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ABSTRACT: Transport processes and spectroscopic phenomena
in light harvesting proteins depend sensitively on the characteristics
of electron—phonon couplings. Decoherence imposed by low-
frequency nuclear motion generally suppresses the delocalization
of electronic states, whereas the Franck—Condon progressions of
high-frequency intramolecular modes underpin a hierarchy of
vibronic Coulombic interactions between pigments. This Article
investigates the impact of vibronic couplings on the electronic
structures and relaxation mechanisms of two cyanobacterial light-
harvesting proteins, allophycocyanin (APC) and C-phycocyanin
(CPC). Both APC and CPC possess three pairs of pigments (i.e.,
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dimers) that undergo electronic relaxation on the subpicosecond time scale. Electronic relaxation is ~10 times faster in APC than in

CPC despite the nearly identical structures of their pigment dimers.

We suggest that the distinct behaviors of these closely related

proteins are understood on the same footing only in a basis of joint electronic-nuclear states (i.e., vibronic excitons). A vibronic
exciton model predicts well-defined rate enhancements in APC at realistic values of the site reorganization energies, whereas a purely
electronic exciton model points to faster dynamics in CPC. Calculated exciton sizes (i.e., participation ratios) show that wave
function delocalization underlies the rate enhancement predicted by the vibronic exciton model. Strong vibronic coupling and
heterogeneity in the pigment sites are the key ingredients of the vibronic delocalization mechanism. In contrast, commonly
employed purely electronic exciton models see heterogeneity as only a localizing influence. This work raises the possibility that
similar vibronic effects, which are often neglected, may generally have a significant influence on energy transport in molecular

aggregates and photosynthetic complexes.

I. INTRODUCTION

Spectroscopy and dynamics in molecular aggregates and light-
harvesting proteins are intimately connected to interactions be-
tween electronic and nuclear coordinates.' " In these systems,
low-frequency thermally driven nuclear motion generally con-
stitutes a source of noise responsible for decoherence between
molecular sites. Vibronic couplings in high-frequency quantized
modes, while not thermally populated, also influence exciton
localization by reducing the magnitudes of molecular transition
dipoles at their electronic origins, which, in turn, suppresses
interactions between sites. The treatment of high-frequency
modes with large displacements (i.e., with large reorganization
energies) generally differs in investigations of molecular aggre-
gates and semiconductor organic crystals. Vibronic exciton
models, for example, define electronic structure in a basis of
vibronic levels in systems whose optical spectra exhibit extended
Franck—Condon progressions (e.g., acene crystals)."”*° Vibro-
nic excitations are allowed to delocalize between sites, and the
relationship between intramolecular reorganization energy and
intermolecular coupling is naturally accounted for. Alternative
approaches use the spectral density of the system’s phonon
environment to handle quantized modes with moderate Huang—
Rhys factors. Low-frequency motions are then seen to promote
transitions between electronic states whose energy differences
are small compared with kT, whereas the quantized modes

enable energy conservation in fast transitions between electronic
states with large energy gaps. Examples of transitions assisted by
quantized modes (i.e.,, promoting modes) are found in photo-
synthetic reaction centers.”' >

The present Article is motivated by our ongoing efforts to
understand the origin of the difference in electronic relaxation
rates observed in the pigment dimers of allophycocyanin (APC)
and C-phycocyanin (CPC).**™® Figure 1 shows the structures
of the dimers in APC and CPC isolated from Spirulina platensis.””**
The intermolecular distances (2.05 nm) and relative molecular
orientations are quite similar in the two s(}fstems; the angles
between transition dipoles are ~55°.>%*%**3% The geometries of
the 384 pigments are nearly indistinguishable, whereas slight
differences are found at the 084 sites. As shown in Figure 1, the
BD and CD inter-ring torsion angles are >25° larger in CPC,
which may influence electronic structure by interrupting double-
bond conjugation. Despite these structural similarities, our transi-
ent absorption anisotropy experiments yield electronic popula-
tion transfer time constants of 220 and 970 fs in APC and CPC,
respectively. In addition, 2D photon echo experiments provide
clear evidence of sub-20 fs population transfer in APC; this
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Figure 1. (a) Structure of APC dimer generated using PDB file 1ALL.>
(b) Structure of CPC dimer generated using PDB file 1GH0.*® X-ray
data for both systems are obtained using proteins isolated from Spirulina
platensis. The intermolecular distances are 2.06 and 2.01 nm for APC and
CPC, respectively. (c) Inter-ring torsion angles for a84 in APC (filled
black squares), 384 in APC (filled black circles), 084 in CPC (open red
squares), and 384 in CPC (open red circles). In this convention, ring A is
covalently bonded to a cysteine residue.

