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ABSTRACT: Understanding how the complex interplay among
excitonic interactions, vibronic couplings, and reorganization
energy determines coherence-enabled transport mechanisms is a
grand challenge with both foundational implications and potential
payoffs for energy science. We use a combined experimental and
theoretical approach to show how a modest change in structure
may be used to modify the exciton delocalization, tune electronic
and vibrational coherences, and alter the mechanism of exciton
transfer in covalently linked cofacial Zn-porphyrin dimers (meso-
beta linked ABm‑β and meso−meso linked AAm‑m). While both ABm‑β
and AAm‑m feature zinc porphyrins linked by a 1,2-phenylene
bridge, differences in the interporphyrin connectivity set the lateral
shift between macrocycles, reducing electronic coupling in ABm‑β
and resulting in a localized exciton. Pump−probe experiments show that the exciton dynamics is faster by almost an order of
magnitude in the strongly coupled AAm‑m dimer, and two-dimensional electronic spectroscopy (2DES) identifies a vibronic
coherence that is absent in ABm‑β. Theoretical studies indicate how the interchromophore interactions in these structures, and their
system-bath couplings, influence excitonic delocalization and vibronic coherence-enabled rapid exciton transport dynamics. Real-
time path integral calculations reproduce the exciton transfer kinetics observed experimentally and find that the linking-modulated
exciton delocalization strongly enhances the contribution of vibronic coherences to the exciton transfer mechanism, and that this
coherence accelerates the exciton transfer dynamics. These benchmark molecular design, 2DES, and theoretical studies provide a
foundation for directed explorations of nonclassical effects on exciton dynamics in multiporphyrin assemblies.

■ INTRODUCTION

Electronically coupled arrays of chromophores1−3 offer the
tantalizing prospect of directing energy or charge flow over
large distances, mimicking natural light harvesting systems.
The aim of this experimental−theoretical study is to examine
the interplay among structure, exciton delocalization, reorgan-
ization energy and vibronic effects on exciton transport and
dynamics,4,5 with the goal of developing strategies to exploit
these parameters to control energy transfer and transport. For
synthetic coherent transport systems, the optimal values of,
and relations among, a number of key electronic and
vibrational parameters need to be established.6−9 The diverse
roles of individual and collective vibrations in excitation energy
transfer were recently identified and illustrated through fully
quantum mechanical, all-mode path integral calculations in
small and large molecular aggregates.10 As a first step toward
creating guidelines for functional synthetic structures, model
systems are needed to explore the influence of molecular
topology and symmetry on electronic mixing and vibronic
coupling.11−13 Studies of natural systems show that rapid

coherent transport occurs when the electronic coupling and
the reorganization energy are of similar magnitude.14,15 For
moderate interpigment electronic couplings (100−200 cm−1),
the reorganization energy should be in the 100−200 cm−1

range to achieve coherent transport.
Cofacial porphyrin systems realized through sequential

metal catalyzed cross-coupling and cycloaddition reactions
enable straightforward control of porphyrin−porphyrin lateral
shift, the extent of porphyrin−porphyrin electronic asymmetry,
and the nature of porphyrin−porphyrin topological con-
nectivity, while maintaining a uniform 1,2-phenylene bridging
motif.16−18 These compositions define attractive platforms for
exploring the landscape described above with modern
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multidimensional spectroscopies19−24 combined with elec-
tronic structure and path integral quantum dynamical
calculations.25−27 Such rigid, face-to-face bis(porphyrin)
structures provide opportunities to extensively regulate the
scope of interporphyryl π−π interactions and the magnitude of
porphyrin−porphyrin electronic and excitonic coupling,16−18

and probe critical structure−function relationships that inform
our understanding of and ability to manipulate coherence in
electronically coupled, vibronically mixed multichromophore
arrays. In this paper we examine two such dimers (Figure 1a)
and use a combination of two-dimensional electronic spec-
troscopy (2DES), electronic structure calculations, and path
integral dynamics calculations to illuminate how differences in
porphyrin−porphyrin electronic coupling and porphyrin−
porphyrin lateral shift and symmetry impact coherent exciton
dynamics.

■ RESULTS AND DISCUSSION
Absorption Spectra and Electronic Structure. Elec-

tronic Spectra of Porphyrin Monomers and Dimers. The
linear absorption spectra are shown in Figure 1b in a 3:1
mixture of diethyl ether and ethanol for the monomers (A and
B) and the two dimers (ABm‑β and AAm‑m) where the subscript
m-β denotes a meso-beta linkage and m-m denotes a meso−meso
linkage. Porphyrin spectra typically contain a very intense band
in the vis-spectral region (∼24 000 cm−1), known as the Soret
or B-band, and a pair of weaker bands (Q 0−0 and 0−1 bands)
at lower energy (14 000−21 000 cm−1). These electronic
transitions are readily understood by Gouterman’s four orbital
model,28,29 which involves a degenerate pair of LUMOs (eg)
and a nearly degenerate pair of HOMOs (a1u and a2u). The
large interaction between the two lowest energy orbital
excitations causes the transition dipoles to add and form a
pair of intense B-bands (Bx and By); the excitations nearly
cancel out to form a nearly degenerate pair of weaker Q (0−0)
bands (Qx and Qy). In the porphyrin monomers A and B,
substitution of the meso and β positions breaks the symmetry,
lifts the degeneracy of Qx and Qy transitions, and produces
differing oscillator strengths (Figure 1c).

