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ABSTRACT

Broad-band pump-probe spectroscopy combined with global and target analysis is employed to study the vibronic and excitonic dynamics
of two dimers and a tetramer of perylenediimides. A simultaneous analysis is developed for two systems that have been measured in the
same conditions. This enhances the resolvability of the vibronic and excitonic dynamics of the systems, and the solvent contributions that are
common in the experiments. We resolve two oscillations of 1399 cm™ or 311 cm™"' damped with ~30/ps involved in vibrational relaxation
and two more oscillations of 537 cm™" or 136 cm™' damped with ~3/ps. A relaxation process with a rate of 2.1/ps-3.2/ps that is positively
correlated with the excitonic coupling was discovered in all three model systems, attributed to annihilation of the one but lowest exciton

state.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024530

INTRODUCTION

Light harvesting is the first step in natural photosynthe-
sis."”” In artificial photosynthesis,” bay substituted perylenediimides
(PDIs) are versatile chromophores,”” which are the building blocks
of supramolecular complexes that mimic photosynthetic anten-
nas.””"" Photosynthetic excitons play a crucial role in light har-
vesting.” " There have been many studies of excitons in model
few-chromophore systems and how exciton states influence the
excited state dynamics.'”'® Here, we focus on the analysis of vibronic
wavepackets produced by ultrashort excitation of some model mul-
tichromophore systems. In particular, we further investigate the
use of global and target analysis of the oscillations caused by
wavepacket motion. Using this fitting method, we obtain more
details about the wavepacket motion and its interplay with exciton
states.

To obtain a better understanding of vibronic and excitonic
dynamics, model excitonic systems that consist of a dimer or
tetramer of PDI chromophores have been designed.'”"” The com-
plete line structures of the PDI dimers A and B and of the
PDI tetramer studied here are shown in Fig. 1. The PDI dimers
and tetramer are composed of identical PDI subunits bearing
1-hexylheptyl groups that were incorporated to enhance the solubil-
ity. The PDI subunits are linked by a diacetylene bridge (dimer A),
by an acetylene bridge (dimer B), or by a methane-centered tetrahe-
dral rigid core (tetramer). The distances between the PDI subunits
in these three model excitonic systems differ and thus also their cou-
pling strength. The tetramer has the cleanest exciton effect, since
the tetramer has no through-conjugation of the chromophores.'’
The absorption spectrum of dimer A'’ shows molecular exciton
splitting, indicating that excitation is delocalized. The 2D electronic
spectroscopy study on dimer A"’ demonstrated that for this model
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PDI dimer B

FIG. 1. Perylenediimide (PDI) dimer A, dimer B, and tetramer full line structures.

homodimer system in the strong electronic coupling regime, energy
relaxation within the excitonic manifold occurs in the very early
(<50 fs) time frame after photoexcitation, precluding the persistence
of long-lived coherences between exciton states. It was proposed in
Ref. 19 that intramolecular degrees of freedom dictate the relaxation
rate through radiationless internal conversion pathways. In order
to understand internal conversion mechanisms in systems with a
Frenkel exciton electronic structure, we investigate the vibronic and
excitonic dynamics by employing broad-band (BB) pump-probe
spectroscopy combined with global and target analysis.”” >’ Thus, we
can simultaneously achieve femtosecond time resolution over a large
spectral range of 500 nm-680 nm. All BB experiments present very
intense signals around zero delay, which are known as the “coher-
ent artifact” (CA). Careful global and target analysis is employed
here to resolve the CA contribution and the solvent contributions
from the vibronic and excitonic dynamics of the model excitonic sys-
tems. To this end, we extend our global and target analysis method-
ology™ to a simultaneous analysis of two excitonic systems mea-
sured in the same conditions. We ascribe the common vibrational
features in the data to solvent contributions, which are the CA
and long-lived oscillations resulting from off-resonance impulsive
stimulated Raman scattering (ISRS).”*** These ISRS signals can be
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overwhelming,”’ thereby obscuring the signals resulting from the
vibronic and excitonic dynamics. Therefore, in this study, a proper
solvent has been chosen, chlorobenzene, which has less strong
ISRS signals than the more commonly used dichloromethane.””*"
The simultaneous analysis will be demonstrated to resolve four
damped oscillations that can be attributed to the model excitonic
systems.