nonradiative transition also imposes significant lifetime broad-
ening in the linear absorption spectrum of APC.** The faster
relaxation process in APC is surprising given that the differ-
ence in 084 and (384 site energies (760 cm ') is over twice that
found in CPC (350 cm™'). We remark that our conclusions are,
more or less, consistent with previous experimental studies
of these two proteins isolated from different organisms, which
have proven to be essential to the interpretation of our experi-
ments.””>*

In this contribution, we investigate electronic relaxation
mechanisms in APC and CPC using modified Redfield theory
with the goal of understanding the dynamics in both systems on a
common footing.*”*’ Modified Redfield theory is appropriate for
this task because of its ability to interpolate between the limits of
weak electron—phonon coupling (i.e., Redfield limit)*' and weak
donor—acceptor interactions (i.e., Forster limit).** Our fitting of
spectroscopic line widths in APC and CPC yields site reorgani-
zation energies ranging from 235 to 417 cm ', whereas the
intermolecular couplings in both systems are approximately
—150 cm™ . The comparable magnitudes of these two quantities
make clear the need for a model capable of handling the
intermediate coupling regime. The main focus of this work is
the exploration of kinetic effects associated with a strongly
coupled hydrogen out-of-plane (HOOP) wagging vibration,
which gives rise to pronounced recurrences in the transient
absorption anisotropies of both systems.”*** The HOOP mode

is of particular interest because its 800 cm ' frequency closely
matches the energy gap between electronic states in APC but not
in CPC. We suggested that the HOOP vibration functions in
APC as the promoting mode resgonsible for extremely rapid
relaxation between exciton states.** In contrast, the relaxation
rate of CPC agrees well with the predictions of Forster theory.>
In addition, the localized basis is adequate for the interpretation
of spectroscopic signals in CPC.>>?® Below, it is shown that the
behavior of both systems can be understood in a consistent
manner by explicitly treating vibronic excitations of the HOOP
mode as part of the system rather than the bath.

Il. MODEL HAMILTONIANS USED IN RATE CALCULA-
TIONS

This Section presents the two classes of Frenkel exciton models
employed in this work. Background on these models and the
latest developments can be found in recent literature.> %3745
In the first model, population transfer dynamics are computed in
a basis of purely electronic two-level systems whose spectral
densities possess all information on vibronic couplings. The
second model incorporates vibronic levels in the system Hamil-
tonian instead of the bath. Vibronic exciton models are often
used to describe electronic structure in molecular crystals such as
tetracene, where the individual sites exhibit well-resolved Franck—
Condon progressions.‘m’47 Applications have also been made to
polypeptides,*** the antenna of purple bacteria,*® and molecu-
lar aggregates.”">*

In both models considered here, the Hamiltonian of the
pigment complex is partitioned into three components as

H = HSys + HBath + HSys — Bath (1)

Sections IIA and IIB present two different partitioning schemes,
which differ in whether the intramolecular HOOP mode is
treated as part of the system or bath. The bath is described within
the well-known Brownian oscillator (BO) framework for which
the key equations are summarized in the Appendix.*>** The BO
model views both intramolecular and intermolecular modes as
displaced harmonic oscillators. The two types of coordinates
are distinguished only in the rates at which they dissipate
energy following electronic excitation of the system. It is
shown below that the partitioning scheme has nontrivial
consequences on both transport kinetics and the predicted
exciton sizes.