Significant intensity is regained in the Q-transition through
Herzberg−Teller (HT) vibronic mixing30 with the B-
transitions to produce the Q (0−1) bands.31,32 The absorption
spectra of monomeric metalloporphyrin complexes in the
visible Q-band region were recently discussed in detail.33−36

The Q-band is derived from numerous modes in the low
frequency band and numerous 0−1 transitions (600−1500
cm−1) among HT active modes in the higher frequency peak.
For notational convenience, we will refer to the two main
peaks as 0−0 and 0−1 (Figure 1b). The spectra of the dimers
are rather similar to those of the monomers, although the
relative intensity of the 0−0 band compared to the 0−1 band is
reduced for the dimer in both cases. The lowest energy excited
state is doubly degenerate in a fully symmetric (D4h)
monomer;28,29,37 for monomers A and B (Figure 1a), the
splitting of the Q-band into Qx and Qy transitions is very small
and is masked by spectral broadening and congestion. In the
dimers, then, we expect four excitonic states; the calculated
oscillator strength to 0−0 band states (at the CAM-B3LYP-
D3(BJ)/def2-SVP level38−40 including THF with the PCM
implicit solvation model41) varies from smallest to largest by a
factor of almost 50 for the ground-to-excitonic state transitions
for AAm‑m and by a factor of 30 for ABm‑β (Figure 1c). Note
that the calculated oscillator strengths are obtained within the
Franck−Condon approximation. The greater spectral width of
both dimers compared to the monomers, and the prominent
shoulder (∼200 cm−1 to the blue of the peak maximum) on
the 0−0 and 0−1 bands of dimer AAm‑m suggests the presence
of at least two excitonic transitions with an energy gap of ∼200
cm−1 (Figure 1b). While conformational heterogeneity plays a
role in the spectral broadening of covalently linked multi-
porphyrin compounds,42 we note that, for these cofacial
porphyrin structures linked by a 1,2-phenylene-bridge, the
extent of conformational heterogeneity is highly re-
stricted.16−18,43,44 In both dimers, the calculated energies of
the excitons split into two groups of two (Figure 1c), giving
rise to the prominent shoulder peak on both 0−0 and 0−1
bands of dimer AAm‑m. A second shoulder at ∼18 400 cm−1 is
also apparent on the 0−1 band. No such doublet excitonic

Figure 1. (a) Chemical structures of cofacially linked zinc porphyrin dimers ABm‑β and AAm‑m, and the constituent monomers A and B. R = 4-(3-
methoxy-3-methylbutoxy)phenyl; Ph = phenyl. (b) Normalized linear absorption spectra of dimers ABm‑β, AAm m and monomers A, B in the visible
Q-band region at 95 K in 3:1 diethyl ether/ethanol are shown by blue, red, black and gray curves, respectively. In each compound, two bands are
denoted as Q (0−0) and Q (0−1). The magenta curve shows the laser excitation spectrum used for the experiments. (c) Oscillator strengths and
vertical transition frequencies of the Q-band absorptions present in monomers (A, B) and dimers (ABm‑β, AAm‑m) obtained from TDDFT
calculations at the CAM-B3LYP-D3(BJ)/def2-SVP level of theory, which only refer to the electronic component, i.e. Q (0−0) transition.
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peaks are observed in the linear spectrum of dimer ABm‑β
mainly because of much smaller excitonic splitting (Figure 1c).
In addition, the large disparity in oscillator strengths between
two exciton pairs (Figure 1c) may cause the high frequency
excitonic transition pair to remain buried under the intense,
lower frequency excitonic transition pair.
Comparison of Electronic Coupling and Exciton Delocal-

ization. To explore the influence of the structure and linkage
topology on the electronic states and coupling in the dimers,
we ran geometry optimization (optimized molecular coor-
dinates in Table S6−S8 in the Supporting Information) and
vibrational frequency analysis employing density functional
theory (DFT) calculations at the CAM-B3LYP-D3(BJ)/def2-
SVP level38−40 as implemented in Gaussian 16.45 Similar
results were found with the MN15 functional46 (in Gaussian
1645) and with CC2 theory47 (in TURBOMOLE)48 (Table
S1). We used a PCM model41 for tetrahydrofuran to match the
dielectric constant of the 3:1 diethyl ether and ethanol
mixtures used to make the glass. The calculations for the
monomer agree with earlier studies that found the Qx and Qy
transitions to be nearly degenerate.28,29,36,37 The vertical
transition energies for both monomers and dimers are
overestimated by ∼1500 cm−1 (Figure 1c) compared to the
experimental value (0−0 peak), which is typical for this level of
theory.49 We note that the calculated excitation energy
contains a contribution from the vibrational reorganization
energy. However, based on the small Stokes shift in
fluorescence (see Figure S1 in Supporting Information), the
reorganization energy is smaller than 100 cm−1. Further, the
calculated splitting of the two exciton pairs (S1−S3 and S2−S4)
appears to be overestimated by a factor of 3−4 in comparison
to the values suggested by the shoulders of the absorption
spectra (Figure 1b). The overestimate of the coupling most
likely arises from the neglect of Herzberg−Teller (HT) and
HT-Franck−Condon interference.50−53 Including these effects
in the calculation of the couplings is certainly possible, but is
beyond the scope of the current work. The current level of
calculation is, however, extremely useful for qualitative
guidance, and our dynamical calculations are based on
couplings extracted from the experimental spectra. We now
turn to more detailed discussion of the two dimers.
The natural transition orbitals (NTOs)54 for the four

