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ABSTRACT: Designing and controlling charge transfer (CT) pathways in
organic semiconductors are important for solar energy applications. To be useful, a
photogenerated, Coulombically bound CT exciton must further separate into free
charge carriers; direct observations of the detailed CT relaxation pathways,
however, are lacking. Here, photoinduced CT and relaxation dynamics in three
host—guest complexes, where a perylene (Per) electron donor guest is
incorporated into two symmetric and one asymmetric extended viologen
cyclophane acceptor hosts, are presented. The central ring in the extended
viologen is either p-phenylene (ExV**) or electron-rich 2,5-dimethoxy-p-phenylene
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(ExMeOV?*"), resulting in two symmetric cyclophanes with unsubstituted or methoxy-substituted central rings, ExBox* and
ExMeOBox", respectively, and an asymmetric cyclophane with one of the central viologen rings being methoxylated
ExMeOVBox*". Upon photoexcitation, the asymmetric host—guest ExMeOVBox** D Per complex exhibits directional CT toward
the energetically unfavorable methoxylated side due to structural restrictions that facilitate strong interactions between the Per donor
and the ExMeOV** side. The CT state relaxation pathways are probed using ultrafast optical spectroscopy by focusing on coherent
vibronic wavepackets, which are used to identify CT relaxations along charge localization and vibronic decoherence coordinates.
Specific low- and high-frequency nuclear motions are direct indicators of a delocalized CT state and the degree of CT character. Our
results show that the CT pathway can be controlled by subtle chemical modifications of the acceptor host in addition to illustrating
how coherent vibronic wavepackets can be used to probe the nature and time evolution of the CT states.

B INTRODUCTION

Light-driven charge transfer (CT) is an essential photophysical
process in both natural* and artificial photosynthesis™ and in
organic photovoltaics (OPVs) and other opto-electronics.”””
Recent progress in OPVs adopting non-fullerene electron
acceptors has seen power conversion efficiencies approach
20%,°'* which has re-invigorated interest in this strategy for
solar energy conversion. Device performance of OPVs is
governed by several steps including light absorption, exciton
diffusion to the donor—acceptor interface, formation of a
tightly bound CT exciton, charge separation to generate free
charge carriers, and diffusion of the charges to an electrode
where they are collected. Strong Coulombic interactions in CT
excitons impede free carrier generation significantly in OPVs,
leading to the formation of relaxed, trapped CT excitons. To
overcome the Coulomb barrier and enhance solar cell
performance, the CT exciton dynamics need to be better
understood.

Two mechanisms to overcome the Coulomb barrier at the
molecular scale, delocalization of the initially formed CT
state'' '° and vibronic coupling,'®'” have been suggested
because they can induce rapid charge flow across several
adjacent molecules. Charge delocalization plays an essential
role in weakening the Coulombic interactions, where only a
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small amount of delocalization has been observed to impact
efficient carrier generation.18 Vibronic coupling bridges the
potential energy surfaces (PESs) along key nuclear coordinates
in the sub-picosecond regime, which is a breakdown of the
Born—Oppenheimer approximation. Optical pump—probe
spectroscopy has been utilized to detect the CT dynamics
and characteristic responses in electronic/vibrational signals
from local exciton (LE) and CT states."”™*' In particular,
ultrafast broadband transient absorption (BBTA) spectroscopy
and two-dimensional electronic spectroscopy (2DES) have
been used to detect vibronic wavepackets coupled to the CT
reaction coordinate and the degree of charge delocaliza-

. 22-24
tion.

Using these tools, we found recently that vibronic
coupling effectively drives symmetry-breaking charge separa-
tion in a slip-stacked perylenediimide trimer through vibroni-

cally mixed Frenkel exciton and CT states.”>*° Given that this
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Figure 1. Structural formulas of (a) host Box** and (b) guest Per. (c) Photoinduced dynamics upon (1) photoexcitation of Per (indirect CT) and
(2) Box* D Per (direct CT). (d) PESs of Box*" D Per complexes with LE and CT excitations where the latter has a smaller extinction coeflicient
compared to the LE state, with a calculated ExBox** D Per complex host—guest structure shown.
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trimer model is symmetric, charge separation can occur in two
directions with equal probability.

Directional CT may impact overall power conversion
efficiencies in OPVs in comparison to random CT, when
donor—acceptor orientations in OPVs are favorable, especially
in ternary blends.”” ™" Ultrafast spectroscopy is often used to
identify coherent wavepackets at very early times following
photoexcitation. However, we have relatively little knowledge
about molecular CT excitons themselves and subsequent
charge flow from them at early times because most
investigations have relied on initial formation of an LE state
followed by CT state formation, which, in principle, adds
complexity to the interpretation of the signals arising from the
LE and CT states. In addition, it is increasingly challenging to
discern between spatially delocalized and localized excitons in
wavepacket data.