MATERIALS AND METHODS
Sample

The complete line structures of the PDI dimers A and B and
of the PDI tetramer are shown in Fig. 1. The synthesis and char-
acterization have been described elsewhere.'” "’ The PDI dimer or
tetramer was individually diluted in chlorobenzene to an optical
density (OD) at the absorption maximum of 0.24 cm™' for the
transient absorption experiments.

Steady state measurements

Steady state absorption and emission measurements have been
conducted in dichloromethane as described in Ref. 19.

Transient absorption measurements

Broadband transient absorption measurements have been
described in Refs. 20-22. Detection was parallel, which includes
depolarization effects. A typical experiment consists of nt = 1201
time-gated spectra measured at n\ = 584 wavelengths (with wave-
length step 0.3 nm). Time-gated difference spectra were taken at
equidistant time points for 1.2 ps (with a time step of 1 fs). To
increase the signal to noise ratio (SNR), four consecutive wavelength
points (corresponding to 1.2 nm) and two consecutive time points
have been averaged. Each experiment was repeated five times to con-
firm reproducibility. Broadband excitation pulses were tuned cen-
trally to 580 nm, overlapping with the low energy part of the absorp-
tion spectrum (indicated by, respectively, red and blue curves in
Fig. S1).

Modeling and parameter estimation

The global and target analysis methodology has been elabo-
rately described in Ref. 22. Briefly, the superposition model for the
Time Resolved Spectra [TRS(t, 1)] is given by

TRS(t,1) = S o ¢ (¢, 6)SADS,(1)

I=1

+ ij:slc DOAS, (A)cos(wnt’ — ¢u(A))exp(—yat’).

The evolution of the ground and excited state vibrational wavepack-
ets created by the short laser pulse is described with a superposi-
tion of damped oscillations. The amplitude of a damped oscilla-
tion cos(w,t)exp(—ynt) as a function of the detection wavelength
constitutes a Damped Oscillation Associated Spectrum [DOAS,(1)]
with an accompanying wavelength dependent phase ¢,(1). The
measured TRS are modeled with the help of the following matrix
formula:
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TRS = C%(0,4,A) - SADS” + Cos(w,y,u,A) - AT
+Sin(w, s, A) - B" + IRF(u, A") - IRFAS",

where the matrix C3(, y, A) contains in its columns the popula-
tions ¢ (t) of the compartmental model used. The matrix SADS
contains in its columns the Species Associated Difference Spectra
[SADS;(1)]. The matrices Cos(w, y, p, A) and Sin(w, y, y, A) con-
tain in their columns the damped oscillations, and the matrices A
and B comprise their amplitudes. In order to limit the number of
free parameters, we assume wavelength independence of the eigen-
frequency w, and of the damping rate y,. The final term, which
describes the coherent artifact, contains a matrix IRF(y, A") with
the zeroth, first, and second derivatives of the Instrument Response
Function (IRF).” Experimentally, we found that the width A" > A,
as will be discussed below. Associated with each IRF derivative
are the columns of the IRFAS matrix. The SADS, A, B, and
IRFAS matrices are conditionally linear parameters that are esti-
mated with the help of the variable projection algorithm.”””’ The
CA is described by the IRF(y, A')-IRFAS” term plus a number
of strongly damped oscillations, some of which are time-reversed
to account for pre-zero oscillations due, for example, to pump-
perturbed free induction decay.”"”* The DOAS and phases cannot be
fitted directly but must be computed from the estimated cosine and
sine amplitude matrices A and B. The nth DOAS,, at wavelength ; is
computed as

DOASj, = /A2, + B2,

The reconstruction of the phase ¢,, called phase unwrapping, the
parameter estimation, and the residual analysis have been described
in Ref. 22.

When the compartmental model consists of independently
decaying species, with populations c”(t,k;,u,A) (superscript D
stands for decay), their spectra are termed DADS;(1) (Decay Asso-
ciated Difference Spectra). The interrelation between the DADS and
SADS is expressed in the following matrix equation:””

C”(8,u,A) - DADS" = C*(8,,A) - SADS" .

Here, the matrix C” (6, y, A) contains in its Ith column the decay
Ptk o).