lIA. Purely Electronic Exciton Model. The model presented
in this Section (and in Section IIB) is specific to the pigment
dimers found in APC and CPC. However, the formulas are
written using restricted summations to allow straightforward
generalization to systems possessing additional pigments and/or
larger Huang—Rhys factors, or both. With all nuclear modes kept
as part of the bath, the system Hamiltonian is given by>*

2 2 2
H = S EBBu+ > Y JuB,B  (2)

m=1 m=1n#m

where the basis is composed of purely electronic two-level sys-
tems. Here E,, is the thermally averaged energy gap of pigment m
at the ground-state equilibrium geometry (i.e., Franck—Condon
geometry) and J,,,,, is the Coulombic coupling between molecules
m and n. The Heitler—London approximation has been made in
writing Hglys, which contains only interactions between states

1348 dx.doi.org/10.1021/jp106713q |J. Phys. Chem. B 2011, 115, 1347-1356



The Journal of Physical Chemistry B

with the same number of excitations. Quartic resonant interac-
tions between chromophores are neglected because they are
generally small compared with the quadratic coupling, J,,,.
Moreover, the off-resonant terms found in the %eneralized
Frenkel exciton Hamiltonian are neglected in Hgy,, because
Jon << E,, in both APC and CPC.*

The bath possesses two primary BO coordinates in the present
purely electronic exciton model. First, interactions with low-
frequency motions of the environment at site m are accounted for
with an overdamped BO coordinate for which the odd compo-

nent of the spectral density is written as>®
o\
Cl(w) = 24, w2+7;n&2 (3)

For APC and CPC, CoP(w) peaks at frequencies smaller than
kg T because the site reorganization energy, 4., is large compared
with the relaxation rate, A,,. In this slow modulation regime, the
standard deviation of fluctuations in E,, is (approximately) given
by (24,,ksT)"/%>® The second primary oscillator represents the
underdamped intramolecular HOOP mode using the spectral

density*?
G (@) = $,Q[0(0 = Q) =0(0+Qu)]  (4)

where S, and §,,Q,, are, respectively, the Huang—Rhys factor
and reorganization energy at site m. It is adequate to write
CoP(w) using delta functions instead of functions with finite
widths because the solvent reorganization energy is large com-
pared with the line widths of intramolecular modes. In all
simulations conducted below, the mode frequency and displace-
ment are taken to be equivalent on both pigment sites in the
dimer. The total odd component of the spectral density at site m
is given by the sum of these two contributions

Cu(w) = CP () +C,P (@) (5)

The line broadening function at site m is then computed using>>

an(t) = % _i, do 27O, (B /2)Co ()
4 ﬁ [ i dw 7““(‘“;)2_ DL (@) (6)

Because of the coth(ffw/2) function in eq 6, the low-
frequency portion of Cg,”(w) dominates the real part of g,,(f) and
is therefore primaril% responsible for spectroscopic line broad-
ening. In contrast, C,,”(w) contributes mainly to the imaginary
part of g,,(t) because the frequency of the HOOP is over three
times larger than kgT. Overall, optical spectra computed with
gn(t) appear as vibronic progressions in which the individual
transitions exhibit identical line widths determined by Cy," (o).
Assuming that each site possesses an uncorrelated bath, the
transformation of the local line broadening functions into the
single exciton basis is given by

2
gﬂth(t) = Z ¢am¢bm¢cm¢dmgm(t) (7)

n=1

where the eigenvector of exciton state a is written as

la) = Z%mIm} (8)

IIB. Vibronic Exciton Model. As an alternative to the above
approach, vibronic interactions may be incorporated explicitly
using the Holstein-like Hamiltonian'”'®*

