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ABSTRACT: The femto- to microsecond excited-state dynamics
of an electron donor−acceptor−donor triad, consisting of two red
core-substituted naphthalenediimides (rNDI) and one colorless
naphthalenediimide (pNDI), in solution has been compared to that
of a supramolecular surface architecture, constituted of coaxial
stacks of rNDI and pNDI and prepared by self-organizing surface
initiated polymerization (SOSIP). In the triad, charge separation
between an excited rNDI and pNDI takes place in highly polar
solvents only and for a subensemble of molecules, around 30%,
with a folded conformation. Other processes, such as singlet and
triplet excitation energy transfer from pNDI to rNDI and
intersystem crossing, are also operative. Additionally, bimolecular
symmetry-breaking charge separation upon triplet−triplet annihilation is observed on the microsecond time scale in polar solvent. In the surface architecture, excitation of an rNDI is followed by
an ultrafast symmetry breaking-charge separation resulting in a charge-transfer exciton, which either recombines or dissociates
into a charge-separated state with the electron and the hole in diﬀerent stacks. The same charge-separated state can also be
populated upon excitation of pNDI, either via a charge-transfer pNDI exciton or after excitation energy transfer to rNDI. Charge
recombination in the SOSIP ﬁlm takes place on a wide range of time scales, ranging from a few picoseconds to several hundreds
of microseconds.

■

INTRODUCTION
Over the past decades, important eﬀorts have been invested in
the design of elaborate molecular architectures containing many
chromophoric units for various applications, such as solar
energy conversion, artiﬁcial photosynthesis, or molecular
electronics.1−11 A large number of chromophores is advantageous for increasing the absorption cross-section, but too high a
density augments the mutual interactions and considerably
changes the photophysical properties. In natural systems, this
problem is prevented by the proteinic scaﬀold, which holds the
pigments at distances and/or orientations that keep coupling
small but suﬃcient to enable excitation energy and/or charge
transfer.12−14 These systems have been optimized through
natural selection, a tool that is not available for synthesizing
artiﬁcial mimics. Consequently, synthetic supramolecular
architectures comprising a large number of chromophores
(>10−20) are usually based on self-assembly.3−5,11,15,16 The
latter often rely on π−π and dispersion interactions, and, as a
consequence, the chromophores are rather densely packed, like
in aggregates. In this case, excitonic interaction often results in a
delocalized excitation and a splitting of the electronic energy
levels that may lead to a rapid quenching or to other properties
than those originally anticipated. Whereas these eﬀects are well
understood with simple dyes,17−20 less is known when the
constituting bricks are themselves composed of several
chromophoric units, such as electron donor−acceptor (D−A)
© 2015 American Chemical Society

polyads. The excited-state properties of these polyads are
generally determined in solution phase, in general in polar
solvents to favor charge-transfer processes.21−26 However, in
practical devices, these polyads have often to be organized in
rigid structures, where substantial interactions with nearby
polyads can take place and where the local environment diﬀers
strongly from that in solution phases. As a consequence,
signiﬁcant diﬀerences in the photophysical properties and
performances can be expected.
We present here a comparative investigation of the excitedstate dynamics of a D−A−D triad in solution and of solid ﬁlms,
consisting of parallel and alternating π stacks of donors and
acceptors, prepared by self-organized surface-initiated polymerization (SOSIP) on an ITO-covered transparent surface and
stack exchange (Figure 1). 10,27 Both D and A are
naphthalenediimide (NDI) chromophores: A is substituted
on the N atoms only, is colorless with absorption below 400
nm, and will be called further p(ale)NDI; D is additionally
substituted at the naphthalene core with an amino group and a
Br atom, is red colored,28 and will be abbreviated r(ed)NDI.
The SOSIP systems produce photocurrent when used as a
working electrode in the presence of a mobile electron donor
Received: April 28, 2015
Revised: June 4, 2015
Published: June 5, 2015
14999