When two systems have been measured in the same conditions,
they can be simultaneously analyzed. In this simultaneous analysis,
the parameters describing what is common in the experiments can
be linked, thus enhancing the resolvability of the vibronic and exci-
tonic dynamics of the systems. The solvent contributions that are
the CA and long-lived ISRS oscillations, which are common in the
experiments, can thus be resolved more reliably. To aid the interpre-
tation of the large amount of estimated parameters, it is instructive
to synthesize the total CA contribution to the signal by adding the
IRF(u, A")-IRFAS” term and the strongly damped oscillations that
are ascribed to the CA. Likewise, a solvent ISRS signal can be syn-
thesized by adding all the solvent ISRS oscillations. These syntheses
allow us to judge the applicability of the methodology.

ARTICLE scitation.org/journalljcp

For the spectral decomposition, we employed a superposition
of Gaussian bands,”’

_ bands  _ _ _
e(v) = ng aifexp(~In(2) (2(¥ - vmax,,-)/Av,-)z),
with p equal to 5 or 1 for emission or (difference) absorption, respec-
tively. Parameters a, ¥max, and A¥ are the amplitude, location of the
maximum, Full Width at Half Maximum (FWHM) of a Gaussian
band.

RESULTS AND DISCUSSION
Steady state spectra

The fluorescence properties of the PDI monomer, dimers A
and B, and tetramer in dichloromethane are collated in Table I. The
steady state absorption and emission spectra in dichloromethane are
depicted in Fig. 2. Compared to the PDI monomer, which has a low-
est absorption peak at 535 nm, the excitonic interaction is strongest
in PDI dimer B, where the PDI moieties are closest, resulting in a
lowest exciton absorption at 588 nm (red curve right most peak).
In PDI dimer A, the excitonic interaction is still very strong, result-
ing in a lowest exciton absorption at ~571 nm (green curve right
most shoulder). In the PDI tetramer, the PDI moieties are further
apart (Fig. 1) resulting in a smaller redshift to 550 nm. The max-
imum emission wavelength shows the same trend, with a shift of
30 nm for the PDI tetramer, and 55 nm and 75 nm for PDI dimers A
and B, respectively (Table I, and Fig. 2). The steady state absorption
and emission spectra in chlorobenzene of PDI dimer A and tetramer
are very similar to those in dichloromethane (Fig. S2), but the max-
imum emission wavelengths are blue shifted by 5 nm and 2.5 nm
(Table S1).

The linear absorption, fluorescence, and structures of PDI
dimer A have earlier been reported in Ref. 19 together with the appli-
cation of the exciton model. Based on the exciton model and the
experimental linear absorption spectrum, an electronic coupling of
970 cm™" and a dimerization shift of —480 cm™' have been com-
puted. In combination with the vibrational frequency of 1395 cm™",
this places the PDI dimer in the complicated intermediate-strength
vibronic coupling regime: the excitonic coupling, the vibrational
quantum, and the relaxation energy are all of the same order of
magnitude. It was concluded in Ref. 19 that there was partial agree-
ment between the exciton model computation and the experimental
spectra of PDI dimer A and that “there are evidently factors missing
from the theory needed to model the spectra accurately, which will

TABLE |I. Fluorescence lifetime, absolute quantum yield, and maximum emission
wavelength of the PDI monomer, dimers A and B, and tetramer measured in
dichloromethane.

PDI compound 7r1 (nS) @ (AQY) Amax.em (nm)
Monomer 4.9 0.883 545
Dimer A 1.3 0.097 600
Dimer B 1.5 0.116 620
Tetramer 6.8 0.814 575
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FIG. 2. Steady state absorption and emission spectra of the PDI monomer, dimers A and B, and tetramer measured in dichloromethane.

be the subject of future research.” Below, we will perform a spectral
decomposition of the steady state spectra of the tetramer, which has
the cleanest exciton effect.

