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ABSTRACT: Designing molecular systems that exploit vibronic coherence to improve light
harvesting efficiencies relies on understanding how interchromophoric interactions, such as
van der Waals forces and dipolar coupling, influence these coherences in multichromophoric
arrays. However, disentangling these interactions requires studies of molecular systems with
tunable structural relationships. Here, we use a combination of two-dimensional electronic
spectroscopy and femtosecond stimulated Raman spectroscopy to investigate the role of steric
hindrance between chromophores in driving changes to vibronic and vibrational coherences
in a series of substituted perylenediimide (PDI) cyclophane dimers. We report significant
differences in the frequency power spectra from the cyclophane dimers versus the
corresponding monomer reference. We attribute these differences to distortion of the PDI
cores from steric interactions between the substituents. These results highlight the importance
of considering structural changes when rationalizing vibronic coupling in multichromophoric
systems.

The function of quantum coherence in excitation energy
transfer has been a topic of interest to biologists,

chemists, and physicists for decades.1−3 Recent developments
in multidimensional optical spectroscopy4 have highlighted the
importance of vibronic coherence, i.e., phase-related super-
positions with mixed nuclear and electronic character, in
natural photosynthetic complexes. Studies suggest these
coherences may enhance both the rate and efficiency of
energy and charge transfer in multichromophoric sys-
tems.3,5−12 While coherence phenomena have been examined
in several chromophores,13−21 relatively few studies have
focused on well-defined structures having a small number of
chromophores, such as dimers and trimers, from which design
principles regarding larger light harvesting arrays can be
developed.15,16

Small chromophore assemblies having synthetically tunable
structures allow for extracting maximal insight into the factors
that influence vibronic coherences.11,12,15,16,22 Through this
bottom-up approach, researchers have elucidated the role of
energy level ordering12,16 and conformational disorder16,22 in
controlling the degree of electronic-vibrational coupling. An
additional important factor to address is van der Waals forces
between neighboring chromophores. Depending on the
orientation and packing of the chromophores, structural
distortions resulting from steric interactions may strongly
impact vibronic couplings through changes in Franck−Condon
(FC) factors and/or broken molecular symmetry.23 In order to
rationalize these effects in light-harvesting arrays, we must first
build a better fundamental understanding by exploring model

systems with precise control over interchromophoric inter-
actions.
Perylenediimide (PDI) is a particularly interesting organic

chromophore from this perspective24 because it is synthetically
tunable,25 which facilitates its tailoring to a wide variety of
applications such as highly efficient fluorescence,26,27 photo-
induced energy28 and electron transfer,29 and singlet fission.30

PDI derivatives have been utilized in organic electronics,31,32

artificial photosynthesis,33 and organic photovoltaic devices.34

We wish to use the covalent control afforded by PDI
cyclophane dimers35 (Scheme 1) to investigate how van der
Waals forces influence vibronic coherences. In particular,
cyclophanes incorporating 1,6,7,12-tetrakis(4-t-butylphenoxy)-
perylene-3,4:9,10-bis(dicarboximide) chromophores allow us
to precisely fix the interchromophoric distance using different
linking groups. Inclusion of such bulky bay-substituents has
been shown to induce twisting in the monomeric PDI
core.35−37 Different degrees of steric interactions between
the 4-t-butylphenoxy groups in the cyclophanes may alter the
extent of twisting in the PDI cores, which allows us to examine
how substituent interactions and resultant differences in core
structure affect vibronic and/or vibrational coherences. Here
we report significant differences in the relative amplitudes of
signal modulations stemming from excited- and ground-state
wavepackets in the cyclophane dimers versus the correspond-
ing monomer reference. These coherences may play an
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important role in symmetry-breaking charge separation29 and
singlet fission30 involving PDI cyclophanes, processes that are
both important for photodriven charge separation leading to
energy storage.
The cyclophanes reported here are composed of monomeric

4-t-butylphenoxy (bay) substituted PDI units covalently bound
via para (p-PDI) or meta (m-PDI) connections to benzyl
group linkers. Molecular structures for p-PDI, m-PDI, and the
reference compound, PDI-ref, are provided in Scheme 1. The
synthesis details and characterization of the intermediates and
final products are provided in the Supporting Information (SI).
Normalized visible electronic absorption spectra for PDI-ref, p-
PDI, and m-PDI dissolved in THF at room temperature are
shown in Figure 1. PDI-ref exhibits a prominent vibronic
progression of ∼1280 cm−1 with absorption maxima near
17 600 and 18 890 cm−1 (568 and 530 nm, respectively). The