Herein, we address this problem using ultrafast BBTA
spectroscopy and 2DES with direct CT state excitation to
focus on CT relaxation and coherent vibronic wavepackets of
molecular host—guest complexes that can model the non-
covalent interactions encountered in OPVs. The host—guest
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complexes are composed of a perylene (Per) electron donor
guest (Figure la), which is encapsulated in various electron-
deficient tetracationic cyclophane (Box**) hosts (Figure 1b).
The central ring in each extended viologen unit is either simple
phenylene (black) or electron-rich 2,5-dimethoxyphenylene
(red), resulting in three possible combinations. Symmetric
boxes with unsubstituted”' and methoxy-substituted (MeQ)*”
central rings are termed ExBox** and ExMeOBox*,
respectively, whereas an asymmetric box with one of the
central rings at both sides is termed ExMeOVBox*". Selective
photoexcitation of these systems can produce the CT state
either through initial formation of the LE state, the indirect
mechanism (1), or by direct excitation of the CT state, the
direct mechanism (2) (Figure lc,d). While the LE excitation
experiments reveal the directional CT process in the
asymmetric complex, the direct CT state excitation experi-
ments using BBTA and 2DES provide characteristic wave-
packet signatures of the hot and relaxed CT states and signals
from the degree of charge delocalization depending on the
symmetry of the hosts.

https://doi.org/10.1021/jacs.2c13576
J. Am. Chem. Soc. 2023, 145, 8389-8400
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Figure 2. X-ray single-crystal (super)structures of (a) ExMeOBox*", (b) ExMeOVBox"', (c) MP, and (d) AP.

B RESULTS AND DISCUSSION

Synthesis. The synthesis of the symmetric tetracationic
cyclophane ExBox*" was reported earlier,”’ and the syntheses
of MeQ symmetric and asymmetric tetracationic cyclophanes
ExMeOBox"* and ExMeOVBox™, respectively, follow similar
procedures as shown in Scheme 1. The intermediate
ExMeOHS-2PF; was prepared using literature procedures.””
Briefly, the preparation entails mixing ExMeOHS-2PF, with
either ExMeQ or ExV in a ratio of 1:1 in dry MeCN in the
presence of ~20 mol % tetrabutylammonium iodide (TBAI)
and heating under reflux. This reaction was followed by the
addition of solid tetrabutylammonium chloride (TBAC) to
precipitate the crude products. The crude products were
subjected to reverse-phase C-18 column chromatography,
followed by counterion exchange with an excess of NH,PF; in
aqueous solution to precipitate the pure products, which were
dried in vacuo to obtain ExXMeOBox*4PF; and ExMeOVBox*
4PF,.

Host—Guest Binding. The binding constants for the
host—guest complexes were determined by 'H NMR titration.
The binding constant for the complex ExBox** D Per (EP), K,
= 8.8 + 6.7 X 10" M, was reported earlier.>’ Here, a solution
of either ExMeOBox* or ExMeOVBox*" (0.5 mM) in
CD,CN was added to a Per solution (2.5 mM), and an 'H
NMR spectrum was recorded after each addition. The NMR
titration data for ExMeOBox"" show the formation of the
complex ExMeOBox*" O Per (MP), which is based on the
upfield shift of the proton resonances in the host and more
significantly the downfield shift of those in the guest Per
(Figure S1, top). By following the change in chemical shift for
the ortho-protons in Per, a binding isotherm could be
determined using a 1:1 receptor—substrate binding model**
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(Figure S1, bottom), yielding an association constant K, =
(439 + 0.19) x 10° M™". The corresponding data for
ExMeOVBox*' show the formation of the complex ExMeQV-
Box*" D Per (AP), which exhibits similar shifts of its "H NMR
resonances during its titration (Figure 52, top), which yields K,
= (5.68 + 0.15) x 10* M " (Figure 52, bottom). The value of
K, for the symmetric complex MP is slightly lower than that for
the as)}zmrnetric AP, and they both are one order of magnitude
lower”" than K, of ExBox*" D Per (EP), which most likely
results from the steric hindrance of the methoxy groups on
ExMeOBox** and ExMeOVBox*".