Target analysis of transient absorption spectra
Dimer B and tetramer

The broadband TA experiments in chlorobenzene solution
have been performed with pulses centered at 580 nm. The ampli-
tude of the coherent artifact plus damped oscillations is huge, with
extrema straddling time zero near 100 mOD (Fig. S3). It is amaz-
ing that the PDI dimer B and the PDI tetramer data show virtu-
ally the same oscillatory pattern [Fig. 3(a) and Fig. S3]. Therefore,
first, a simultaneous DOAS analysis of the PDI dimer B and the
PDI tetramer data was attempted, assuming identical DOAS and
IRFAS, but independent SADS. Next, the analysis was refined, allow-
ing for four independent DOAS for dimer B and the tetramer. Thus,
a final rms error of the fit was reached of 0.6 mOD, corresponding

to a SNR better than 100 [Fig. 3(a), Figs. S3 and S4]. No obvious
structure is discernible in the first left and right singular vectors
of the residual matrix depicted in Fig. S5. This procedure allows
us to confidently resolve the solvent contributions and the exci-
tonic system contributions. Each excitonic system is described by
two SADS or DADS [Figs. 3(b)-3(d)] and four DOAS [Figs. 3(e)
and 3(f)]. In addition, the solvent contributions are described by
the IRFAS (Fig. S6Q), five practically undamped DOAS (Nos. 1-
5 in Figs. S6M-S60), and six DOAS (Nos. 6-11) that are related
to the fitting of the pre-zero oscillations and the CA, and will not
be discussed further. The first undamped DOAS shows a node at
585 nm, accompanied by a ~m-phase jump (black in Figs. S6N and
S60). This is in agreement with the off-resonance ISRS mechanism
in which the generated ground state vibrational coherence modu-
lates the refractive index of the medium, resulting in a periodic red-
and blue-shift of the probe pulse spectrum.”’”® Analogously, also
the other four practically undamped DOAS (Nos. 2-5 in Figs. S6M-
S60) are assigned to ISRS from the chlorobenzene solvent, since
999 cm™! corresponds to a well-known Raman band and also to
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FIG. 3. Simultaneous DOAS analysis of PDI dimer B and the PDI tetramer in chlorobenzene excited with a 15-fs pulse centered at 580 nm and probed with an attenuated
pulse. (a) Zoomed-in view from —0.1 ps to 0.2 ps (after the maximum of the IRF) of the 580 nm data (in mOD, gray, dimer B) and the fit (black, dimer B). Orange and red
curves depict the tetramer data and fit, respectively. Estimated SADS (c) and DADS [(b) and (d)]. Key dimer B: 313 fs (black) and long lived (red); key tetramer: 478 fs (gray)
and long lived (orange). [(e and f)] Estimated DOAS, scaled for comparison. Frequencies 77 (in cm=") (where n is the DOAS number) and damping rates y (in ps~") written
in the legend of (e) and (f) using the appropriate color. Key: black and red, dimer B; green and blue, tetramer. The gray vertical lines at 592 nm in (e) and (f) are discussed in

the text.

3

1081 cm™, 699 cm™Y, 418 cm™Y, and 259 cm™'.**** The estimated
FWHM of the IRF A was 15 fs. This ensures that the convolution
with the IRF does not average out the damped oscillations with
high frequencies. In contrast, the estimated FWHM of the CA IRF
A" was 34 fs (Fig. S6M, black curve). This cannot be the real IRF
width because it would average out the 1399 cm™ (correspond-
ing to a period of 24 fs) damped oscillation that is present in the
data.

SADS and DADS

With both dimer B and the tetramer, two lifetimes are needed
to describe the data. The estimated DADS of dimer B both repre-
sent a decay of bleach plus stimulated emission (SE). The 313 fs
DADS [blackin Fig. 3(b)] is much smaller than the long-lived DADS
[red in Fig. 3(b)]. In the dimer B target model, we assume inde-
pendent decays with initial populations of 20% and 80%, resulting
in the black and red SADS in Fig. 3(c). The bleach near 560 nm

is almost the same with the black and red SADS. Note that the
long-lived SADS has a stronger bleach plus SE near 585 nm, which
is close to the lowest exciton absorption. The long-lived SADS
can thus be attributed to the lowest exciton state. Apparently, the
Excited State Absorption (ESA) of this state compensates the SE
near 620 nm, and above 650 nm, the ESA is larger than the SE.
Analogously, the estimated DADS of the tetramer both represent
a decay of bleach plus SE. The 478 fs DADS [gray in Fig. 3(d)]
is smaller than the long-lived DADS [orange in Fig. 3(d)]. In the
tetramer target model, we assume independent decays with initial
populations of 36% and 64%, resulting in the gray and orange SADS
in Fig. 3(c). Note that both the bleach and the SE of the 478 fs
SADS [gray in Fig. 3(c)] are located at higher energy than those
of the long-lived SADS [orange in Fig. 3(c)]. Again, the long-lived
SADS can be attributed to the lowest exciton state of the tetramer,
with a SE band near 610 nm, and ESA next to that. The interpre-
tation of the decay processes of 313 fs and 478 fs will be discussed
below.
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DOAS and synthesis