vertical excitonic transitions, shown in the SI (Figure S2), are
largely localized on one monomer in ABm‑β, while in AAm‑m the
NTOs are delocalized over both monomeric units. A
complementary perspective is offered by the electronic
coupling between the diabatic states calculated in Q-Chem
5.3.2 using the fragment-excitation difference (FED) meth-
od55,56 at the CAM-B3LYP-D3(BJ)/def2-SVP level of theory
with implicit tetrahydrofuran solvent (PCM scheme).41 The
results appear in Table 1. Note that the FED method is based
on a two-state approximation, and the derived couplings
contain no relative phase information among the exciton pairs.
The calculated values of coupling (and excitation energies) are
found to be robust to the choice of basis sets, methods, and
solvents (Tables S1−S5 in the Supporting Information). The
largest couplings in ABm‑β are in the 130−180 cm−1 range,
while most are below 50 cm−1. In AAm‑m, the four largest
couplings range from 380 to 516 cm−1. To clarify the origin of
these differences in coupling, the same set of calculations was
performed for a hypothetical AAm‑β dimer (homodimer with
meso-beta linkage as shown in Figure S3). Table 1 shows that
the coupling is reduced in the ABm‑β dimer by 2 to 5 times

compared to the AAm‑m dimer. The hypothetical AAm‑β dimer
has intermediate coupling values, which are closer, overall, to
those of the ABm‑β dimer. These computational results, which
pinpoint differences in diabatic state couplings, mirror
experimental data16 that underscore the role played by the
linkage topology to the 1,2-phenylene bridge in these cofacial
porphyrin systems, as m-β connectivity introduces a macro-
cycle−macrocycle lateral shift and produces diminished
porphyrin−porphyrin electronic couplings relative to those in
the m-m cofacial dimer topology.
To study the effect of the linker in the electronic couplings,

we calculated the couplings for the dimers fixed in the ground
state geometry, but with the indane linker removed (Table 2).

Dangling bonds were capped with hydrogens. In all three cases,
the coupling magnitudes of weakly coupled states were slightly
larger than those of the covalently linked cases in Table 1,
suggesting that the origin of the couplings in dimer ABm‑β is
through-space and that the through-bond interaction contrib-
utes an interference effect in dimer AAm‑m that reduces the
overall coupling. This finding is in line with an earlier report on
π-stacked porphyrin−bridge−quinone systems.57 On the other
hand, removal of the indane linker decreased the values of V13
and V24 in dimer AAm‑m. Thus, in the Condon approximation,
the linker weakens the electronic couplings. Note that the
linker can also influence the transition dipole orientations and
the extent of π−π orbital overlap. To complete the discussion
of couplings it is helpful to return to the Qx, Qy picture of
porphyrin optical transitions. In this context the small
calculated couplings in each dimer correspond to Qx − Qy
coupling as expected.

Table 1. Electronic Couplings (Absolute Values) of Cofacial
Porphyrin Dimers Calculated Using the Fragment-
Excitation Difference (FED) Method52a

States
(diabat-
ic)

dimer ABm‑β
coupling (cm−1)

dimer AAm‑m
coupling (cm−1)

dimer AAm‑β
b

(hypothetical) coupling
(cm−1)

1 2 8 64 28
1 3 177 395 217
1 4 48 516 96
2 3 40 435 56
2 4 129 379 210
3 4 0 16 24

aThe geometry used corresponds to the ground state minimum. bThe
chemical structure of hypothetical dimer AAm‑β is shown in Figure S3
of the Supporting Information.

Table 2. Electronic Couplings (Absolute Values) of Cofacial
Porphyrin Dimers without the Indane Linker Unit
Calculated Using the Fragment-Excitation Difference (FED)
Method52a

States
(diabat-
ic)

dimer ABm‑β
(without linker)
coupling (cm−1)

dimer AAm‑m
(without linker)
coupling (cm−1)

dimer AAm‑β (without
linker) (hypothetical)
coupling (cm−1)

1 2 8 78 32
1 3 241 96 298
1 4 64 750 258
2 3 81 621 202
2 4 233 120 305
3 4 8 16 8

aThe geometry used corresponds to the ground state minimum.
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One- and Two-Dimensional Optical Spectroscopy.
Comparison of Exciton Dynamics. Pump−probe transients
(see experimental methods in the Supporting Information) for
the two dimers and for monomer A, excited in the higher
frequency Q-band region, are shown in Figure 2a with the
probe wavelength set to the maximum of the ground state
bleach (GSB) at 95 K. On the 5 ps time scale of the
measurements, monomer A shows no decay, while the dimers
show a fast decay indicating rapid repopulation of the ground
state. The initial decay of the AAm‑m dimer (0.28 ± 0.05 ps) is
eight times faster than that of the ABm‑β dimer (2.3 ± 0.3 ps).
In both dimers the initial decay of the pump−probe signal is
followed by a constant finite value at a later time indicating a

partial recovery of the ground state population. We also
measured the fluorescence lifetimes at 95 K by time-correlated
single-photon counting. The decay times were 2.71 ns (A),
2.43 ns (ABm‑β), and 2.83 ns (AAm‑m).
The photophysics of monomeric zinc porphyrin compounds

is well established.58−62 The Q-state of the monomer exhibits
intersystem crossing to a triplet state on the ns time scale. The
triplet state subsequently decays to S0 on the μs time scale
(Figure 2b). For the dimers, an additional fast (ps) component
contributes to their dynamics. In a previous study of porphyrin
dimers, it was proposed that these systems undergo rapid
nonradiative internal conversion (IC) to S0 during conforma-
tional relaxation on the S1 surface.63,64 This phenomenon of