Host—Guest Complex Single Crystal (Super)-
structures. The X-ray single-crystal structures of ExMeO-
Box*" (Figure 2a) and ExMeOVBox** (Figure 2b) reveal box-
like cavities, measuring 14.3 A in length and 7.0 and 7.6—7.7 A
in width at their periphery and center, respectively. The two
dihedral angles between the adjacent electron-deficient
pyridinium and central (dimethoxy)phenylene rings are 34
and 32°, respectively, which are both greater than the average
dihedral angle (~30°) present in ExBox*". The extended solid-
state superstructures of ExMeOVBox*" reveal (Figure S2) that
the central rings face each other, with a centroid-to-centroid
distance of 3.6 A and a plane-to-plane distance of 4.6 A. The
overall superstructure of FxMeOVBox'' reveals a parallel
arrangement of the tetracationic cyclophanes which is similar
to that of the pub]jshed32 ExMeOBox"* superstructure.

In the symmetric host—guest complex MP (Figure 2c), the
Per guest is located parallel to the center of the host cavity,
exhibiting the same centroid-to-centroid (~3.8 A) and plane-
to-plane (~3.6 A) distances. In the asymmetric complex AP
(Figure 2d), however, the Per guest experiences unbalanced
interactions from the different extended viologen units on each

https://doi.org/10.1021/jacs.2c13576
J. Am. Chem. Soc. 2023, 145, 8389-8400
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side, resulting in unequal distances to two central rings and
non-parallel, non-centroid stacking in the cavity. Additional
(super)structural information on the crystal packing of
ExMeOVBox*, MP, and AP is summarized in Figures S3—
S5, respectively.

Energetics. The one-electron redox potentials of the host
molecules ExBox*" and ExMeOBox*" and the Per-containing
host—guest molecules EP, AP, and MP in MeCN were
determined (Figures S6—S10) using differential pulse
voltammetry (DPV) while those of ExMeOVBox'" were
determined (Table 1) previously.”* The data for the Box*"

Table 1. Summary of Reduction Potentials (E,.4) Obtained
from DPV in MeCN (V vs Ag/AgCl)

ExMeOBox* EP AP MP
—0.80 -0.77  —0.83 —0.82

ExMeOVBox*"
—0.76

ExBox**
—-0.72

cyclophanes and their host—guest complexes containing Per
show that the presence of the methoxy groups on the central
ring of the extended viologens results in making the viologens
more difficult to reduce by about 40—80 mV as was noted
earlier.”* The corresponding oxidation potential of Per in
ExBox™ D Per is 1.16 V vs Ag/AgCl. Given that all of the
photophysical experiments presented here are conducted in
MeCN, the same high-dielectric constant solvent in which the
electrochemistry was performed, the CT state energies can be
estimated by simply summing the redox potentials for guest
oxidation and host reduction, AGer = E,, — E,.4, which yields
AGer = 193, 1.99, and 1.98 eV for EP, AP, and MP,
respectively. See also Table S1. These estimates correlate
reasonably well with the observed onset of the CT absorption

bands of EP, AP, and MP (Figure 3a), which all occur around
2 eV.

Steady-State Absorption Spectra. Steady-state absorp-
tion spectra of the three host—guest complexes are shown in
Figure 3a. The corresponding spectra of ExBox*" and
ExMeOVBox*" have been reported earlier’"** while those of
ExMeOBox** are given in Figure S11. The absorption spectra
of the complexes have a broad and intense absorption band at
300—-320 nm which is primarily attributed to the 7—z* Box**
absorption (Figure 3a). Also, three regions where Per
contributes to the transitions are denoted as i, ii, and iii in
the absorption spectra. These transitions are (i) forbidden CT
transitions, (ii) weakly allowed hot CT transitions, and (iii)
strong LE-like transitions, where the frontier molecular orbitals
of EP and AP contribute most strongly to these transitions.