The estimated DOAS of the excitonic systems are depicted in
Figs. S6D-S61 and compared in Figs. 3(e) and 3(f). The 1399 cm™!
oscillation is damped with 30/ps and shows a node in the DOAS
near 592 nm in dimer B [black in Fig. 3(e) and black in Fig. S6E],
accompanied by a ~m-phase jump (black in Fig. S6F). The compar-
ison in Fig. 3(e) shows that the tetramer DOAS (green) is larger
than the dimer B DOAS (black). The frequency 1399 cm™ is close
to that of the 1395 cm™" PDI vibration," and thus, this DOAS can
be attributed to vibrational relaxation. The 311 cm™" oscillation is
damped with 31/ps, and again, the DOAS is larger in the tetramer
(blue) than in dimer B (red). The comparison in Fig. 3(f) shows
two weakly damped oscillations of 537 cm™ (damped with 2/ps)
and 163 cm™! (damped with 3.3/ps). Again, the DOAS differ, with
the tetramer 537 cm™" (green) showing a large broad peak around
550 nm and the dimer B 537 cm™" (black) showing a broad peak
extending until 575 nm. This is reminiscent of the differences
between the gray and black SADS in Fig. 3(c). The tetramer 163 cm ™
DOAS (blue) is larger around 580 nm, but smaller than dimer B (red
curve) elsewhere.
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Figure S7 demonstrates the decomposition of the 580 nm TA
signals. What is very well estimable is the superposition of the CA
related signals (IRF and its derivatives, DOAS Nos. 6-11; cf. the
orange traces). The 311 cm™ damped oscillations (green traces)
are smaller than the CA related signals, but still clearly discernible.
They describe the large excursion in the signal between 30 fs and
80 fs. The remaining damped oscillations can only be seen when
zooming in (Figs. S7C and S7D). Then, it becomes clear that at
580 nm, the tetramer 537 cm™" and 163 cm™ damped oscillations
(magenta and cyan traces) are relatively larger. Decompositions at
40 selected wavelengths are shown in Figs. S8 and S9, confirming
the consistency of the DOAS target analysis.

Dimer A

The broadband TA experiment of PDI dimer A in chloroben-
zene solution has been performed with pulses centered at 580 nm.
The amplitude of the coherent artifact plus damped oscillations is
huge, up to 84 mOD [Figs. 4(a) and 4(b), Fig. S10]. The shape
of the coherent artifact differs from that in Fig. S3; therefore, the
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FIG. 4. DOAS analysis of PDI dimer A in chlorobenzene excited with a 15 fs pulse centered at 580 nm and probed with an attenuated pulse. [(a) and (b)] Zoomed-in view from
—0.1 ps to 0.2 ps (after the maximum of the IRF) of the 580 nm and 610 nm data (in mOD, gray) and the fit (black). Estimated SADS (c) and DADS (d). Key (c) and (d): 35
(black), 402 fs (red), and long lived (blue). Overview of selected estimated DOAS and phases. Frequencies  (in cm~") (where n is the DOAS number) and damping rates
y (in ps~") written in the legend of (e) using the appropriate color. (e) Estimated DOAS scaled for comparison. (f) Estimated phase profiles of the DOAS. The gray vertical

lines at 591 nm in () and (f) are discussed in the text.
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dimer A had to be analyzed independently. 11 damped oscillations
were needed to fit the vibrational evolution up to the noise level
(cf. Figs. S10 and S11). No obvious structure is discernible in the
first left and right singular vectors of the residual matrix depicted in
Fig. S12.