DOI: 10.1021/acs.jpcc.5b04060
J. Phys. Chem. C 2015, 119, 14999−15008

Article

The Journal of Physical Chemistry C

Time-Resolved Fluorescence. Fluorescence dynamics on
the nanosecond time-scale was measured using a timecorrelated single photon counting (TCSPC) setup described
in detail previously.29,30 Excitation was performed at 469 nm
using ∼60 ps pulses at 10 MHz produced by laser diodes
(Picoquant, LDH-PC-470). The full width at half-maximum
(fwhm) of the instrument response function (irf) was around
200 ps. Faster dynamics was investigated by ﬂuorescence upconversion (FU) using the same setup as in refs 31 and 32.
Excitation was performed using 100 fs pulses produced by
frequency doubling the output of a Ti:sapphire oscillator
(Spectra-Physics, Mai Tai). The pump intensity on the sample
was around 5 μJ/cm2, and the fwhm of the irf was ca. 200 fs.
The sample solutions were located in a 0.4 mm rotating cell
and had an absorbance of about 0.1 at the excitation
wavelength.
Transient Absorption (TA) Spectroscopy. TA measurements were performed with two pump−probe setups. The
femtosedond−picosecond TA setup used to record spectra up
to 1.8 ns with an irf of ca. 150 fs (fwhm) has been described in
detail elsewhere.33,34 Excitation was performed using either 385
pulses generated by frequency doubling part of the output of a
standard 1 kHz Ti:sapphire ampliﬁed system, or with pulses
centered at 532 nm produced with a home-built noncollinear
optical parametric ampliﬁer. The intensity of the pump pulses
on the sample was ca. 0.5 mJ/cm2. The nanosecond−
millisecond TA setup, used to record spectra up to 1 ms with
an irf of 370 ps (fwhm), is the same as that described in refs 35
and 36. Excitation was performed either at 532 or at 355 nm
using passively Q-switched, frequency doubled or tripled
Nd:YAG lasers (Teem Photonics, Powerchip PNG-M02010,
Powerchip NanoUV) producing pulses at 500 Hz repetition
rate, with approximately 20 μJ energy per pulse, and 300 ps
duration. The pump intensity on the sample was also around
0.5 mJ/cm2. In both TA setups, probing was achieved using
white light pulses generated by focusing 800 nm pulses in a
CaF2 plate and polarized at magic angle relative to the pump
pulses. The sample solutions were located in a 1 mm quartz cell
and were continuously stirred by N2 bubbling. Their
absorbance at the excitation wavelength was around 0.1. The
solid samples were placed on a home-built two-dimension
translation stage and were continuously translated in such a way
to irradiate equally their entire surface area.
Quantum-Chemistry Calculations. Ground-state gasphase geometry optimization of the triad was performed at
the density functional level of theory (DFT) using the B3LYP
functional and the 6-31G* basis set as implemented in
Gaussian 09.37

Figure 1. Structure of rNDI−pNDI−rNDI surface (SOSIP)
architecture as compared to the rNDI−pNDI−rNDI trimer in
solution (n ≈ 180; rNDIs contain both 2,6- and 3,7-substituted
isomers).

and a counter electrode.27 Photocurrent can also be generated
with surface architectures based on a single chromophore, such
as a yellow naphthalenediimide. Ultrafast spectroscopic
measurements on such a single-channel system have revealed
that the origin of the photocurrent is photoinduced symmetrybreaking charge separation within a π stack.10 The doublechannel SOSIP system investigated here with parallel D and A
stacks should function as a supramolecular n/p-heterojunction
and should have superior performance.27
To understand the origin of the photocurrent in the surface
architecture, we have performed time-resolved spectroscopic
measurements on this system as well as on the triad in solution.
As the linkers between the pNDI and rNDI units are the same
for the trimer and the SOSIP architecture, the eﬀect of the
transition from dilute solution phase to dense packing on the
excited-state dynamics can be directly evidenced.

■

EXPERIMENTAL SECTION
Samples. The rNDI−pNDI−rNDI surface architecture was
prepared by SOSIP and stack exchange as described in ref 27.
For the spectroscopic measurements, 3 × 3 cm2 transparent
ITO electrodes covered with a ∼60 nm thick SOSIP ﬁlm were
used. The synthesis of the rNDI−pNDI−rNDI trimer is
described in the Supporting Information. All measurements
with the trimer were performed in acetonitrile (ACN, Fisher
Scientiﬁc, analytical grade) and dichloromethane (DCM, Fisher
Scientiﬁc, analytical grade).
Steady-State Spectroscopy. Absorption spectra were
measured on a Cary 50 spectrometer, whereas ﬂuorescence
emission and excitation spectra were recorded on a FluoroMax4 (Horiba Scientiﬁc) ﬂuorometer. All emission spectra were
corrected for the wavelength dependence sensitivity of the
detector.