We computed the optimized singlet ground-state geometry
for EP, MP, and AP (Figure 3b,c) and for the reduced box
species using time-dependent density functional theory (TD-
DFT) at the B3LYP/6-31++G(d) level of theory as described
in the Supporting Information. The highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbitals (LUMOs) and several adjacent orbitals are
given in Figure 3d,e. CT bands of organic host—guest
complexes are typically weak because through-bond CT
interactions are not presenlt.35 While this observation applies
to the forbidden CT transition (region i), the hot CT
transitions (region ii) are weakly allowed presumably due to
LE and CT state mixing. In this respect, a three-state model
describes*>° the electronic states of these CT complexes more
accurately than the two-state Mulliken—Hush model®” because
the two-state model overestimates the coupling between the
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Figure 3. (a) Steady-state absorption spectra of the three host—guest complexes (solid lines) and Per (dashed line). The inset displays magnified
CT bands of the complexes and a NOPA spectrum (green) used for 2DES/BBTA measurements. Labels i, ii, and iii denote the LE-like, hot CT,
and forbidden CT transitions, respectively, as shown in (d,e). Optimized structures of the complexes: (b) side views of three complexes with the tilt
angle of Per to the central plane (black) and (c) top view of AP, where the filled color represents Per and the red box highlights the location of the
core rings. Molecular orbitals of (d) EP and (e) AP with the strongest contributing transitions.
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LE and ground states and does not account for LE and CT
state mixing (Figure S13). This mixing is supported by LUMO
+4 and LUMO+3 (Figure 3d,e), which possess the highest
oscillator strength (Table S2), as the electron density is
distributed over both the host and the guest molecules. As a
result of this mixing, the LE-like transitions (region iii) are
slightly blue-shifted with respect to those of Per by ~60 cm™
for EP and ~110 cm™' for MP and AP (Figure SI2).
Interestingly, the almost identical energy shift for MP and AP
and the similar absorption tail beyond 500 nm can be
explained by the torsional angles of the Per in the host cavity
(21 and 19° for MP and AP, respectively, Figure 3b), which
maximize the orbital overlap (through-space interactions)
between the Per and the MeO-substituted extended viologen
(ExMeOV?*) unit rather than between the Per and the
unsubstituted extended viologen (ExV**) side. This difference
in geometry is ultimately due to the steric hindrance imposed
by the MeO groups on the central phenylene ring.

Photoinduced CT upon LE-like State Excitation. To
examine the photoinduced CT dynamics in the three
complexes, we acquired the TA spectra using narrowband
excitation at 414 and 500—545 nm that are each resonant with
the LE-like and hot CT states, respectively (Figures S14—S18).
All of the complexes exhibit rapid CT dynamics (<300 fs) after
414 nm excitation, followed by charge recombination (CR) in
Tcr = 40.3 £ 0.9, 48.6 + 0.3, and 46.9 + 0.3 ps for EP, MP,
and AP, respectively, where the dynamics of EP agree well with
the previous report.”® Absorption spectra of the charged
species (Box®>™* D Per**) and the Per* absorption signals are
shown in Figure 4a. The Per™ absorption band is located at
530—-540 nm,*** while the Box*"* radical ions show
distinctive absorption bands in both the visible and near-
infrared regions. Compared to the previously reported
ExBox*>"* absorption bands at ~S00 and ~1175 nm,
ExMeOBox*"* (ExMeOVBox’**) absorption bands are
located at ~537(534) and ~1150(1157) nm. The similar
spectral signatures of ExMeOBox*** and ExMeOVBox*** and
their similar CR time constants indicate that the photoinduced
CT process in AP reduces the ExMeOV>* unit preferentially.

It is worth noting that the photoinduced CT pathway of AP
is thermodynamically uphill, as the reduction potential of
ExMeOV* is 40—80 mV more negative than that of ExV** as
confirmed by electrochemistry measurements on the com-
plexes containing Per (Table 1). This unexpected outcome
most likely results from the biased Per orientation that
enforces stronger through-space interactions and thus stronger
donor—acceptor electronic coupling and a faster CT rate with
the ExMeOV?" side. This effect combined with the short CT
lifetimes (<S50 ps) prevents a second CT from the ExMeOV**
to the ExV?* unit from occurring. The CR dynamics suggest
that the back electron transfer of these complexes is in the
Marcus inverted region.m'41 The slight differences between
MP and AP in the CR time constants and spectral features
could result from subtle differences in the orientation and
location of the Per inside the host cavity (Figure 3b,c) which
enhance the through-space interaction between the Per and
the ExMeOV** unit.

Photoinduced CT upon Direct CT Excitation. When the
CT state is excited directly, CT bands are observed
immediately (Figures 4a and $19). Note that all time-resolved
CT excitation experiments were performed with ca. 0.1
absorbance at the CT bands. Two important advantages of
direct CT excitation are the following: (1) The observed
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Figure 4. (a) CT state absorption from the evolution-associated
spectra of the three complexes and Per following narrowband
excitation. (b) TA spectra comparison between 100 fs and 1 ps for the
three complexes using BBTA measurements where CR time constants
(back electron transfer) are shown.

signals are free from those of the LE-like state, including those
of unbound Per, which enables detailed analysis. (2)
Relaxation processes in the CT state can be understood in
terms of the degree of charge delocalization and the degree of
mixing between the LE and CT states by monitoring the
characteristic electronic and vibrational signals. Upon broad-
band excitation using a noncollinear optical parametric
amplifier (NOPA) output (inset in Figure 3a), the hot CT
state is directly populated followed by relaxation processes
where AP seems to exhibit a small ExV*® absorption unlike the
LE-like excitation experiments, which will be clarified by the
2DES experiments described below.