SADS and DADS

The excited state dynamics can be described by a sequential
kinetic scheme 1 (black) — 2 (red) — 3 (blue) with lifetimes of 35 fs
and 402 fs, and long lived (Fig. S13A). The first SADS [black in
Fig. 4(c)] shows a minimum at ~580 nm consisting of bleach and
early SE, and ESA below 530 nm and from 605 nm to 645 nm. The
first DADS [black in Fig. 4(d)] shows negative amplitudes from 565
to 590, indicating the loss of bleach plus SE. Elsewhere, the first
DADS is positive, indicating the loss of ESA or gain of SE around
610 nm. The second SADS [red in Fig. 4(c)] shows a broad bleach
plus SE around 595 nm and a bleach shoulder near 540 nm. The
third SADS is of similar shape as the second, but with a loss in
the 595 nm amplitude [cf. the red DADS in Fig. 4(d)]. Alterna-
tively, the second and third DADS could represent parallelly decay-
ing species, like with dimer B, with initial populations of ~20%
and ~80%.

DOAS and synthesis

An overview of the estimated DOAS and phases is shown
in Figs. S13D-S13L, whereas the estimated IRFAS are depicted in
Fig. S13N. The undamped first DOAS shows a node at 603 nm,
accompanied by a ~m-phase jump (black in Figs. S13K and S13L).
Analogously, undamped DOAS Nos. 2-4 are assigned to ISRS
from the chlorobenzene solvent, since 999 cm™' corresponds to
a well-known Raman band, and also 699 cm™!, 418 cm™!, and
259 em™ .

DOAS Nos. 7-11 are related to the fitting of the pre-zero oscil-
lations and the CA and will not be discussed further. DOAS No. 5,
323 cm}, decay rate 27/ps, has the largest amplitudes near 610 nm
and 575 nm and could be related to the dimer ES. It is interesting to
note that this decay rate of 27/ps is closest to the decay rate of the
first ES (35 fs = 29/ps). It shows a node at 590 nm, accompanied by
a ~m-phase jump [black in Figs. 4(e) and 4(f)]. This could indicate
the presence of a wavepacket in the ES. DOAS No. 6, 1359 cm”l,
decay rate 33/ps, has a frequency close to the 1395 cm™ vibration
and could be related to vibrational relaxation.

A complication in the fitting is the collinearity of the strongly
damped oscillations with the IRF and its derivatives (Figs. S13D and
S13M). Since dimer A had to be analyzed independently, there is no
additional information to resolve the CA from the excitonic contri-
butions. Figure S14 demonstrates the decomposition of the 580 nm
and 610 nm TA signals. What is very well estimable is the super-
position of the CA related signals (IRF and its derivatives, DOAS
Nos. 7-11; cf. the orange traces). The 323 cm™" damped oscilla-
tion (green traces) is overlapping in time with the later part of these
orange traces, which indicates that it must be interpreted cautiously.
Compared to the 311 cm~! DOAS in Fig. 3(e), the amplitudes of the
323 cm™! damped oscillations appear to be overestimated between
570 nm and 615 nm. The slowly damped DOAS from Fig. 3(f) could
not be resolved with dimer A.

ARTICLE scitation.org/journalljcp

Interpretation

We observe fast and slow dynamics. The fast dynamics in dimer
B and the tetramer are the oscillations decaying with ~30/ps in
Fig. 3(e). It can be attributed to vibrational relaxation, since there is
excess energy in the pump pulse, which must be dissipated. In dimer
A, we also observe this [Fig. 4(e)]. In addition, we observe a 35 fs
process [cf. Figs. 4(c) and 4(d)]. Could this be high to low exciton
relaxation?'” That is not very likely, since no rise of the low exciton
GSB is observed. Could it be related to solvation? Chlorobenzene
has a dipole moment of 1.7 D; thus, one expects to observe solva-
tion. In Ref. 23, solvation time scales of ~40 fs and ~150 fs have
been observed. Clearly, the SE around 615 nm rises with 35 fs [black
DADS, Fig. 4(d)], and thus, it can be attributed to the fast solvation
time scale.