■

RESULTS AND DISCUSSION
rNDI−pNDI−rNDI Triad. The electronic absorption
spectrum of the triad in both DCM and ACN exhibits a
broad band with a maximum at 534 nm originating from rNDI
and due to a charge-transfer type S1 ← S0 transition involving
the core substituents,38 and a structured band below 400 nm
that can be assigned to both the S2 ← S0 and the S1 ← S0 ππ*
transitions localized on rNDI and pNDI, respectively (Figure
2). Apart from a slight broadening on the red side of the S1 ←
S0 band, the absorption spectrum of the trimer is almost
identical to the sum of the pNDI and rNDI spectra with a 1:2
ratio, pointing to a relatively weak interaction between the
chromophores.
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Figure 3. Early ﬂuorescence dynamics at 570 nm measured with the
triad in ACN and the SOSIP ﬁlm upon rNDI excitation at 520 nm and
best multiexponential ﬁt.

The faster ﬂuorescence dynamics of the trimer relatively to
rNDI and its solvent polarity dependence point to a chargetransfer quenching process involving the nearby pNDI, which
will be conﬁrmed by the TA measurements. Because of its
ﬂexibility, the triad can adopt various conformations with
diﬀerent distances and mutual orientations of rNDI and pNDI.
Although a thorough conformational analysis would require
molecular dynamic simulations in solution, gas-phase geometry
optimization of a hypothetical rNDI−pNDI dyad with diﬀerent
initial geometries indicates the existence of at least two diﬀerent
conformations of similar energy (Figure 4): (1) a folded one

Figure 2. Absorption and ﬂuorescence spectra of (A) the triad in
DCM and of the SOSIP ﬁlm and (B) rNDI and pNDI in DCM.

The ﬂuorescence spectrum of the triad contains a single band
centered around 570 nm that can be ascribed to the local S1 →
S0 rNDI transition.28,38 The ﬂuorescence excitation spectrum
recorded at 570 nm exhibits both the S1 ← S0 and the S2 ← S0
bands of rNDI. However, the relative intensity of the S2 ← S0
band is approximately twice as small as in the absorption
spectrum, pointing to an excitation-wavelength dependence of
the ﬂuorescence quantum yield. This eﬀect has already been
observed and investigated in detail with rNDI.39 It is due to the
presence of a nπ* triplet state below the ππ* S2 state of rNDI
and to the heavy Br substituent, which make intersystem
crossing (ISC) from S2 to the triplet manifold competitive with
internal conversion to the S1 state.
No triad emission originating from pNDI, known to
ﬂuoresce around 390 nm,40,41 could be detected upon direct
pNDI excitation. Additionally to the rNDI bands, the
ﬂuorescence excitation spectrum of the triad below 400 nm
shows contribution from pNDI, in particular the distinct
shoulder at 383 nm, which points to the occurrence of
excitation energy transfer (EET) from the central pNDI to the
peripheral rNDI units (Supporting Information Figure S1).
Whereas the ﬂuorescence decay of rNDI measured by
TCSPC was shown to be exponential with a lifetime around 5
ns,39 that of the triad in both DCM and ACN required the sum
of two exponential functions to be properly reproduced
(Supporting Information Figure S2), with the time constants
and average lifetimes listed in Table 1. Faster dynamics was
measured at 570 and 620 nm by FU upon rNDI excitation. In
ACN, about 30% of the initial intensity decays with a 5.5 ps
time constant (Figure 3), unlike in DCM where no signiﬁcant
fast decay component was observed (Supporting Information
Figure S3).

Figure 4. Gas-phase optimized folded (A) and unfolded (B)
conformations of an rNDI−pNDI dimer.

with face-to-face chromophores and center-to-center distance
of approximately 8 Å and (2) an unfolded conformation with
center-to-center distance around 13 Å. As other conformations
probably coexist in room-temperature solution phase, a broad
distribution of quenching time constants and, thus, of
ﬂuorescence lifetimes can be expected.
More direct information on the EET from the pNDI to the
rNDI unit was obtained from FU measurements of rNDI
emission upon pNDI excitation at 385 nm. Although the signalto-noise ratio of the data is substantially weaker than upon
direct rNDI excitation, an initial rise of the ﬂuorescence
intensity with a 400 ± 100 fs time constant, that is, slower than
the 200 fs irf, could be detected (Supporting Information
Figure S3). Given the ﬂexibility of the triad discussed above,
slower EET components could also be expected. However, due
to very eﬃcient ISC, pNDI has a ﬂuorescence lifetime of a few
picoseconds only,39,42 and, therefore, EET from pNDI has to be
ultrafast to be competitive.
Further insight into the origin of the ﬂuorescence quenching
of the triad and its solvent dependence was obtained from TA
measurements. The TA spectra recorded with the triad in
DCM upon local rNDI excitation are essentially the same as
those reported with rNDI alone (Figure 5A).39 At early time,
they are dominated by a positive band extending from 360 to
520 nm with maxima at 450 and 482 nm, which can be assigned