Spectral changes between 100 fs and 1 ps are only observed
(Figure 4b) in the symmetric complexes, EP and MP. These
spectral changes as a function of time are plotted as a signal
ratio (p) in Figure S, where pgosisa0 = AAsosum/AAsionm:
Wavelengths/frequencies for signal ratios were selected to
reflect their dynamic red shifts compared to the initial band

https://doi.org/10.1021/jacs.2c13576
J. Am. Chem. Soc. 2023, 145, 8389-8400
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Figure 5. Signal ratio (p) as a function of time from BBTA results. (a)
Psoss40 of EP (top) and AP (bottom) and (b) pss/ss0 of MP (top)
and AP (bottom). 7, represents the localization time constant. Note
that the periodic fluctuations in the signals are due to vibrational
coherences rather than noise.

maxima. TD-DFT calculations show that electron density of
the hot CT state in the symmetric complexes is distributed
(Figures 3d and S20) over both extended viologen units

: 42,43
observed in other molecular systems.””™ As a result of

fluctuations in host—guest interactions involving solvent—
solute reorganization and host vibrations, which can affect the
host—guest geometry directly, the delocalized CT state of the
Box*"* hosts localizes onto one of the extended viologen units,
which can affect the electronic spectra in terms of a breakdown
of the Laporte rule.** In this fashion, p decreases rapidly with a
localization time constant (7;) of 960 and 750 fs for EP and
MP, respectively, while AP does not display such an evolution
in either pggs/s40 OF Psag/sso- This result implies that electronic
transitions could capture the localization process in EP and
MP,** while the relaxation process on the PES of the
localized CT state in AP is difficult to detect via its electronic
transitions.

Vibronic Wavepackets in the CT States. Vibrational
spectroscopy is a powerful approach to identify photoinduced
CT reactions along nuclear coordinates” " and is also
capable of detecting the exciton size and location.®' ~?
Accordingly, vibronic wavepackets were explored to under-
stand CT state relaxation, and these wavepackets were directly
launched on the CT state PES by broadband excitation. We
analyzed the coherent oscillations observed in BBTA results by
subtracting the population dynamics from the TA signals
followed by fast Fourier transformation (FFT). Fourier power
spectra of EP, MP, and AP are compared in Figure 6a, where
the signals are averaged from 500 to 550 nm to obtain a high
signal-to-noise ratio. Note that the analysis is based on the
assumption that the wavepacket signals originate from the
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Figure 6. (a) Fourier power spectra of the three complexes. MeCN modes are denoted with asterisks. Several out-of-plane modes from symmetric
EP and MP are marked with a dashed box in the low-frequency regions (150—300 cm™'), and high-frequency CC stretching modes are marked at
1500—1650 em™' (magenta) and ring deformation modes at 1000—1350 cm™' (black). (b) Representative low- and high-frequency modes of
ExBox®"* are shown with displacement vectors (arrows). Spectrograms of the three complexes using STFT analysis in (c) low- and (d) high-
frequency region. Short-lived low-frequency modes in EP and MP are marked (red boxes). Ex and MeO refer to ExBox*** and ExMeOBox***,

respectively, and subscripts (RL, HL, and HD) represent relaxed (R),

MeOQyy;, and MeOy, are marked with the vertical lines (black).

hot (H), delocalized (D), and localized (L). CC stretching frequencies of
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Figure 7. (a) Pulse train for 2DES measurements. (b) Double-sided Feynman diagram for an excited-state absorption signal pathway upon direct
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AP (right) at a waiting time of 1 ps. (e) Low- (~250 cm™"') and (f) high-frequency (~1580 cm™") coherence maps of EP (left), MP (middle), and

AP (right) with highlighted regions.

and weaker Per™ absorption band around 530 nm and (2) the
weaker Per’® Raman intensity (an order of magnitude)
compared to those of Box***.”* Multiple vibrational modes
were detected in a wide frequency window (150—1650 cm™).
Among these nuclear coordinates, we focus our analysis on two
regions: (1) 150—300 cm™, which contains low-frequency
out-of-plane (oop) modes, and (2) 1500—1650 cm™', which
contains the quadrant CC stretching modes of the ExV** or
ExMeOV™* unit.