The slow dynamics with rates between 2.1 and 3.2/ps is associ-
ated with a loss of bleach and SE amplitude [cf. the black and gray
DADS in Figs. 3(b) and 3(d) and the red DADS in Fig. 4(d)]. This
can be attributed to annihilation in systems that are doubly excited,
i.e., decay of the higher energy exciton, while the low exciton state
remains populated. Quantitatively, the maximum amplitude of the
long-lived DADS is about 30 mOD, which corresponds to 1/8 of
the maximum absorption of the sample of 240 mOD. Thus, after
the slow dynamics are over, with the dimers about one out of four
dimers is still excited, and one out of two tetramers. With the help
of the Poisson probability density function, the relative probabilities
of systems absorbing one or more photons can be computed. Using
a mean rate of 0.42, 80% of the excited dimers absorbs a single
photon and 20% absorbs two (or more) photons. With the dou-
ble rate, 0.84, 64% of the excited tetramers absorbs a single photon
and 36% absorbs two (or more) photons. This is in excellent agree-
ment with the initial populations of the target model. The black and
gray SADS in Fig. 3(c) can thus be interpreted as the SADS of the
one but lowest exciton state of dimer B and the tetramer. In partic-
ular, the energy difference between the bleach minima is 768 cm™
for dimer B and 162 cm™! for the tetramer. With dimer A, this is less
clear. From the redshift of the maximum emission wavelength rel-
ative to that of the PDI monomer (Table I), we have computed the
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FIG. 5. Annihilation rate vs coupling strength VV computed from Table |.
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coupling strength V. The annihilation rate is plotted against the thus
computed V in Fig. 5, together with a tentative trend line. To further
investigate this interesting annihilation process, more experiments
with different laser powers combined with solvent measurements
would be needed. These can then be corroborated by theoretical
computations.'” o

Decomposition of the SADS and steady state
spectra for the tetramer and the monomer

The tetramer has the cleanest exciton effect, since the tetramer
has no through-conjugation of the chromophores. Therefore, it is of
interest to compare the estimated SADS and the steady state spec-
tra for the tetramer in chlorobenzene. Because the SADS consist of
bleach and SE negative contributions, together with a positive ESA
contribution, in the overlay Fig. 6, we present the inverted SADS.
The shape of the first SADS main peak (gray) overlaps with the low
energy part of the steady state absorption (black). Probably, the SE
contribution to the first SADS overlaps with this main peak, with
a vibrational band peaking near 600 nm. At the high energy side,
a vibrational shoulder is present near 520 nm. The two peaks are
shifted to lower energy in the second SADS (orange), consistent
with the interpretation that this represents the lowest exciton state.
The SE contribution to the main peak is clearly visible as the differ-
ence between the black and orange flanks from 560 nm to 590 nm.
The ESA contributions (visible here as negative amplitudes above
640 nm) appear to be small. The energy difference between the max-
ima of the first and second SADS at 552 nm and ~558 nm corre-
sponds to ~195 cm™". The energy difference between the secondary
maxima of the first and second SADS at ~600 nm and ~610 nm cor-
responds to ~262 cm™'. Taking into account the uncertainties and
unknown ESA contributions, and the fact that main peak contains
both bleach and SE contributions, these numbers are consistent.
Since the secondary maxima do not contain a bleach contribution,
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o e
10 m— SADS2
’ — abs
— e
—~ 08 @@ ibra abs|
=]
L\i; 0.6 @—@vibra em
2
)
c
204
£
0.2
0
-0.2
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Wavelength (nm)

FIG. 6. Overlay of the estimated SADS and the steady state spectra for the
tetramer in chlorobenzene. Key: 478 fs (gray) and long lived (orange) inverted
SADS; steady state absorption (black) and emission (red) with on top horizon-
tal lines, indicating an energy difference of 1395 cm=" from the location of the
maximum.
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our estimate based on the inspection of the spectra for the energy
difference between the one but lowest and the lowest exciton state is
~262 cm™.