Hvb

21
Sys Z Z(Em + VhWV)B:nVBmv

+ 333 JuBlLButolX0le)  (9)

n;émV:O(I:O

3
Il
—_
<
o

where the indices m and n represent molecular sites, v and o are
vibronic levels at sites m and #, and w, is the frequency of an
intramolecular mode. In this notation, the operator B}, (B,.,)
creates (annihilates) an excitation at molecule m in vibronic level
V. Hgl;,s treats only the intramolecular HOOP mode of APC and
CPC explicitly. The product of overlap integrals between nuclear
wave functions, (0[v) {0|0), distributes the intersite Coulombic
coupling, J,,.,, in the vibronic basis; these integrals are computed
in a harmonic basis with no Duchinsky rotation.>® The expansion
in vibronic levels is truncated at ¥ = 1 because the overlap
integrals, (0|v), become negligible for higher excitation quanta,
v, due to the modest Huang—Rhys factors of APC and
CPC2425

In this vibronic exciton model, each pigment site is coupled to
a single overdamped BO coordinate under the assumption that
all vibronic levels associated with a particular pigment site
experience the same bath-induced fluctuations. The total spectral
density at site m is then equal to Cg"(@). The single exciton
block of the Hamiltonian matrix is constructed in a basis of
vibronic excitations denoted as |m,1/>, which upon diagonaliza-
tion yields

|a> = Z Z¢a,mv|mxv> (10)

Transformation of the line broadening functions from the local
to exciton basis is achieved with

2 1
Sabed (t) = Z Z ¢u, mv¢h, mv¢c, mv(pd, mv8m (t) (1 1)

n=1v=0

where g,,,(t) is defined in eq 6. Figure 2 summarizes the key ideas
involved in the partitioning schemes utilized in the purely
electronic and vibronic exciton Hamiltonians.

The coherent exciton scattering (CES) formalism is a power-
ful Green function approach that has been used to simulate the
optical response and delocalization of excitons in molecular
aggregates.'>**%” The physical picture adopted by the present
model is quite similar to CES. As in CES, the g,,(t), which
accounts for thermally driven motion, imparts identical fluc-
tuations on all vibronic levels, v, of the individual pigments.
The purely electronic exciton model differs in that intramolec-
ular modes can also influence the line widths through the real
part of g, (t), where the importance of this contribution
increases with decreasing mode frequency. We also remark
that both our vibronic exciton model and CES account for only
the ground vibrational level in the electronic ground state.>’
For this reason, E,, represents the electronic origin (i.e.,, 0—0
transition) when H‘S’];,s is employed.
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Figure 2. Key ideas involved in the Frenkel exciton models presented in
Section II. (a) Exciton model corresponding to H§y5 The system
Hamiltonian is diagonalized in a basis of two-level systems, and under—
damped modes are mcorporated in the spectral density using Cy" ().
The resonance at 800 cm ™' has been given a finite spectral width for
illustration. (b) Vibronic exciton Hamiltonian, HSys} explicitly treats
intramolecular modes with large Franck—Condon factors. The spectral
density possesses contributions from only the overdamped nuclear
motion described by Co" ().

IIC. Modified Redfield Rate Constants. The modified Red-
field rate constants corresponding to a transition 1n1t1at1ng in
exciton a and terminating in exciton b is computed usmg

Ky, = 2Re/ dt Fy, (t) exp[ — i(w;, — (Ua)t _ghhhh(t)
0

- g:uaa(t) + z{gbbaa (t) + i(/lbbaa - laaaa)t}] (12)

where

Fba(t) = [gbaab (t) - {gubaa(t) - gubbb(t) + ZMabaa}
{&aaba(t) = &oppa(t) + 2iAbaaa }] (13)

General physical insights associated with modified Redfield
theory have been discussed in recent reviews.”***> Ref 40 demo-
nstrates the ability of modified Redfield theory to interpolate
between the limits of weak (Redfield) and strong (Forster)
system—bath interactions. In addition, modified Redfield theory
is capable of capturing rate enhancements involving the exchange
of multiple excitation quanta with the bath. In contrast, tradi-
tional Redfield theory accounts only for transitions through
vibronic channels in which the initial and final phonon states
differ by single excitation quanta.