The symmetric complexes (EP and MP) exhibit low-
frequency modes at ~200 and ~250 cm™', whereas the
asymmetric complex (AP) displays negligible signals in this
region (Figures 6a and S21). Two representative Franck—
Condon (FC) active totally symmetric vibrations in the low-
frequency region are shown, where the 214 and 261 cm™’
modes modulate the distance between the two sides, and the
latter also features in-plane displacement (Figures 6b and S22).
The selective appearance of these low-frequency modes is
intimately related to the delocalized CT state because such
collective oop vibrations are not active in the localized CT
state where one of the extended viologen units is reduced and
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hence is direct evidence of the delocalized CT state. Thus,
based on our observation that the delocalized hot CT state is
initially populated in the symmetric complexes (EP and MP),
there are strong correlations between the delocalized CT state
and the low-frequency nuclear wavepackets, whereas the
asymmetric complex (AP) does not show noticeable wave-
packet signals. Further symmetric/asymmetric complexes will
be explored for extracting general features of nuclear
wavepackets from delocalized CT states. For the high-
frequency region, vibrations at ~1513 and 1576 cm™' are
marked. Notably, the mode frequencies of EP are slightly
different, and the former mode of EP is relatively weaker in
comparison to that of MP and AP, which confirms that the CT
of AP is mainly composed of ExMeOV™ D Per™. The
quadrant CC stretching mode at 1576 cm™', which was
calculated as 1589 cm™' (Figure 6b), is sensitive to the charge
density;*" thus, the CT character within the ExV'®
(ExMeOV**) unit is directly reflected in the mode frequency.
We note that MP has a slightly lower quadrant stretching
frequency than EP because MP has MeO groups, which add
electron density to the attached central phenylene rings.

https://doi.org/10.1021/jacs.2c13576
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Charge Localization and Vibronic Decoherence of
the CT States. To explore these phenomena in the CT
relaxation processes, we conducted a short-time Fourier
transform (STFT) analysis on the residual time-domain signals
used to obtain the FFT power spectra as shown in Figure 6¢,d.
The spectrograms of EP and MP in the low-frequency region
highlight the fact that these collective oop vibrations dephase
with time constants of less than 400 fs (Figure $23). The
dephasing time constants are shorter than the localization
kinetics in the BBTA results (Figure 5) as these modes
broaden®®* the wavepackets rapidly with the various solute—
solvent interactions along the charge localization coordinate.
The spectrograms of the high-frequency region provide
detailed information of the CT character. In the high-
frequency region, AP also exhibits a frequency red shift even
though the wavepackets evolve within the localized PES. This
observation is due to the increase in CT character of the
ExMeOV*™® unit. The mixed CT state, which is initially
populated, has electron density on Per, while the relaxed CT
state exhibits an almost negligible contribution from Per
(Figure 3d,e). In this manner, the decoherence process from
the hot (MeQy,) to the relaxed CT state (MeOp;) places
more electron density onto the ExMeOV?* unit with a time
constant of 680 fs (Figures 6d and S24). The red shift of the
high-frequency mode of AP is directly related to the increased
charge density in the ExMeOV"* unit since we are monitoring
its quadrant CC stretch mode, and the increased charge
density decreases the force constant of the vibration.
Additionally, the initially excited hot CT state (MeQyy)
shares electron density in the LUMO over both Per and
ExMeOV*" units which then localizes into the ExMeOV>* unit
(MeOy, ). For the symmetric complexes, the initial frequencies,
1604 cm™" (EP) and 1609 cm™" (MP), are higher than that of
AP (1597 cm™) because each extended viologen unit in EP
and MP has less electron density in the delocalized CT state.
Note that the mode frequency of the ExBox*" ground state™ is
1640 cm™', and as time proceeds following CT excitation,
charge localization and vibronic decoherence lead to the
relaxed localized state. Furthermore, because of the fact that
the quadrant CC stretch mode is sensitively altered as CT
relaxation takes place, this mode is an indicator of CT
character and is relevant for the CT dynamics (via vibronic
coupling) rather than spectator modes, while the collective
low-frequency wavepackets show the existence of delocalized
CT states before they relax to the localized CT state in the
symmetric complexes (EP and MP).

Two-Dimensional Electronic Spectroscopy. The vi-
bronic wavepackets of the CT states were also assessed by
utilizing 2DES measurements. We measure 2DES signals in the
pump—probe geometry with a pulse train as shown in Figure
7a, where the NOPA is used as two excitation pulses separated
by coherence time (z) followed by a white-light continuum
detection pulse after a waiting time (T'). Employing 2DES here
offers direct access to unique signatures of vibronic wave-
packets in both the excitation and detection frequencies. Figure
7b illustrates a double-sided Feynman diagram for an excited-
state absorption signal pathway, where the vibronic wave-
packets of CT states in the marked state (magenta box) can
propagate during T based on the CT state evolution as shown
in Figure 7c.

