solvent is in permanent quasi-
equilibrium with the system during the reaction,*' in the Sumi-
Marcus model, ET can occur before all the solvent modes have
fully relaxed. Such ET faster than solvation is possible when the
process is sufficiently exergonic to be operative even in weakly
or non-polar environments. This is of course the case here as CS
occurs from an excited state down to the ground state. Such non-
equilibrium ET dynamics has also been invoked to account for the
excited-state dynamics of betaine-30."'°

Finally, Table 2 shows that, in most cases, two exponential
functions are needed to account for the relaxation of the vibra-
tionally hot ground state. Such multiphasic behavior has already
been reported for vibrational cooling. 474 However, in most cases
the largest time constant was rather on the order of 10 ps, ie.
smaller than that found for 1 in EtOH and for 2 in EtOH and
BuOH. In the case of 1 in EtOH, this longer time constant may
also partially arise from a slight photo-degradation of the sample.
Moreover, given that in those three cases, the amplitude associated
with 7, was very small, the error on this time constant is large.
On the other hand, the early steps of vibrational cooling that
occur on similar or even faster timescale than CS are missed
here. The solvent dependence of vibrational energy relaxation
is still not totally understood.?®*-*! Some groups have observed
a strong correlation between the vibrational cooling dynamics
and the thermal diffusivity of the solvent.*>* Such a relationship
cannot be found here. For example, ACN and EtOH have a
similar thermal diffusivity (Dy, ~ 107 m? s™)** but the measured
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vibrational cooling dynamics is very different in these two solvents.
On the other hand, other investigations point to an acceleration of
vibrational cooling by the presence of H-bonds between the solute
and the solvent molecules.®*” From Table 2, vibrational cooling
seems rather to be the slowest in the H-bonding solvents. However,
the occurrence of cooling components faster than CS cannot
be excluded. This would also explain the very low amplitude
associated with 7, in protic solvents. Therefore, as only relaxation
components slower then CS can be observed here, no definitive
conclusion on the solvent dependence of VR can be drawn from
the present results.

Conclusions

The excited-state dynamics of the pyridinium phenoxides inves-
tigated here exhibit many similarities with that of betaine-30.
First, it is best accounted for in terms of a four level scheme,
as suggested by Kovalenko et al. for betaine-30. Indeed, the FC
excited state, that exhibits fluorescence, rapidly relaxes to a dark
state that itself decays to the zwitterionic ground state through a
partial intramolecular CS process. If we compare the characteristic
time constants for the decay of the FC excited state and for
the ensuing CS in betaine-30, it appears that both processes are
very similar to those measured here with 4, i.e. with the most
twisted PP. This resemblance is not really surprising as betaine-
30 is known to be twisted in the ground state because of the
steric hindrance introduced by the phenyl substituents. Quantum
chemistry calculations of betaine-30 predict a dihedral angle of
52°, i.e. very close to that calculated for 4."® The CS in other
PPs are substantially faster than in betaine-30. We have suggested
here that these differences in CS dynamics are due to the twist
angle that controls the electronic coupling. However, this effect
could also be due, at least partially, to the different substituents
on the pyridinium ring used to introduce the steric constraint.
In this case, the resembling CS dynamics of betaine-30 and 4
could simply originate from a similar effect of both phenyl and
isopropyl groups on the electronic coupling and/or on the driving
force. Unfortunately, these two effects cannot be easily separated.
Despite this, the results presented here should contribute to a
better understanding of the photophysics of this important class
of molecules.
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