Ill. RESULTS AND DISCUSSION

Electronic population transfer rates in APC and CPC are
computed below using the two classes of system Hamiltonians
presented in Section IL. This comparison of models focuses on
the approprlate treatment of the strongly coupled HOOP mode
at 800 cm ™ ', As suggested by Figure 2, Hgys keeps the HOOP
coordinate as a part of the spectral density, which allows it
to function as a traditional promoting mode in an internal

(a) & Exciton
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g B84 /7 \
5 / AEI —v=0
o /
w V= 0_( ,
H
(b) A Exciton
Basis a84
BS4 - V:l
&
_ . __-—~~
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Figure 3. Energy level diagrams lllustratlng the electronic structures
associated with (a) H§yS and (b) HSys for the molecular dimers in APC
and CPC. Only the excited states of the system are shown because both
Hamiltonians have block diagonal form. The difference in site energies is
AE = E(084) — E(f384). (a) For Hgys, the intersite coupling, Juss,as4)
reflects only the transition dipoles for the electronic origins. (b) Each site
has two vibronic levels through which exciton delocalization can occur.
Dashed lines signify the basis states that contribute most to the
respective excitons when AE ~ hw and Jqg4 g4 < AE.

conversion process. In contrast, Hg;,s handles explicitly the
partitioning of the transition dipole in the vibronic progression
of the HOOP mode, thereby supporting a mechanism of intersite
wave function delocalization not present in H§yb Figure 3, for
example, explains that four vibronic excitons will be found in a
dimer, where each site possesses two vibronic levels (i.e., v = 0
and 1). The size of the Huang—Rhys factor is the key parameter
governing the appropriate view of electronic structure. If the
Huang—Rhys factor is small, then only the intersite coupling
between the v = 0 states wﬂl be significant and Hg is a good
approximation. However, HSys is more appropriate when large
mode displacements give rise to significant interactions between
higher energy vibronic states (v > 0). Clearly, the two Hamilto-
nians differ fundamentally in their views of electronic structure.
The central issue examined here is the possibility that one
Hamiltonian is better able to explain the relaxation rates of both
APC and CPC in a consistent way.

In the present analysis, the difference in site energies is viewed
as the primary physical quantity distinguishing relaxation pro-
cesses in APC and CPC. There may also be minor differences in
the time scales of the bath and the reorganization energies in
these two systems. However, the calculations presented below
suggest it unlikely that differences in these characteristics of the
bath justify the large disparity in kinetics. The parameters given in
Table 1 are based on our previous analysis of spectroscopic
measurements.”**° It is true that the values of A,, and 4,
obtained by fitting spectroscopic signals will generally depend
on the model employed. Therefore, effort is made to establish
that the insights obtained below are robust within a physically
reasonable range of parameter space.
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Table 1. Empirical Parameters Obtained from Fitting of
Spectroscopic Signals

parameter APC CRE
E(084) 16060 cm ™ 16240 cm ™"
E(B84) 15300 cm ™' 15890 cm ™"
A" (084) 296 fs 278 fs
ATY(B84) 238 fs 327 fs

2 (a84) 360 cm™! 417 cm ™!

2 (B84) 235cm™ ! 304 cm™!

N O |
1.0E-04

3.9E-03 1.5E-01

A em™

40 500 1000 1500

1
E 8a-Epss (M)
[
1.0E-04 3.9E-03 1.5E-01

(b)

A (cm'1)

40 500 1000 1500
EeaEgea (€M)

Figure 4. Modified Redfield rate constants, K;,, computed using Hglys
The time scale of the bath, which is equivalent at each site, is (a) 283 and
(b) 100 fs. The intermolecular coupling and Huang—Rhys factor for the
HOOP mode are given in Table 2. At 4 < 100 cm™ -, the 800 cm” ' mode
promotes well-defined rate enhancements when the difference in site
energies, Eqg4—Epggy, is near 775 and 1600 cm™ . Panels (a) and (b)
display the logarithm (base 10) of K.