Absorptive 2DES spectra of the three complexes at a waiting
time of 1 ps are displayed in Figure 7d, which only exhibit
positive signals due to negligible ground-state bleaching and
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strong excited-CT state absorption signals in the detection
window. The 2DES spectra are composed mostly of Box***
absorption signals, in accordance with the TA spectra,
confirming that the AP signal comprises both ExV** and
ExMeOV**® absorption as can be seen from the excitation
spectra at two different detection frequencies where the
ExBox*"* and ExMeOBox’** bands are located (Figure $25).
The excitation spectrum of AP is similar to that of EP and MP
at 19,700 and 18,650 cm ™', respectively, while ExMeOV™ still
dominates overall signal response of AP. Also, there is no
evidence of population transfer between ExV™ and Ex-
MeOV*® due to its slow rate given the small AG, the absence
of through-space interactions, and the relatively fast CR
processes. Spectral red shifts of the charged species absorption
from 200 fs to 1 ps are 80, 300, and 20 cm™' for EP, MP, and
AP, respectively (Figure $26). The changes in the signal ratios
(Figure S) and peak positions of the charged species
absorption and the larger frequency red shift in the quadrant
CC stretching mode (Figure 6d) indicate that the reorganiza-
tion energy is larger for MP than that for EP during the charge
localization process. As the central phenylene and adjacent
pyridinium rings in the ExV** unit can be treated as an
acceptor—donor—acceptor (A—D—A) chromophore, the addi-
tion of electron-donating MeO groups in the ExMeOV>" unit
(Figure 3a) increases its quadrupolar nature and 7-conjugation.
Thus, the greater quadrupolar character could be an important
factor for enhancing charge delocalization with the guest
chromophore in the CT state.

Coherence Maps of CT States. The vibronic wavepackets
of the CT states are found in the charged species absorption
and exhibit characteristic features in coherence maps (Figure
7ef) based on the system-dependent CT evolution (Figure
7b,c). The 250 cm™' low-frequency mode displays similar
structured coherence maps for the symmetric complexes, i.e.,
EP and MP, and the oscillatory signals are mostly centered in
the lower diagonal region whereas those of AP expand more
broadly and are distributed over a larger region with distinct
positions. The centrally structured coherence maps of the 250
cm™' mode in the symmetric complexes imply that the
delocalized CT states are populated through a relatively narrow
excitation range compared to broad hot CT excitation. Because
the complexes can have a range of superstructures in solution,
the coherence signals of the delocalized CT state should
feature a narrower response, and these localized signals of EP
and MP along the excitation axis for the delocalized CT band
should be an important indicator. In other words, the
coherence maps of 250 cm™ of EP and MP are direct
evidence of the delocalized CT state (Exyp and MeOyyp). This
type of collective low-frequency vibration is important for
vibronic coupling®®**~*” and structural information.*®**** We
note that the ~200 ecm™ mode may not constitute a similar
case because the region seems to contain multiple signals of
overlapping vibrational modes (Figure $27). For the 1580
cm™" high-frequency quadrant CC stretching mode, coherence
signals are distributed over a larger region compared to those
of the 250 cm™' mode, where the coherence signals of MP and
AP are very similar and are assigned to ExMeOV™*, especially
the coherence signal at the excitation of ca. 610 nm. The
energy spacing between main coherence signals is ca. 2100
cm”!, which cannot be solely explained by its vibrational
energy (1580 cm™"). Thus, we can infer that there exist a range
of accessible hot CT states. Since the CT state absorption
spectra do not contain distinct vibronic features and this high-

https://doi.org/10.1021/jacs.2c13576
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Figure 8. (a) PESs of symmetric EP (blue) and MP (red) complexes where PESs of delocalized (solid) and localized CT states (dashed) are
separately represented. (b) PESs of the asymmetric complex (AP) are represented including the two localized CT states. Magnitude of
displacement between the FC state (hot CT state) and the relaxed CT states is denoted dg and dy, for ExV**and ExMeQV™**, respectively. (c) PESs
of MP and AP along the two CT relaxation coordinates (localization and decoherence), where the oscillatory features in MP represent the low-
frequency wavepackets. The bottom 2D contour map represents projected PESs to the plane of two CT relaxation coordinates. (d) Illustrated
frequency shifts of the quadrant CC stretching as the CT reaction proceeds based on the STFT results.

frequency coordinate is active in both the delocalized and
localized CT states (MeQjp and MeQyy ), these broad
features should originate from various structure-dependent
coherence signals. Thus, these results imply that the
ExMeOV" unit has a broader range of hot CT states that
can be excited with the NOPA.