Figure 2. (a) Pump−probe transients of dimers ABm‑β and AAm‑m, along with monomer A measured at 95 K with probe frequency set at ground
state bleach maximum. The red line represents the monoexponential fit of the transient discarding the initial ∼80 fs (to avoid any artifact due to
pulse overlap). (b) Schematic representation of excitation energy relaxation after Q-band excitation of the monomer and dimers. The upward green
arrows represent the excitation. The solid and dotted downward arrows represent the fast (∼ps) and slow (>ns) relaxation channels, respectively.
The relaxation pathways of intersystem crossing (ISC), fluorescence (FL), slow ground state (GS) recovery, fast ground state recovery by internal
conversion (IC), and interexcitonic relaxation are shown by blue, yellow, gray, red and pink arrows, respectively.

Figure 3. (a) Two-dimensional electronic spectra (2DES) spectra of the dimer ABm‑β at a few selected waiting times (T) in the detection frequency
range from 17 200 to 18 800 cm−1 measured at 95 K. The linear absorption spectra are shown on the top and right panels for reference. (b)
Coherence beat frequencies obtained by Fourier transforming the set of 2DES data along the waiting time and integrating over the excitation
frequency axis at two different detection frequencies: 17 500 (black) and 18 500 (blue) cm−1. (c) The calculated Raman spectrum for the
optimized geometry in the ground state of the ABm‑β dimer.
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rapid nonradiative IC to S0 is commonly found in coupled
molecular aggregates, and the rate depends strongly on the
excitonic interaction.65−67 Motivated by these dynamics, we
propose the kinetic model shown in Figure 2b. We attribute
the fast time constants (2.3 ps for dimer ABm‑β and 0.28 ps for
dimer AAm‑m) to the ultrafast nonradiative relaxation to S0. On
the other hand, the decay to a constant value (Figure 2a)
suggests that there is a competing fast (∼ps) relaxation
pathway, which prevents full recovery of the ground state
population. We attribute this competing pathway to interexci-
tonic relaxation combined with conformational relaxation in
the dimer.
Two-Dimensional Electronic Spectroscopy. To understand

the effect of differential electronic interaction on the coherent
dynamics of the dimers, we employed 2DES. The 2DES
spectra were recorded for each sample at 95 K with waiting
times varying from 0.05 to 1.5 ps and time steps of 10 fs.
Figure 3a shows 2DES spectra of dimer ABm‑β at four waiting
times, T = 0.2, 0.5, 1, and 1.5 ps. A GSB band, illustrated by
red, appears in the lower (<18 000 cm−1) detection frequency
range, while a strong excited-state absorption (ESA) band,
illustrated in purple, appears at higher (>18 000 cm−1)
detection frequencies. The intensities of the GSB as well as
the ESA bands decay with increasing waiting time, in
agreement with our pump−probe data. On top of the
monoexponential population decay of the 2DES transient, a
number of coherent oscillations were observed. After
subtracting the population decay and Fourier transforming
the oscillatory residuals, beat frequencies were obtained
(Figure 3b). Since there is significant overlap of the ESA and

GSB bands, the coherent oscillations that arise from the
ground and excited electronic manifolds are expected to
overlap. However, we can distinguish the ground and excited
state features qualitatively by comparing two extreme detection
frequencies at the edges of the spectra, 17 500 and 18 500
cm−1, which are dominated by the GSB and ESA signals,
respectively. The beating frequencies of 205, 395, 440, 520,
860, 1070, and 1160 cm−1 were found to be present at ωdet =
17 500 and 18 500 cm−1. Thus, they are most likely active in
both ground and excited electronic manifolds. All of these
frequencies match the calculated ground state Raman
frequencies (Figure 3c). At ωdet = 18 500 cm−1, additional
beat frequencies: 120, 310, 600, 720, 805, and 900 cm−1 are
found to be present and thus are assigned to the excited
electronic states.
Figure 4a, b, and c illustrate the coherence beat frequencies

at all detection frequencies for the dimers ABm‑β, AAm‑m and
the control monomer A. The map is obtained by Fourier
transforming the 3D data set (ωexc, T, ωdet) along the waiting
time axis (T) and integrating over the excitation frequency axis
(ωexc). The top panel in each graph represents the pump−
probe transient spectra at 1 ps, indicating the detection
frequencies dominated by GSB and ESA. Following the same
analysis of differentiating two different detection frequency
regions and comparing with the calculated ground state Raman
spectrum of the corresponding sample (Figure 4d), we assign
the beat frequencies to the ground and excited electronic
manifolds in each sample. For the dimer AAm‑m, the beat
frequencies at 200, 390, 440, 510, 860, 1070, and 1160 cm−1