Table 1. Fluorescence Lifetimes, Relative Amplitudes (in
Parentheses), and Average Lifetimes, τav
τfl1
rNDI/DCM
rNDI/ACN
triad/DCM
triad/ACN
SOSIP ﬁlm
a

4.7
5.5
1.3
5.5
0.6

τfl2

τfl3

τav

4.5 ns (0.80)
1.0 ns (0.13)
6.8 ps (0.41)

5.1 ns (0.58)
67 ps (0.31)

3.9 ns
3.1 ns
20 ps

a

ns
nsa
ns (0.20)
ps (0.29)
ps (0.38)

From ref 39.
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TA spectra up to 1.8 ns were also recorded upon local pNDI
excitation of the triad at 385 nm. The spectra recorded within
the ﬁrst picosecond show the 605 nm absorption band of
pNDI(S1) (Figure 5C).39,42 This band decays very rapidly,
whereas a band at 480 nm rises and then decreases and shifts to
shorter wavelengths on a subnanosecond time scale. Not less
than four exponential functions were required to reproduce the
TA dynamics; the SADS obtained assuming four successive
steps are shown in Figure 5D. Whereas the ﬁrst SADS
originates mostly from pNDI(S1), the second and third are very
similar to each other and contain features that can be assigned
to pNDI(T1) (487 nm band)39,42,44 and rNDI(S1) (482 nm
band and 625 nm dip). These steps can be attributed to S1 →
T1 ISC of pNDI as well as EET from pNDI(S1) to rNDI(S1).
Finally, the last SADS can be assigned to rNDI(T1). In
principle, the latter can be populated by ISC from rNDI(S1)
and by triplet energy transfer from pNDI(T1). The data do not
allow establishing whether both or only one of these processes
is operative. TA spectra were also recorded on a longer time
scale upon 355 nm excitation. At this wavelength, about 2/3 of
the absorption is due to rNDI, and the resulting transient
spectra are very similar to those measured with rNDI alone
upon S2 ← S0 excitation (Supporting Information Figure S4).39
Substantially more complicated dynamics were observed in
ACN (Figure 6A). During the ﬁrst nanosecond after rNDI
excitation, the shape of the positive TA band between 400 and
500 nm changes: the maximum shifts from 460 to 475 nm
during the ﬁrst few picoseconds and then to 440 nm on a 300
ps time scale. During the same time, the negative band above
570 nm dominated by stimulated rNDI(S1) emission trans-

Figure 5. Transient absorption spectra measured with the triad in
DCM upon (A) rNDI (532 nm), (C) pNDI (385 nm) excitation, and
species-associated diﬀerence absorption spectra obtained from target
analysis assuming sequential exponential steps (B,D).

to rNDI(S1) absorption, and by two negative bands around 540
and 620 nm that are due to ground-state bleach and to S1 → S0
stimulated emission, respectively. This spectrum evolves within
a few nanoseconds into a spectrum that can be attributed to
rNDI(T1) characterized by two positive bands, the more
intense peaking at 440 nm.39 This spectrum remains
unchanged, but its overall intensity decays to zero on a
microsecond time scale. Although the ﬂuorescence lifetime of
the triad in DCM is slightly shorter than that of rNDI, no
transient that could be ascribed to a quenching product can be
identiﬁed. The TA data could be successfully reproduced by a
global ﬁt assuming a scheme with two consecutive exponential
steps A → B → C,43 where A and B are rNDI(S1) and
rNDI(T1), with the time constants listed in Table 2 and the
species-associated diﬀerence absorption spectra (SADS) shown
in Figure 5B.
Table 2. Time Constants Obtained from the Transient
Absorption Measurements

triad in
DCM
triad in
DCM
triad in
ACN
triad in
ACN
SOSIP ﬁlm
SOSIP ﬁlm
SOSIP ﬁlm

excitation

τTA1

τTA2

τTA3

τTA4

rNDI
(532/355 nm)
pNDI (385 nm)

4.9 ns

1.6 μs

0.55 ps

6.5 ps

320 ps

>1.5 ns

rNDI (532 nm)

4.1 ps

350 ps

1 μs

800 μs

pNDI (385 nm)

0.2 ps

1.7 ps

90 ps

>1.5 ns

rNDI (532 nm)
rNDI (355 nm)
pNDI (385 nm)

3.1 ps
2.3 ns
0.2 ps

31 ps
77 ns
0.8 ps

>1.5 ns
2.2 μs
16 ps

Figure 6. Transient absorption spectra measured with the triad in
ACN upon (A) rNDI (532 nm), (C) pNDI (385 nm) excitation, and
species-associated diﬀerence absorption spectra obtained from target
analysis assuming sequential exponential steps (B,D).