Potential Energy Surfaces. Based on our experimental
and computational results, we depict the energy landscape of
EP, MP, and AP in terms of PESs and the CT relaxation
pathways. Analogous to the diabatic PES (Figure 2d), we
present a set of diabatic PESs for these complexes (Figure
8a,b). The energetics of these systems is summarized in Table
SI. Upon photoexcitation of LE-like states, delocalized CT
states (Exyp and MeOyy,) are readily populated for symmetric
complexes. Subsequent CT relaxation pathways are inves-
tigated through CT state excitation experiments. Both
symmetric complexes, EP and MP, undergo relaxation to the
localized CT states, whereas the asymmetric complex, AP, only
relaxes within the PES of the localized CT state selectively
through the ExMeOV?* unit due to the favorable CT
interactions between it and the Per guest. The localization
could be a consequence of the dephasing of the vibronic
coherences. This result is analogous to high-lying state-induced
proton-coupled electron transfer,” intersystem cr()s:sing,61 and
intermolecular conical intersections,”” as AP is confined within
the ExMeOV>* unit by the mixed hot CT state. Also, solvent—
solute interactions can be larger for the ExV** unit because it
has more freedom for structural relaxation resulting in less
steric hindrance on the central rings and hence larger solute—

solvent interactions. In this regard, the magnitudes of
displacement (d) from the FC to the relaxed, localized CT
state are depicted as being larger for the ExV?* unit. Moreover,
the PESs of MP and AP are compared along the two CT
relaxation coordinates, which are the localization and the
decoherence (Figure 8c). Note that the PES of EP can be
described similarly to that of MP. Thus, the coherent vibronic
wavepackets of the delocalized CT states (FC active low-
frequency vibrations) accompany the localization process in
MP (EP), whereas AP demonstrates the faster CT relaxation
with only the decoherence coordinate—from the hot
(MeOyy,) to the relaxed CT state (MeOy ). We also note
that the energy of this low-frequency mode (~250 cm™')
almost coincides with the energy difference (~300 cm™)
between hot CT states of MP (MeOy,;,) and AP (MeOyy, ). On
the contrary, the high-frequency quadrant CC stretching mode,
which is sensitive to the charge density of the ExXMeOV™" unit,
exhibits frequency red shifts as the CT relaxations proceed
(Figure 8d). While a torsional relaxation contributes™® slightly
to the mode frequency shift in the opposite direction (<2
cm™!) with ~§ ps, the two relaxations, the localization and the
decoherence, primarily alter the CT character before the
slower structural relaxation. This work hence demonstrates
that ultrafast symmetry-breaking charge separation of A—-D—A
(or D—A-D) complexes may be intimately related to the
coupling between the low- and high-frequency vibrations and
the dephasing of the vibronic coherences.
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B CONCLUSIONS

We have investigated the CT reaction and subsequent
relaxation pathways in the three molecular host—guest
complexes where two complexes (EP and MP) are composed
of symmetric hosts, and the other complex (AP) comprises a
newly designed and synthesized asymmetric tetracationic
cyclophane containing both ExV?** and ExMeOV?>" units at
each side. The direct CT process in AP shows that the
energetically unfavorable ExMeOV?" unit is reduced rather
than the more facile ExV>* unit due to stronger orbital overlap
with Per owing to structural restrictions imposed by the 2,5-
dimethoxy substituents, which ultimately facilitates the CT
interaction between the Per guest and the ExMeOV>* unit. We
have shown how the coherent vibronic wavepackets can be
used to detect the charge-delocalized CT state and probe the
evolution of the CT character in terms of charge localization
and vibronic decoherence. In particular, the low-frequency
collective vibrational modes of the host, which decohere
rapidly, are the direct indicator of the delocalized CT states
because these modes were only detected for the symmetric
complexes and showed characteristic coherence maps with the
localized features along the excitation axis. The high-frequency
quadrant CC stretching mode is highly sensitive to the nature
and degree of CT character. Because the frequency red shift in
AP is solely due to the decoherence coordinate, the
delocalization effect of symmetric complexes (EP and MP) is
also revealed by the frequency shift. Therefore, we have
provided fundamental design principles for non-covalent A—
D—A quadrupolar systems, where a subtle modification to the
host can direct charge flow to one of the acceptors when it
induces a stronger CT interaction between the donor and
acceptor. We also have provided experimental evidence of a
delocalized intermediate in the symmetric complexes encom-
passing both acceptors and the donor and that the symmetry-
breaking process is accompanied by the dephasing of collective
nuclear motions.
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