are assigned to both ground and excited states, whereas those

Figure 4. Coherence beat frequencies of (a) dimer ABm‑β, (b) dimer AAm‑m, and (c) monomer A obtained by Fourier transforming along the
waiting time axis and integrating over the excitation frequency axis. The ground and excited state frequencies are denoted with gray and blue,
respectively. The upper panel of each 2D graph represents pump−probe transient spectra at 1 ps, indicating the GSB and ESA regions. (d) DFT
calculated Raman spectra for the optimized geometry in the ground state of the ABm‑β dimer and monomer A.
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at 120, 340, 635, 720, 770, 830, and 900 cm−1 are assigned
mainly to the excited states. For the control monomer A, the
beat frequencies at 210, 390, 440, 510, 860, 1070, and 1160
cm−1 are assigned to both ground and excited states, while
those at 120, 310, 635, 720, 830, and 900 cm−1 are assigned
mainly to the excited states. Comparing the coherence beat
frequencies of these three compounds, we see that most of the
beat frequencies, especially those belonging to the ground
state, appear to be almost identical for all of the samples. This
finding indicates negligible perturbation of the ground state
vibrational structure when two monomers are closely packed
by the 1,2-phenylene linker in the cofacial ABm‑β and AAm‑m
dimers.
Characterization of the Coherences. Although we have

assigned the beat frequencies of the dimer to ground and
excited electronic manifolds, quantum beating in 2D spectra
can arise from any coherence between the vibrational states or
the electronic states, or coherences between vibronic states of
mixed character. A hint about the characteristics of these beats
can be obtained by comparing the set of frequencies observed
for the dimers with the control monomer and the calculated
ground state Raman spectrum as follows. If we compare dimer
AAm‑m and monomer A, most of the frequencies appear to be
the same (±5 cm−1). However, contrast in beat frequencies is
observed in the region around 300 cm−1. The beat frequency at
310 cm−1 in the monomer A shifts to 340 cm−1 in the dimer
AAm‑m and, in addition, a relative increase in intensity is
observed, along with a very weak shoulder at 290 cm−1. The
frequencies that are common between the monomer and dimer
can be characterized as vibrational. On the other hand,
frequencies that differ between monomer and dimer could
result from either (i) a perturbation in chemical structure by
formation of the dimer, causing a slight modification of the
excited state potential and thus leading to a shift in vibrational
frequencies, or (ii) vibronic coupling between a pair of excitons
and a particular vibrational mode. One way to distinguish the
vibrational and electronic/vibronic coherence clearly is to
compare the coherence beat map patterns obtained from
rephasing and nonrephasing pathways. Generally, an elec-
tronic/vibronic coherence contributes to an off-diagonal
position on the rephasing map and a diagonal position on
the nonrephasing map, while a purely vibrational coherence
contributes to diagonal and off-diagonal positions on both
rephasing and nonrephasing maps.68 The beat frequency at
340 cm−1 in the AAm‑m dimer contributes predominantly to an
off-diagonal position on the rephasing map but predominantly
to a diagonal position on the nonrephasing map (Figure 5a).
This is in contrast to the beat map pattern of the ground state
vibrational coherence at 440 cm−1 (Figure 5b), which appears
in both diagonal and off-diagonal positions on the rephasing
and nonrephasing maps, as expected for a purely vibrational
coherence. It was not possible to extract the decoherence time
by fitting following spectral filtering, due to the congestion of
the multiple beating modes in the low frequency region.
However, a sliding window FFT analysis gives a decoherence
time of 340 cm−1 (0.8 ± 0.3 ps), slightly shorter than of 440
cm−1 (1.1 ± 0.3 ps). Considering all of these signatures, we
characterize the 340 cm−1 beating as a vibronic coherence.
Further support comes from the calculated Raman modes,
which indicate the presence of an out-of-plane porphyrin ring
torsional mode at 308 cm−1 in the dimer (Figure 5c). An out-
of-plane mode of this kind can modulate the interplane
separation between the connected porphyrin rings, thus

regulating the electronic coupling between the excitonic states.
Hence, we suggest that this mode couples to one of the
delocalized excitonic pairs in the dimer AAm‑m and gives rise to
vibronic activity. This raises the question whether or not this
vibronic coupling plays a role in the acceleration of the exciton
dynamics in dimer AAm‑m compared to dimer ABm‑β, which
lacks this vibronic activity. This question has been addressed
by theoretical analysis described in the next section.

Model and Exciton-Vibration Dynamics. Two-State
Exciton Model. We developed a simple model to understand
the exciton dynamics observed in the pump−probe experi-
ments. As discussed earlier, the DFT calculations suggest that
there is significant oscillator strength for excitation to the S1
and S3 states in the case of the AAm‑m dimer, and to state S3 in
the case of the ABm‑β dimer, with smaller oscillator strength
linked to other states in both cases (Figure 1c). While the
computed oscillator strength does not include vibrational
components, the intensities of the peak splittings in the
experimental absorption spectra suggest that the pump laser
excites the S1 and S3 states in the case of the homodimer
AAm‑m, with approximately equal coefficients, while only the S3
state is excited in the case of the heterodimer ABm‑β (Figure
1c).