absorption spectra of p-PDI and m-PDI exhibit similar vibronic
progressions, but with an increasing absorption near the 0−1
vibronic band relative to that of the 0−0 transition. This
altered ratio of the vibronic bands is well described by positive
dipolar coupling between the cofacial PDI moieties (H-
aggregation),23,38 which is further reflected by the blueshift of
the absorption maxima in m-PDI relative to PDI-ref.
Simulation of the linear absorption spectra with the Holstein
Hamiltonian (Figure S5) yields dipolar couplings of ∼180 and
∼270 cm−1 for p-PDI and m-PDI, respectively, in agreement
with previous work on similar systems.35 This is thus the
energy regime we are interested in investigating for vibronic
coupling phenomena.
We characterize the coherences in these systems with a

combination of two-dimensional electronic spectroscopy
(2DES) and femtosecond stimulated Raman spectroscopy
(FSRS) in order to disentangle vibronic from vibrational
coherences. 2DES is a powerful third-order nonlinear
spectroscopic technique which produces optical spectra with
frequency resolution in both the pump and probe pulse
dimensions.4,39,40 A rich understanding of the Franck−Condon
envelope of a molecule can be obtained through this technique
because the short time duration pump pulses can generate
coherent wavepackets composed of FC-active vibrations on
both the ground and excited states.1,3,11,41 Such wavepackets
manifest themselves as amplitude oscillations of relevant
spectral features as a function of the time between the second
pump pulse and the probe.41 In contrast to 2DES, by using a
narrowband resonant Raman pump, FSRS is capable of
generating and probing purely vibrational coherences on the
molecular ground or excited state surface, depending on the
resonance of the Raman pump.42,43 FSRS therefore provides a
complementary method of unraveling the contributions of
electronic and vibrational character to the coherences observed
via 2DES.
2DES spectra were collected following S1 ← S0 excitation of

PDI-ref, p-PDI, and m-PDI. Experimental details are provided
in the SI. Spectra of the three compounds at a waiting time
delay of 150 fs are shown in Figure 2. Each system displays
negative ground-state bleach (GSB) features near ωpump (ω1) =
ωprobe (ω3) = 17 500 cm−1 with a higher-energy vibronic
transition ∼1300 cm−1 above the diagonal in the probe
dimension. A negative stimulated emission (SE) band can be
observed ∼1300 cm−1 below the diagonal. Positive excited-
state absorption (ESA) features are observed near (ω1 =
17 500 cm−1, ω3 = 14 000 cm−1) and (ω1 = 17 500 cm−1, ω3 =
10 500 cm−1), which correspond to Sn ← S1 transitions.
The nature of the coherences observed in 2DES experiments

has been widely debated.1,3,7,11 The spectral region accessible
by our pump is particularly relevant to investigate considering
these frequencies are on the energetic order of the exciton
coupling in the dimer systems. Thus, vibrations in this
frequency region may mix strongly with the electronic degrees
of freedom.7 To address the effects of interchromophoric steric
interactions on the nature of such coherences in these PDI
systems, we separated the oscillatory signals from population
dynamics in the 2DES data by fitting and subtracting the
population kinetics at each (ω1, ω3) coordinate as a function of
the waiting time. Representative time traces and corresponding
population fits for PDI-ref, p-PDI, and m-PDI are shown in
Figure 3A−C, respectively.
We examined the fast Fourier transform (FFT) of the

isolated traces at each (ω1, ω3) position to extract frequency-

Scheme 1. Molecular Structures for the Compounds in This
Studya

aPDI-Ref, p-PDI, and m-PDI represent the PDI monomer, para-
connected, and meta-connected cyclophanes, respectively.

Figure 1. Normalized steady-state absorption (solid) and emission
(dashed) spectra of PDI-ref, p-PDI, and m-PDI obtained in THF at
room temperature. Pump and probe pulses for the 2DES measure-
ments are superimposed.
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domain information regarding the oscillations present in the
PDI-ref, p-PDI, and m-PDI 2DES data. Frobenius norms of the
frequency-domain signals across a limited spectral region were
used to improve the signal-to-noise ratio and better sample the
oscillations associated with the specific optical transition; these

norms were chosen to be centered near the maximum of the
oscillatory beating amplitude (cyan rectangles in Figures 2 and
S18). We first turn our attention to excited-state oscillatory
signatures in these data, as these are most relevant to
application in coherent energy transport.10 While such signals

Figure 2. Absorptive 2DES spectra at a waiting time of 150 fs for (A) PDI-ref, (B) p-PDI, and (C) m-PDI obtained in THF at room temperature.
Each spectrum is normalized to the maximum absolute change in absorption. Cyan rectangles indicate the approximate regions over which the
coherence analysis was performed. (D) Corresponding transient absorption spectra for PDI-ref (black), p-PDI (red), and m-PDI (blue).