To further quantify these observations, we fitted the spec-
tra with Gaussian bands. The absorption and the emission were
described by two Gaussian bands. With the absorption, the dif-
ference of the location of the maxima was fixed at 1395 cm™! to
reduce the number of free parameters. Both the bleach and the SE
of the SADS were described by two Gaussian bands, with the differ-
ence of the location of the maxima fixed at 1395 cm™'. To further
reduce the number of free parameters, the width parameter was
linked. The quality of these spectral fits was good (Figs. S15 and S16).
The estimated parameters are collated in Table II. The location of the
maximum of the main bleach bands is 18 073 cm™" and 18058 cm™
with SADS 1 and 2, and 18129 cm™! with the absorption. These
differences are considered to be small. The locations of the maxi-
mum of the SE bands are 18058 cm™" and 17756 cm™! with SADS
1 and 2, and 17495 cm™' with the emission. The lower ¥max of
the emission is attributed to small wavelength calibration uncer-
tainties between the steady state and broadband spectroscopy. With
the SADS (which share a common wavelength calibration), the dif-
ferences are considered to be significant. Thus, based on the esti-
mated SE bands, our most reliable estimate for the energy differ-
ence between the one but lowest and the lowest exciton state is
302 cm™!. The FWHM A of the Gaussian bands is 804 cm™! and
897 cm™! with SADS 1 and 2, and 951 cm ™! and 864 cm™" with the
main absorption and emission bands. These numbers are quite sim-
ilar and indicate a large inhomogeneous broadening (disorder)'” of
~900 cm™".

Analogously, the steady state spectra of the tetramer and the
monomer in dichloromethane could be well fitted with two Gaus-
sian bands (Fig. S17). The locations of the main peaks of the
monomer are higher than those of the tetramer by 94 (absorption)
and 203 cm™' (emission) (Table S2), which can be attributed to
excitonic effects. The estimated parameters of these fits (Table S2)
are consistent with the results in chlorobenzene (Table II). In par-
ticular, the FWHM of the main emission band was 933 cm™' and

TABLE II. Location of the maximum max(cm=") and full width at half maximum
Av(cm™!) of the Gaussian bands used to fit the spectra in chlorobenzene. Main
bands in bold.

Spectrum Vmax (cm™") Av(cm™)
SADS 1 bleach 19 468 804
SADS 1 bleach 18073 804
SADS 1 SE 18058 804
SADS 1SE 16 663 804
SADS 2 bleach 19451 897
SADS 2 bleach 18056 897
SADS 2 SE 17756 897
SADS 2 SE 16 361 897
Absorption 19524 1282
Absorption 18129 951
Emission 17495 864
Emission 16 359 1896
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876 cm™' for the tetramer and the monomer, respectively. The
FWHM of the main absorption band was 981 cm™" and 903 cm™
for the tetramer and the monomer, respectively. These values are
very similar to their counterparts in chlorobenzene, confirming
that the inhomogeneous broadening (disorder)'” is 900 cm™. The
facts that the FWHM of the tetramer is larger with the absorp-
tion than with the emission (differences of 48 cm™' and 87 cm™
in dichloromethane and chlorobenzene, respectively) and that, in
dichloromethane, the absorption FWHM is larger with the tetramer
than with the monomer (difference of 78 cm™") can be explained by
contributions from the higher excitonic states to the absorption.

CONCLUSIONS

When two systems have been measured in the same conditions,
they can be simultaneously analyzed, thus enhancing the resolv-
ability of the vibronic and excitonic dynamics of the systems. The
solvent contributions that are the CA and long-lived ISRS oscilla-
tions, which are common in the experiments, can thus be resolved
more reliably.

An earlier study on dimer A"’ demonstrated that for this model
homodimer system in the strong electronic coupling regime, energy
relaxation within the excitonic manifold occurs in the very early
(<50 fs) time frame after photoexcitation, precluding the persistence
of long-lived coherences between exciton states. Here, we have quan-
tified and detailed that vibrational relaxation as evidenced by the
1399 cm™" or 1359 cm™' damped oscillations occurs with damp-
ing rates of ~30/ps. It was proposed in Ref. 19 that intramolecular
degrees of freedom dictate the relaxation rate through radiationless
internal conversion pathways. Here, we resolved damped oscilla-
tions of 311 cm™ or 323 cm ™" with damping rates of ~30/ps, which
might be involved. In dimer A, we found evidence of fast solvation
with a rate of 35/ps. A relaxation process with a rate of 2.1/ps-3.2/ps
that is positively correlated with the excitonic coupling was discov-
ered in all three model systems. It can be attributed to the annihila-
tion of the one but lowest exciton state. In the tetramer, which has
the cleanest exciton effect, the energy difference between the one but
lowest and the lowest exciton state is 302 cm ™.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional steady state spec-
tra and figures demonstrating the quality of the fit, the complete
analysis, and decompositions.
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