Figure 5. 2D beat frequency map of the dimer AAm‑m at two different
beating frequencies (ωcoh), (a) 340 cm−1 and (b) 440 cm−1. The left
2D graphs show the beating map from rephasing pathways, whereas
the right 2D graphs show the beating map from nonrephasing
pathways. The linear absorption spectrum is shown in the top and
right panels. (c) DFT calculated out-of-plane torsional mode at 308
cm 1.
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The model Hamiltonian includes the electronic ground state
and the two exciton states, S1 and S3. In the case of the
symmetric homodimer, we construct “localized” states from
sum and difference combinations of the two exciton eigenstates
(see Figure 6). Within the simplified two-state model for the
dimer excited states, the two localized states couple equally to
S0 and their difference (the lower exciton S1) does not couple
to the ground state. As discussed earlier, the linear absorption
spectrum suggests a splitting of the exciton pair in the AAm‑m
dimer of approximately 200 cm−1, which corresponds to an
electronic coupling value V13 = 100 cm−1 (which is
considerably smaller than the coupling obtained from the
DFT calculations, namely V13 = 395 cm−1). Our dynamical
calculations on the homodimer AAm‑m with the value V13 = 100
cm−1 produced good agreement with the time dependence of
the ground state recovery obtained in the pump−probe study.
According to Table 2, the coupling in the heterodimer is
smaller by approximately a factor of 3. We obtained better
agreement with the pump−probe experiments using the
coupling value V13 = 20 cm−1 for the ABm‑β dimer, along
with an energy asymmetry in the diabatic states, which reflects
the different excitation energies of the A and B monomers.
As discussed in the above and verified by the electronic

structure analysis of the metalloporphyrin monomers, the
absence of the 0−2 and higher transitions indicates that the
vibrational modes (with the possible exception of the 310 cm−1

mode, which is discussed later) have very small Huang−Rhys
factors, while the large intensity of the 0−1 peaks suggests that
(at least in the case of high frequency modes) these transitions
arise almost exclusively from HT contributions. TDDFT
calculations on unsubstituted zinc-porphyrin compounds36

obtained a difference of vertical transition energies of about

0.03 eV (approximately 240 cm−1), which corresponds to a
total vibrational reorganization energy of 120 cm−1.
The high-frequency molecular modes in the 600−1500 cm−1

range, which comprise the 0−1 band, were found36 to couple
very weakly to the electronic states of metalloporphyrin
monomers. The similarity of the Q-bands between dimers and
monomer suggests that the high-frequency modes couple
weakly to the electronic states in the dimers as well. Thus, their
main effect on the exciton dynamics is a small renormalization
of the electronic coupling. From fluorescence spectra (Figure
S1), we determined the solvent Stokes shift to be 140−180
cm−1, from which we infer that the solvent reorganization
energy is 70−90 cm−1.

Inclusion of 310 cm−1 Vibrational Mode. Based on the
above considerations, we explicitly include the 310 cm−1

vibrational mode in the Hamiltonians for both dimers, while
treating all other molecular and solvent modes using a model
spectral density with a maximum at 300 cm−1 and a total
(vibrational and solvent) reorganization energy equal to 200
cm−1. Even though each of the two monomeric units has its
own 310 cm−1 mode, only the anticorrelated linear
combination of these two modes couples to the exciton
states.69 While the two monomer modes can be treated
explicitly in the path integral calculations and the two-mode
vibrational density can exhibit nontrivial evolution,70 inclusion
of the single anticorrelated common mode allows easier
visualization without altering the electronic populations. We
note that the 310 cm−1 mode does not couple directly to the
bath modes. Further, to account for the nonradiative
relaxation, three highly excited vibrational states of the
electronic ground state, which are near-resonant with the
exciton states, are included explicitly in the Hamiltonian. The

Figure 6. Schematic illustration (not drawn to scale) of the exciton diabatic potential surfaces and the electronic ground state (GS) with a few
vibrational gateway states for nonradiative relaxation for (a) dimer AAm‑m and (b) dimer ABm‑β. Because of wave function symmetry, the lower
exciton (S1) does not couple to the GS in the homodimer (AAm‑m). In the heterodimer (ABm‑β) both excitons are assumed to couple to the GS
equally. The respective states excited by the pump pulse are shown on the left. The purple and green arrows represent the excitonic relaxation (ER)
and GS recovery pathways, respectively.
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ground state potential surface is expected to be strongly
anharmonic in this energy range. The role of these gateway
states is simply to facilitate electronic population transfer to the
S0 state. The parameters characterizing the gateway states were
optimized to generate results similar to those obtained in the
pump−probe spectra. A diagrammatic illustration of the
diabatic potentials and states is given in Figure 6.
The vibronic character of the 310 cm−1 mode suggests that

this mode couples more strongly than most other vibrational
modes to the AAm‑m excited states, causing a vibronic
frequency shift to 340 cm−1, while no frequency shift is
observed in the case of ABm‑β. Explicitly including this mode in
the model Hamiltonian with a Huang−Rhys factor of 0.1, we
are able to reproduce the observed vibronic shift in AAm‑m,
while with the same Huang−Rhys factor this mode does not
cause vibronic effects on ABm‑β. Figure 7 shows the eigenvalues

and the vibronic characters of the four lowest eigenstates
obtained with these parameters. The eigenstates are found to
be strongly mixed in the AAm‑m case. The two eigenstates with