160 μs
>1.5 ns
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would inhibit recombination. This pNDI•− population most
probably arises from a bimolecular process, triplet−triplet
annihilation (TTA) between two triads with one of the two
rNDIs in the T1 state. Symmetry-breaking charge separation
upon TTA has already been reported with several aromatic
hydrocarbons and ketones in polar solvents.46,47 TA measurements with rNDI revealed the formation of rNDI•− upon TTA
in ACN, but not in DCM.39 This process should be operative
with the triad as well. However, given the higher electron
aﬃnity of pNDI, the transferred electron, originally located on
an rNDI, should rapidly hop to the pNDI, explaining the
presence of pNDI•− in the TA spectra. There is no spectral
evidence for the presence of rNDI•+ that should also be
produced during this process. However, previous investigations
on an analogue of rNDI with a Cl instead of a Br substituent
indicated that the radical cation has either an absorption
spectrum very similar to that of the anion or a weak absorption
in the visible region.48
Signiﬁcant diﬀerences can be observed at early time delays
after local pNDI excitation in ACN (Figure 6C). The initial TA
spectra consist of the pNDI(S1) band at 605 nm, which decays
very rapidly, whereas a band appears at 480 nm. Afterward, this
480 nm band shows a ﬁrst partial decay and shift to 475 nm,
and then another decay, a further shift, and a broadening.
Additionally, a negative band around 540 nm that can be
assigned to the bleach of rNDI appears after a few picoseconds
and remains present up to 1.8 ns, the upper limit of the time
window. Target analysis assuming four successive exponential
steps could reproduce the TA data, with the time constants
listed in Table 2 and the SADS shown in Figure 6D. Whereas
the ﬁrst of them can be safely assigned to pNDI(S1), the second
and third SADS should contain contributions from pNDI(T1)
populated upon ISC, rNDI(S1) populated upon EET, and
possibly the CS state. Finally, the last SADS shows features that
can be assigned to rNDI(T1) and to the CS state. Given the
large number of intermediates and their overlapping spectra, a
quantitative interpretation of this TA dynamics is not possible.
However, the data suggest that rapid EET from pNDI(S1) to
rNDI(S1), followed by charge separation, occurs in the folded
triads.
SOSIP Architecture. The electronic absorption spectrum of
the surface architecture is similar to that of the triad in solution,
but the band in the visible region exhibits a broadening that can
be attributed to the excitonic coupling between the π-stacked
rNDIs (Figure 1). The higher relative intensity of the short
wavelength absorption band in the SOSIP ﬁlm can be explained
by the scattering caused by the ﬁlm and/or by hypochromism
of the rNDI S1 ← S0 band.
No distinct stationary emission spectrum could be detected
with the ﬁlm, pointing to a negligibly small ﬂuorescence
quantum yield. This is consistent with the very short
ﬂuorescence lifetime revealed by FU measurements (Figure
3). The ﬂuorescence dynamics at 570 and 600 nm measured
upon rNDI excitation required the sum of three exponential
functions, with an average decay time around 20 ps, to be
properly reproduced (Table 1). This indicates that the
negligible ﬂuorescence of the SOSIP ﬁlm is not, at least not
entirely, due to the formation of nonemissive aggregates in the
rNDI stacks. Very similar dynamics was observed upon pNDI
excitation at 385 nm. Because of the small signal-to-noise ratio,
only an approximate ﬂuorescence rise time of ∼200 fs could be
estimated (Supporting Information Figure S5). Nevertheless,

forms into a positive band. After these fast changes, the TA
spectrum evolves on a 1 μs time scale to a spectrum with two
positive bands at ∼482 and 610 nm, which has not fully
decayed to zero after 1 ms. Four exponential functions were
required to reproduce the TA dynamics, the SADS obtained
assuming four successive steps being shown in Figure 6B.
Whereas the ﬁrst SADS can be assigned to rNDI(S1), the
second one most probably contains contributions from several
intermediates. On the other hand, the third SADS is clearly
dominated by rNDI(T1). The fourth SADS strongly resembles
the spectrum of the radical anion of a naphthalenediimide very
similar to pNDI,45 and can thus be assigned to a chargeseparated (CS) state, with the electron on pNDI.
The TA dynamics can be explained in terms of the diﬀerent
triad conformations discussed above (Figure 7). Folded triads