Figure 3. Time-domain data (hollow circles) from the real part of the 2DES signal and exponential fits (solid lines) integrated over a 30 × 30 cm−1

region near the specified coordinates for (A) PDI-ref, (B) p-PDI, and (C) m-PDI. Frobenius norms calculated in the frequency domain across a
300 × 400 cm−1 region on the higher energy Sn ← S1 ESA feature for (D) PDI-ref, (E) p-PDI, and (F) m-PDI. Replicate and control traces are
available in the SI.
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can be deconvoluted from those associated with coherences on
the ground state in the GSB region of the 2D spectrum,44,45

the wide spectral coverage in the probe dimension here
permits resolution of purely ESA features, which can only
exhibit excited-state coherences. Normalized power spectra of
the oscillations integrated across the higher-energy ESA feature
for PDI-ref, p-PDI, and m-PDI are shown in Figure 3D−F,
respectively. In the excited-state power spectrum for PDI-ref,
we observe peaks at 179 and 403 cm−1. In contrast, the
spectrum of p-PDI contains additional peaks at 115, 251, and
446 cm−1 and a clear increase in the relative intensity of the
408 cm−1 mode. The oscillations below 300 cm−1 observed in
p-PDI remain prominent in m-PDI, where the interchromo-
phoric distance is decreased, but at significantly lower
intensities relative to the strongest peak near 179 cm−1. A
peak near 400 cm−1 is observed in some m-PDI experiments
(Figures S11 and S16F), but also at lower relative intensity
compared to that in the p-PDI power spectrum.
Several factors can contribute to the differences between the

power spectra for PDI-ref, p-PDI, and m-PDI. The presence of
an additional coherence in a dimer system compared to the
monomer could imply the oscillation originates from a
superposition of two excitonic states induced by dipolar
coupling.11 However, such purely electronic coherences are
reported to dephase on the order of tens of femto-
seconds.11,46,47 Considering these measurements were con-
ducted in room temperature solutions and data prior to 100 fs
are neglected, the features observed in p-PDI and m-PDI are
most likely not purely excitonic in origin. While the coherences
are purely vibrational in PDI-ref, those observed in the dimers
are likely vibronic in nature since both the linear absorption
and 2DES spectra indicate the presence of Frenkel excitons.
Thus, one explanation for the differences between Figure 3D−
F could be varying degrees of transition dipole coupling in the
dimers, which will alter the degree of interaction between
excitons and underdamped vibrational modes.7,11,48 Studies

have predicted7,48 and shown16 amplitude enhancement of
vibronic coherences when excitonic splitting yields bright
vibronic states not present in the monomer.
While this enhancement has received much attention in

recent literature,7,16,48 it is important to note that structural
deformations of the monomer units in the cyclophanes could
also account for the observed differences in the power spectra.
As discussed above, it is known that bay substituents in PDI
molecules can induce twisting in the core.37 Steric interactions
between the substituents in the dimers here could result in
changes to the degree of core twisting in relation to the
isolated monomer; this effect could be exacerbated at smaller
chromophore spacings. Such structural deformations may alter
the displacement between the ground- and excited-state
potential energy minima and thus yield different sets of FC
factors for each system, thereby leading to different signal
amplitudes from vibronic coherences.
Deconvoluting the influence of excitonic splitting versus

steric hindrance in these results requires evaluation of the
origin state (ground or excited) of the coherence. Isolating
purely ground-state signals from those on the excited state
surface is known to be difficult in room-temperature 2DES.44,45

However, the ultrafast Stokes shift observed in these systems
(Figure S19D) results in transient separation of the these
signals in the probe frequency dimension, with ground- and
excited-state oscillations occurring primarily near and below
the diagonal in the 2D maps, respectively. Figure 4A−C shows
power spectra integrated at frequencies near the diagonal, thus
reflecting primarily ground-state coherences for PDI-ref, p-
PDI, and m-PDI. However, some excited-state contribution
from SE pathways cannot be explicitly ruled out. Similar to the
purely excited-state results, a dominant oscillation frequency
(∼179 cm−1) with potential shoulders is observed for PDI-ref.
In comparison, peaks near 106, 248, 400, 442, 539, and 613
cm−1 grow in relative intensity in the p-PDI power spectrum.