mainly S1 character are separated by a 338 cm−1 gap, while the
pair of states with mainly S3 character has a 290 cm−1 gap.
Both of these frequencies were observed in the coherence beat
maps of this dimer. On the other hand, no substantial mixing is
observed in the calculated eigenstates of the heterodimer
ABm‑β, in agreement with the experimental findings. The 310
cm−1 mode contributes 31 cm−1 to the vibrational reorganiza-
tion energy.
In the case of the AAm‑m dimer, the exciton eigenstates are

delocalized. With the assumption of approximately equal
oscillator strengths to the S1 and S3 states, excitation by the
pump pulse prepares a superposition of these two states, which
is primarily localized (see Figure 6). In the case of dimer ABm‑β,
whose eigenstates are localized, excitation to the S3 state
produces a localized state as well. The solvent modes are
assumed to be in thermal equilibrium with respect to the
ground electronic state. The calculations were carried out at
the experimental temperature of 95 K.

Comparison of Exciton Dynamics. The time evolution of
the electronic density matrix at 95 K, from which exciton
populations and coherences were obtained, was calculated
using the numerically exact, fully quantum mechanical small
matrix path integral (SMatPI)26,27 methodology. The SMatPI
algorithm is based on an exact decomposition of the quasi-
adiabatic propagator path integral (QuAPI)25 that eliminates
tensor storage, yet fully accounts for the entanglement of path
integral variables within the memory length. The SMatPI
decomposition employs only matrices of minimal size, which is
equal to that of the reduced density matrix of the electronic
system, thus allowing the treatment of multistate Hamiltonians
and long-memory processes. The fully quantum mechanical
treatment of all vibrational and solvent degrees of freedom in
the Hamiltonian, and of their coupling to the electronic states,
ensures the accurate description of quantum coherence effects,
which play a key role in exciton transfer. Similar fully quantum
mechanical calculations in multichromophore aggregates can
be performed using the modular decomposition of the path
integral,71 which offers linear scaling with aggregate length.
The calculated populations of the two exciton states, along
with that of the ground state, are shown in Figure 8. In the
symmetric AAm‑m dimer, the competition between rapid
exciton dynamics and slow nonradiative relaxation to the
ground state gives rise to two time scales in the population
transfer to the ground state, which lead to a flattening of the

Figure 7. Vibronic eigenstates arising from the coupling of the 310
cm−1 mode to the S1 and S3 states of the two dimers. The
contributions from electronic and vibrational product states are
shown in different colors. The modified vibrational energy gaps are
indicated.

Figure 8. Electronic population dynamics for the dimers AAm‑m (left) and ABm‑β (right) from path integral calculations. The red and blue curves
show the populations of the S3 and S1 states, respectively, while the population of the ground state recovery is shown in black.
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ground state recovery curve similar to that observed in the
pump−probe experiments. The population of the lower
exciton rises very rapidly (∼50 fs) as population is transferred
from the higher exciton. At the same time, population is also
transferred from S3 to the ground state on an ∼300 fs time
scale. The early time evolution causes the population on the
lower exciton (S1) to rise above the equilibrium value of the
two-exciton pair, but is rapidly adjusted as short-lived exciton
states die out and the electronic states equilibrate with the
bath. The slow leak of population from S3 to the ground state
might be expected to lead to the gradual depletion of this
higher exciton state. However, rapid population transfer from
the lower exciton to S3 prevents the depletion of this state,
maintaining a constant ratio and thus preserving detailed
balance within the exciton pair. These effects lead to
population transfer from both excitons to the ground state
that is significantly slower than the intraexciton relaxation. In
the case of dimer ABm‑β, the energy difference between the two
diabatic states, in combination with the smaller electronic
coupling, leads to slower exciton relaxation (∼1 ps) and a
gradual rise (∼2 ps) of the ground state population, which
gives rise to a typical exponential ground state recovery.
Examination of the time evolution of “coherences” Cij(t), i.e.

off-diagonal elements of the reduced density matrix, can
uncover further dynamical information regarding the interplay
of specific electronic and vibrational time scales. Of particular
interest are the coherences of the 310 cm−1 mode, which
exhibits significant vibronic mixing; thus, i and j denote the
vibronic eigenstates shown in Figure 7. For dimer AAm‑m we
focus on the coherence C02(t), which corresponds to the
frequency characterizing the dominant coherence peak
observed experimentally, whereas in the case of ABm‑β we
report the sum of C02(t) + C13(t) because of the proximity of
the two frequencies involved.
Figure 9 shows these coherences for the two dimers. In the

case of dimer AAm‑m, the coherence oscillates with a period of

101 fs, which is equivalent to 330 cm−1, the frequency of the
338 cm−1 vibronic energy gap modified by the bath. We
therefore characterize this coherence as vibronic, in agreement
with the spectroscopic characterization presented in Figure 6.
On the other hand, oscillations with a 107 fs period (i.e., 311
cm−1) are observed in the coherence of the dimer ABm‑β. These
oscillations characterize the bare vibrational motion of the
excited wavepacket, thereby corroborating the lack of vibronic
involvement of the mode in this dimer. Interestingly, the
frequency of the vibrational motion is not modified by the
THF bath in this case. This is so because the weak mixing with
the exciton states leads to less efficient energy exchange with
the bath.
A related but interesting feature observed in Figure 9 is the