IIIA. Purely Electronic Excitons. Modified Redfield rate con-
stants are displayed with respect to the site reorganization
energies, 4, and the difference in site energies, Eqs4 — Epss, in
Figure 4. In the interest of obtaining general physical insights, the
reorganization energies are constrained to be the same for both
pigments. The calculation reveals significant differences in the
relaxation processes computed at small and large values of the
reorganization energy. At A < 100 cm ', the calculation finds
well-defined rate enhancements when Eyg4 — Eggy is equal to
775 and 1600 cm ™', which reflects participation of the HOOP
coordinate as a promoting mode. The rate enhancement com-
puted near 1600 cm ™~ ' underscores the aforementioned ability of
modifield Redfield theory to describe nonradiative transitions
involving the exchange of multiple excitation quanta with the
bath. The well-defined rate enhancements calculated at 4 < 100
cm” " broaden and eventually disappear as the reorganization
energy increases. Effectively, the reorganization energy inflates
the “bandwidth” of the vibronic relaxation channel until it is no

a
1x107" ——A=50 cm” (@)
v.’;; —— =329 cm”
§1x10'2-
@©
o 3
1x107 3
—
200\ cPc APC (b)
1.751
& 1.50-
1.254 Excitons 1&2
1.004
0 500 1000 1500 2000
-1
Eu84-EB84 (cm™)

Figure 5. (a) Modified Redfield rate constant, K;,, computed using
Hgy, and the parameters in Table 2. The value of the reorganization
energy, which is equivalent at the two sites, is given in the Figure legend.
(b) Participation ratio computed using eq 14. Also indicated are the
empirically obtained differences in the site energies for APC and CPC.
(See Table 1.)

longer well-localized at particular values of Eqg4 — Eggy. The
calculation in Figure 4 is repeated with different bath correlation
times to make clear that this physical insight holds under reason-
able variation of the parameters. To be consistent with our experi-
ments,>** both calculations are conducted in the slow modula-
tion regime where (approximately) Gaussian line shapes are
obtained.>® The spectral density, C,O,,D(w), concentrates more
of its amplitude at @ < kgT with A"'=283 fsthanwith A™' =
100 fs. For this reason, large rate constants are predicted in
Figure 4a even when 4 < 200 cm™ ' (i.e., with weak system—bath
coupling). In the range of Eqg4 — Epggy relevant to APC and CPC,
similar results are obtained for both values of A, which suggests
that these physical insights are robust.

Figure S presents 1D slices through the contour plot in Figure 4.
This representation makes it clear that the rate enhancement
associated with the HOOP coordinate is insensitive to the value
of Eqg4 — Eps4 when the reorganization energy is near that found
experimentally. Most importantly, the rate decreases monotoni-
cally with Eqg4 — Egs4 at realistic values of the site reorganization
energies, which are most assuredly >100 cm™ ' because the
measured spectroscopic line widths are at least 500 cm ™. For
example, in contrast with the observed kinetics, the calculation
predicts that the relaxation rate is 1.5 times faster in CPC than
it is in APC with A = 329 cm™ . Insight into this behavior is
obtained using the participation ratio’

1
> P
m=1

PR, is equal to 1 and 2 in the limit of fully localized and
delocalized states, respectively. As should be expected, Figure 5
predicts that the excitons become more localized as Eqs4 — Egsa

1351 dx.doi.org/10.1021/jp106713q |J. Phys. Chem. B 2011, 115, 1347-1356
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increases The 1.07 value of PR, computed at Eqgq — Eggy =
760 cm” ' suggests that the Forster energy transfer mechanism
should be a good approximation for APC. In fact, the Forster energy
transfer mechanism is known to provide an accurate description of

Table 2. Parameters Used in Calculations

parameter value
E(084) varied
E(f84) 15595 cm™*
Jasapsa —150 cm ™'
AN (a84) = AT1(B84)" 283 fs
2 (084) = A(384)" 329 cm*
° 800 cm ™'
5 0.125