Figure 4. Normalized ground-state 2DES and FSRS spectra for (A and D) PDI-ref, (B and E) p-PDI, and (C and F) m-PDI, respectively, in THF at
room temperature. Replicate and control traces are available in the SI.
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Most of these modes are apparent in the spectrum for m-PDI,
but with significant reduction in relative intensity.
It is important to note here that some ground-state

vibrational coherence signals will also be altered substantially
by vibronic coupling due to intensity borrowing.7,48 Con-
versely, signals which do not involve resonance with both
excitonic states will not undergo this signal amplification
mechanism and will be primarily sensitive to alterations in FC
factors between the compounds.7 The tendency for excited-
and ground-state oscillatory signals to overlap in 2DES
complicates exploitation of this notion, but FSRS offers a
complementary method of isolating such a signal. Thus, we
examined pure ground-state coherence signatures from PDI-
ref, p-PDI, and m-PDI using FSRS. By using a Raman pump
preresonant with the S1 ← S0 absorption band, we only
observe those coherences resonantly enhanced by the lower-
energy exciton state in the dimers.
Figure 4D−F shows Stokes FSRS spectra for the PDI

compounds. PDI-ref exhibits a strong mode at 170 cm−1 and
numerous peaks between 400 and 600 cm−1. The 170 cm−1

peak is accompanied by weak shoulders. In comparison, the
FSRS spectrum of p-PDI shows two additional intense peaks at
118 and 218 cm−1 and slightly increased relative intensity of
the peaks at 398 and 434 cm−1. We also observe other peaks
between 500 and 600 cm−1, but they do not show increased
relative intensity compared to those observed for PDI-ref. The
spectrum for m-PDI exhibits similar peaks at 227, 406, and 430
cm−1. The relative amplitude of the former is significantly
reduced when compared to the corresponding peak in the p-
PDI spectrum, while the relative intensities of the latter two
modes are only slightly reduced.
The ground-state FSRS results corroborate many of the peak

trends noted both from Figures 3D−F and 4A−C. As
discussed above, the primary pathway leading to FSRS gain
in a ground-state experiment should be minimally affected by
the vibronic enhancement mechanism that has been discussed
in the context of time-domain oscillations in 2DES.7,48 Thus,
the Raman data imply the amplitude differences in the ground-
state 2DES power spectra between PDI-ref, p-PDI, and m-PDI
can be described predominantly by changes to FC factors and
not intensity borrowing from coherent interaction between
dimer exciton states and near-resonant vibrational states.
Though peak amplitudes in the excited-state power spectra in
Figure 3D−F additionally rely on FC factors between the S1
and a higher-lying excited state, the similarity between the
excited- and ground-state 2DES trends suggests that the
excited-state coherences are also impacted primarily by
changes to FC factors apart from vibronic enhancement.
These claims are further supported by an additional 2DES
experiment we conducted with the pump center moved ∼500
cm−1 higher in energy, where the results show nearly identical
trends to the ones we presented here despite having different
resonance conditions with the low frequency vibrational and/
or vibronic states (Figure S16). Furthermore, excited-state
FSRS spectra for each compound corroborate our conclusions
with similar trends present to those of the ground-state (Figure
S21).
While the prominent vibrations exhibited by unsubstituted

PDI variants in previous literature49,50 are characterized by in-
plane ring distortion, inclusion of the 4-t-butylphenoxy
substituents in the systems here leads to significant twisting
of the PDI core,35−37,51 thus heavily altering the nature of the
vibrations in the low frequency region of the Raman spectrum.

Both dimerization and decreasing interchromophoric spacing
by changing the benzyl linkage introduces extra steric
hindrance between the substituents and thus likely alters the
degree of core twisting. Considering that the low frequency
vibrations in these systems primarily involve motions of the
PDI core nuclei, as revealed by DFT normal-mode analysis on
PDI-ref (Figure S22), this structural strain may result in a
combination of altered FC factors and the presence of new
normal modes. Such an effect accounts for the differences
observed in both the 2DES power and FSRS spectra for PDI-
ref, p-PDI, and m-PDI without invoking the vibronic
enhancement mechanism. Furthermore, it is worth noting
that similar trends in the relative intensity of Raman-active
modes in cyclophane dimers as a function of decreasing π−π
distance have been observed previously,52 which suggests that
this result may be general to systems of closely spaced
chromophores.
Here we have shown a significant dependence of the

vibronic and vibrational coherences in PDI cyclophanes upon
interchromophoric interactions. Through comparison of the
power spectra obtained via time-domain 2DES signal
modulations to FSRS measurements and DFT calculations,
we determined this dependence is of structural origin. While
vibronic enhancement is potentially present in some of the
observed oscillations, our results suggest this mechanism
cannot fully account for the trends. For PDI systems
specifically, our results indicate particular chromophore
arrangements may be ideal for strong prevalence of certain
coherences. Furthermore, these results illustrate the sensitivity
of vibronic and vibrational coherences to van der Waals forces
between neighboring chromophores. Such knowledge is critical
for understanding how vibronic coherences may be exploited
for efficient energy transfer in synthetic light-harvesting arrays.
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