time variation of the coherence amplitudes. The vibronic
coherence in the AAm‑m dimer, which characterizes states with
a mixed electronic and vibrational character, decays within
about 1 ps, in good agreement with the experimental
observation. The rapid decay of the coherence is the
consequence of indirect coupling (through the exciton states)
to the bath of solvent and molecular modes, which enables
energy exchange that leads to damping.72 In sharp contrast, the
vibrational coherence in the ABm‑β dimer decays on a much
longer (∼10 ps) time scale and thus exhibits constant-
amplitude oscillations within the 1 ps interval shown in Figure
9a. The smaller electronic coupling (20 cm−1 in the ABm‑β
dimer, compared to 100 cm−1 in the AAm‑m dimer) and
localized character of the excitons, as illustrated by the very
weak mixing of the eigenstates, does not facilitate energy
exchange with the bath in this case, leading to the preservation
of the vibrational amplitude over very much longer times.

Role of Vibronic Coherence on Exciton Dynamics. Finally,
Figure 9b and 9c examine the effect of the vibronic mode on
the exciton dynamics. The depletion of the higher exciton is
computed to be accelerated by a factor of ∼2 at short times
(<100 fs) by vibronic coupling in the AAm‑m dimer. In sharp
contrast, coupling to the vibronic mode does not alter the
exciton relaxation dynamics in the case of dimer ABm‑β. The
mixing of electronic and vibrational states induced by the 310
cm−1 mode provides an additional and highly efficient channel
(over and above the effects of the solvent or the bath) for the
transfer of population from the higher to the lower exciton.
Overall, the effect of stronger exciton coupling facilitated by
topology and symmetry as well as vibronic coherence effects
makes the dynamics of exciton relaxation almost an order of
magnitude faster in dimer AAm‑m.

■ CONCLUSIONS
These spectroscopic studies indicate that the metalloporphyrin
monomers and dimers have very small total reorganization
energies (100−200 cm−1). As with natural light harvesting
systems, this means that delocalization and electronic and
vibronic coherences can be produced for similarly small
electronic couplings. It further follows that significant changes
in the excitonic dynamics and the time scales of energy flow
can be achieved by rather small changes in molecular topology,
as exemplified by the striking difference in the nature and time
scales of relaxation for the AAm‑m dimer compared to the ABm‑β
dimer (which have excitonic couplings that are computed to
differ by a factor of 2−3). While the complete and accurate
characterization of the electronic structure, exciton-vibration
coupling and dipole moment functions of these large systems is
beyond the reach of current computational methods, the

Figure 9. (a) Computed vibronic coherences in the dimers AAm‑m
(green) and ABm‑β (orange). (b) Population of the higher exciton (S3)
in dimer AAm‑m with (red solid line) and without (black dashed line)
the 310 cm−1 mode. (c) Same as in b, for dimer ABm‑β. Note, the time
axes in b and c span different ranges to illustrate the effect of vibronic
coherence on intraexcitonic relaxation, which proceeds at very
different rates for the two dimers.
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simplified model we adopted captured the essential features of
the dynamics. The path integral quantum dynamic calculations
enable explicit treatment of vibrational degrees of freedom that
are functionally important for the transport kinetics and
relaxation dynamics in these systems. These quantum
dynamics calculations also explain the connection between
very rapid exciton transfer between the porphyrins and the
slow repopulation of the ground state in the AAm‑m dimer. The
simplified model Hamiltonian and the path integral calcu-
lations are in excellent agreement with the pump−probe and
2DES dynamics for both dimers. The structural asymmetry of
ABm‑β produces an excitonic energy offset (∼250 cm−1) which,
combined with the weaker electronic coupling, is sufficient to
destroy the exciton delocalization and coherence. In contrast,
the excitons are delocalized in the AAm‑m symmetric dimer.
Further, the 2D electronic spectra show evidence for a vibronic
coherence in the AAm‑m dimer that is not evident in the ABm‑β
species. Inclusion of a 310 cm−1 mode in the dimer
Hamiltonian generates vibronic beats that are shifted to 340
cm−1 as a result of vibronic mixing, in agreement with
experiment. The calculations show that the vibronic mixing
accelerates exciton relaxation by roughly a factor of 2
compared to simulations without this mode. While multiple
modes are involved in providing HT intensity to the Q-band
transitions,36 only a single mode appears to be vibronically
active in AAm‑m. No shift in frequency is found in the ABm‑β
dimer, and the coherence has the characteristics of a
vibrational wavepacket, in agreement with experiment. In the
ABm‑β dimer, the excitonic relaxation dynamics is much slower
and is unaltered by the presence or absence of the 310 cm−1

mode.
Fully quantum mechanical calculations of finite-temperature

exciton-vibration dynamics in large molecular aggregates are
feasible using available real-time path integral methods.26,27

Recent investigations revealed the rich interplay among exciton
transport, coherence-quenching molecular vibrations, and
vibronic effects in the dynamics of exciton transport in large
chromophore aggregates.73,74 Optimal design of molecular
topology and hence electronic coupling and energy gaps, along
with selection of vibrational modes to facilitate electron−
nuclear mixing, has the potential to provide a blueprint for
rapid and efficient energy transport. The analysis presented
here provides a basis for experimental and theoretical studies of
larger porphyrin multimers and aggregates2,75−82 as a path to
exploring the optimization and limits of coherence-enabled
energy transport.
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