Figure 7. Energy level scheme of the trimer in ACN (in DCM, the CS
state is about 0.5 eV higher) and most important processes with
relevant time scales (bimolecular processes have been omitted).
Dashed arrows: processes only operative in the folded conformation.

undergo fast electron transfer (ET) from the locally excited
rNDI unit to pNDI. This process is not operative with the
unfolded trimers, which decay by ISC to rNDI(T1). Therefore,
both rNDI(S1) and the CS state contribute to the second
SADS. Given the strong spectral overlap of the diﬀerent
intermediates, it is not possible to determine from these data
whether the CS state population is only produced upon
quenching of the folded triads or whether other conformations
with larger rNDI−pNDI distances also undergo ET, but on a
slower time scale.
Comparison of the SADS in DCM and ACN (Figures 5B
and 6B) reveals that the relative population of rNDI(T1) is
about twice as small in ACN than in DCM. This diﬀerence can
be accounted for by the occurrence of ET in ACN. If the entire
CS state population were long-lived, a larger TA signal should
be expected, especially considering the rather large absorption
coeﬃcient of pNDI•−.45 Therefore, the small anion signal
indicates that a large fraction of the CS state population
undergoes faster charge recombination (CR). Because of the
overlapping absorption bands of the various intermediates, the
time scale of this CR cannot be determined. However, as the
SADS assigned to rNDI(T1) are very similar in ACN and
DCM, contribution of the CS population is improbable. As a
consequence, the CS state most probably only contributes to
the second SADS, which decays with a 350 ps time constant.
The folding and unfolding of the triad, being mostly a
diﬀusional process, can be expected to occur on a time scale
shorter than the 0.8 ms lifetime of the long-lived CS state
population. As a consequence, this long CS state lifetime
cannot be explained by an unfolding of the triad after ET that
15003
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a factor of more than 3 within the experimental time window
(Figure 8A). The SADS obtained from a global analysis do not
exhibit very pronounced diﬀerences (Figure 8B). From a
comparison with the SADS obtained with the triad alone
(Figure 6), and in view of the FU measurements (Figure 3),
one can safely assign the ﬁrst SADS to rNDI(S1), or to an
exciton localized in a rNDI stack. The second SADS is similar
but not identical to the ﬁrst and, according to the FU
measurements, should contain a contribution from rNDI(S1).
The more pronounced intensity at 480 nm could be due to
pNDI•−. Finally, the band in the third SADS shows a maximum
at 445 nm, which could be attributed to rNDI(T1), together
with a shoulder at 480 nm possibly originating from pNDI•−.
The TA spectra recorded upon pNDI excitation show even
less spectral evolution (Figure 8C). The earliest spectra contain
features from pNDI(S1), and very quickly transform into a
spectrum with a band in the 400−500 nm region that is
narrower than that found upon rNDI excitation. At later time
delays, the shape of the spectrum remains mostly unchanged
but the intensity decays on multiple time scales. Global analysis
required four exponential functions, one for the initial decay
pNDI(S1) and three for following dynamics. The SADS related
to the multiphasic decay are essentially identical and very
similar to the spectrum of pNDI•− (Figure 8D). They can thus
be ascribed to a CS state, although other intermediates, such as
rNDI(S1), should also contribute at early time.
The early TA spectra measured with 355 nm pump pulses
resemble those measured at similar time delays upon 532 nm
excitation, conﬁrming that absorption at this wavelength is
mostly due to rNDI. They consist of a band peaking at 480 nm
with a shoulder at 440 nm, a negative band around 550 nm, and
a positive one centered around 610 nm (Figure 9). The spectra
do not change much with time, and the decay can be
reproduced with a sum of four exponential functions (Table 2).
In this case again, the 480 and 610 nm band can be assigned to
pNDI•−, whereas the 440 nm band is most probably due to
rNDI(T1).
This ensemble of data indicates that the charge-transfer
dynamics in the SOSIP architecture depends on whether rNDI
or pNDI is initially excited. After direct excitation of an rNDI, a
CS state, with the electron on pNDI, as well as rNDI(T1) are
populated. On the other hand, excitation of pNDI is followed
by the population of the CS state in parallel with EET to
rNDI(S1), which itself decays as discussed just above. Overall,
charge separation is more eﬃcient upon pNDI than rNDI
excitation. The TA data do not exhibit any feature that could
hint at the location of the hole. Considering the redox
properties of the constituents, the energetically most stable CS
state should be that with the hole on an rNDI, as in the triad.
Comparison between the Triad in Solution and the
SOSIP Film. The results reveal that charge separation in the
SOSIP ﬁlm is much more eﬃcient than that in the triad. In the
latter case, signiﬁcant ET from an excited rNDI to pNDI is only
observed in ACN and with a subpopulation of trimers with a
proper conformation. The donor−acceptor distance in the
unfolded triads is probably too large to ensure ET within the 5
ns lifetime of rNDI(S1).
In principle, the rNDI−pNDI distance in the surface
architecture should be similar to that in the unfolded triad
and should not favor ultrafast charge separation. However, π
stacking and close lateral proximity of the π stacks in the SOSIP
ﬁlm result in short distances between identical NDIs that open
charge-transfer pathways that are not operative in the isolated

this result reveals that EET from pNDI(S1) to rNDI is also
operative in the surface architecture.
TA measurements up to 1.8 ns were carried out upon both
local rNDI and pNDI excitation, at 530 and 385 nm,
respectively (Figures 8). Measurements on a longer time

Figure 8. Transient absorption spectra measured with the SOSIP ﬁlm
upon (A) rNDI (532 nm), (C) pNDI (385 nm) excitation, and
species-associated diﬀerence absorption spectra obtained from target
analysis assuming sequential exponential steps (B,D).

scale were also performed upon 355 nm (mostly rNDI S2 ←
S0) excitation (Figure 9). The main feature in the TA spectra
upon 532 nm excitation is the broad positive band in the 400−
500 nm region, whose shape changes and intensity decreases by

Figure 9. Transient absorption spectra measured with the SOSIP ﬁlm
upon 355 nm excitation (A) and species-associated diﬀerence
absorption spectra obtained from target analysis assuming sequential
exponential steps (B).
15004

DOI: 10.1021/acs.jpcc.5b04060
J. Phys. Chem. C 2015, 119, 14999−15008

Article

The Journal of Physical Chemistry C

TTA is operative in ACN but not in DCM.39 Although the
oxidation potential of pNDI is not known, the energy of the
pNDI CT-excitonic state can be expected to be well above the
rNDI/pNDI CS state. Therefore, the driving force for
dissociation into this CS state should be suﬃciently large to
make this process very fast.
The absence of the ground-state bleach feature in the TA
spectra does not allow the charge-separation eﬃciency to be
deduced. However, the TA signal associated with this CS state
loses about 2/3 of its amplitude within 20−30 ps, pointing to
the existence of fast recombination processes.
The TA data recorded up to 1 ms reveal that CR occurs on a
wide range of time scales, that is, from a few picoseconds to
hundreds of microseconds. The faster components are most
probably due to geminate recombination, that is, recombination
occurring before the diﬀusion of the charges in their respective
π stacks. Although the rNDI−pNDI distance is larger than
within the stacks, some Coulombic attraction might still slow
the dissociation of this weakly bound exciton into free charge
carriers. Close lateral proximity of neighboring π-stacks and
eventual structural defects could aﬀord short rNDI−pNDI
distances and thus facilitate CR.
The longer-lived pNDI•− components indicate that the
charges diﬀuse apart in the rNDI and pNDI stacks, which act as
p and n conductors, respectively.50 As the surface architecture is
not integrated into an electric circuit, these free charges are not
extracted and, thus, eventually recombine. Although the
observed recombination dynamics seems to be well accounted
for by a sum of exponential functions, Figure 11 shows that the

triad. For example, symmetry-breaking charge separation
between an rNDI in the S1 state and an rNDI in the ground
state is energetically favorable but cannot occur in the triad
because these two units are too far apart. However, such
process is feasible in the SOSIP ﬁlm, and, according to the
redox potentials of rNDI,28 this symmetry-broken CS state
should be located about 0.1 eV above the rNDI/pNDI CS state
(Figure 10). The energy diﬀerence might be even smaller if

Figure 10. Energy level scheme pertaining to the SOSIP ﬁlm and most
important processes with relevant time scales.

electrostatic interaction is taken into account. Therefore, rNDI
excitation of the SOSIP results in a Frenkel-type exciton that
should be mostly localized on a single rNDI, and that rapidly
transforms into a CT-exciton localized on two rNDIs. As the
excited states and radical ions of rNDI and pNDI absorb in the
400−500 nm region, there is no unambiguous experimental
evidence of this CT-exciton. However, considering that rNDI•−
absorbs around 450 nm,39 the CT-exciton could be responsible
for the broadening of the 400−450 nm band observed at short
time delays.
The TA data show that both the rNDI/pNDI CS state and
rNDI(T1) are rapidly populated. This most probably occurs
through the parallel dissociation and recombination of the CTexciton, respectively. Given the very fast decay of the
ﬂuorescence, population of rNDI(T1) by ISC from the S1
state should be very ineﬃcient. However, as rNDI(T1) is
located below the CT-excitonic state, and because of the
bromine atom, triplet recombination should be eﬃcient, as
previously observed for the recombination of geminate ions
pairs containing heavy atoms.49
From the bleach of the rNDI absorption around 550 nm, the
overall exciton dissociation and triplet recombination eﬃciency
can be approximately estimated to be around 0.5. The
assumption that the absorption coeﬃcient of rNDI(T1) is
similar to that of pNDI(T1) yields a charge-separation
eﬃciency of the order of 0.15. This relatively modest value is
probably caused by the rigid and weakly polar environment in
the SOSIP ﬁlm that slows the dissociation of the CT-exciton
and favors recombination to either the triplet or the ground
state. As the so-generated triplet excitons diﬀuse in the rNDI
stack, two of them can encounter and form again a CT-exciton
upon annihilation, as observed at long time delay with the triad
in ACN.
On the other hand, pNDI excitation of the SOSIP results in
the population of a Frenkel-type exciton localized on a pNDI.
The corresponding TA spectrum transforms in less than 1 ps to
another dominated by pNDI•−. However, the location of the
hole is not clear. TA measurements with pNDI alone indicate
that, as for rNDI, symmetry-breaking charge separation upon

Figure 11. Logarithmic time-dependence of the average TA signal
between 470 and 500 nm due to pNDI•−, measured with the SOSIP
ﬁlm upon 355 nm excitation and best linear ﬁt (dashed line).

decay of pNDI•− population almost follows a logarithmic time
dependence. Such temporal behavior has already been reported
for various phenomena, such as energy relaxation in Coulomb
glasses,51 phase transformation in high pressure glasses,52
tunneling processes in low temperature polymers,53,54 exchange
kinetics of copolymer matrices,55 DNA internal dynamics,56 or
protein folding.57 This dependence has been explained by a
very broad distribution of activation energies, or an exponential
distribution of local minima. The close to logarithmic time
dependence found here for the CR in the ﬁlm might be
coincidental and would need further measurements at diﬀerent
excitation intensities to be conﬁrmed. In any cases, the CR
dynamics of the surface architecture diﬀers from that reported
so far with polymer-based bulk heterojunctions,58−63 and
exhibits substantially slower components. This diﬀerence might
arise from the supramolecular organization of the SOSIP ﬁlm
that should favor charge separation and conduction and from
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the delayed formation of CT-exciton by triplet−triplet
annihilation.
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CONCLUDING REMARKS
This investigation reveals that the initial photoinduced charge
separation pathway in the SOSIP architecture diﬀers from that
in the model triad in solution. Although the results obtained
with the trimer are useful as they allow a relevant charge
separation process to be identiﬁed, they are clearly not
suﬃcient to account for the generation of a photocurrent in
the surface architecture. In the triad, the number of interactions
of the excited chromophore is limited to those with the two
other constituting units. Given the small concentration of triad,
bimolecular “intertriad” interactions are not operative during
the singlet excited-state lifetime, but they can take place within
the lifetime of the triplet excited state.
In the SOSIP ﬁlm, “intertriad” interactions are strongly
enhanced and result in rapid photoinduced symmetry-breaking
charge separation. This process plays a key role as it leads to the
ultrafast population of a charge transfer excitonic state, which
can migrate along a π stack and eventually dissociates into a
state with both charges located in separated stacks, where
Coulombic attraction is much smaller and where the charges
can more easily diﬀuse apart.
A SOSIP architecture based on chromophores that, contrary
to those used here, do not undergo symmetry-breaking charge
separation could be expected to exhibit weaker photoconductivity, as the latter would require the direct dissociation
of a Frenkel type exciton to loosely bound CT-exciton.
Although symmetry-breaking charge separation has, until now,
been demonstrated with a limited number of molecules, among
them several core-substituted NDIs, it should be rather
common and is worth being exploited when designing
multichromophoric photoactive systems.
The time scale of charge recombination upon laser pulse
excitation of the SOSIP ﬁlm spans 7−8 orders of magnitude.
Diﬀerent dynamics, especially slower nongeminate recombination, can be anticipated under solar illumination and in the
presence of a bias voltage. Further slowing of recombination
could be expected with a triple-channel SOSIP architecture,
that is, by separating the n and p channels by an insulating
channel. This could be done by replacing one of the rNDIs by a
unit with better electron-accepting properties than pNDI or by
introducing matching dyads rather than rNDI monomers only
by stack exchange. The latter, more practical approach to triplechannel photosystems has been explored recently for several
combinations of chromophores.64−66
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