“ Parameter of eqs 2 and 9. ” Parameter of eq 3 obtained as averages of
the empirical values given in Table 1. ° Parameter of eqs 4 and 9.

the dynamics in CPC where, according to Hgys, the tendency for
wave function delocalization is even greater (PR, = 1.27).*°

Overall, the simulations presented in this Section are incon-
sistent with dynamics measured in APC and CPC.**** Most
important in reaching this conclusion is the model’s prediction
that, contrary to experimental observations, electronic relaxation
is faster in CPC than in APC at realistic values of the reorganiza-
tion energy (c.f, Figure S). The calculations show that the
transition loses sensitivity to the energy difference between the
initial and final states when A increases because of growth in the
“bandwidth” of the vibronic relaxation channel, which is similar
in magnitude to the spectroscopic line width. The calculated
exciton sizes are also inconsistent with experiments. The calcula-
tions presented in Figure S suggest that the excited states of CPC
are more delocalized than those of APC, whereas the opposite
behavior is found experimentally.***®

It should be emphasized that the insights obtained here are
based on a physically motivated correlation function, Cy° (@),

BITEEE m
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Figure 6. Modified Redfield rate constants computed using Hsys Calculated rate constants include K, (left column) , Ky3 (middle column), and K,3

(right column). (a—c) All parameters of Table 2 are used. (d—f) All parameters of Table 2 are used except that A~ "

is set equal to 100 fs. (g—i) All

parameters of Table 2 are used except that S = 0.05. In contrast with calculations based on Hgys, well-defined rate enhancements are predicted near Eqgq
— Eggy = ho at realistic values of the reorganization energy (4 > 100 cm ™ "). All panels display the logarithm (base 10) of the rate constants.
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which treats only the intramolecular HOOP mode explicitly.
Higher frequency bond stretching modes are observed in the
resonance Raman spectra of phycocyanobilin.’®* " However,
modes with frequencies greater than the exciton splitting will
have little influence on the dynamics because such vibronic
relaxation channels would be energetically “uphill”. In principle,
the underdamped modes detected near 250 cm ' in both APC
and CPC can serve as promoting modes. 2437 However, the
nonradiative transition in APC would then deposit roughly three
quanta of energy (iie., total of 750 cm ™ ") in the acceptor state. In
this scenario, the coordinate would require an exceptionally large
displacement in order for it to constitute the dominant relaxation
channel. More importantly, a relaxation mechanism involving
modes near 250 cm ™ ' would suggest that CPC possesses a faster
relaxation rate than APC because of its smaller exciton splitting
(ie, only two quanta of energy would be deposited in the
acceptor state).

llIB. Vibronic Excitons In this Section, rate constants are
computed with HSys to address inconsistencies found when
HSys is employed. The vibronic exciton Hamiltonian matrix is
given by

Eosq 0 Voo Vo
Hxszb _ 0  Eg4 +ho Vi Vi (15)
Vs Voo V1o Egss 0
Vou Vi 0 Eﬁ84 + hw

where V.., = Josapsa (O|m) (O|n). The expansion of vib-
ronic states, |m,v), in the HOOP mode is truncated at v = 1
because the electronic origin dominates the vibronic progres-
sions in APC and CPC (ie., relatively small Huang—Rhys
factors).”*** This choice of basis is additionally well-suited for
interpretation of our experiments because the laser pulses utilized
in these studies primarily excited electronic states with reso-
nances on the lower energy portion of the linear absorption
spectra. Off-diagonal elements corresponding to dlfferent vibro-
nic levels at a particular site are set equal to zero in HSys A more
sophisticated treatment of these elements, which is beyond the
scope of the present work, would capture the effects of intramo-
lecular vibrational energy redistribution (IVR). As in Section
IIIA, the dimensionless displacement of the HOOP coordinate is
set equal to 0.5. However, vibronic coupling now directly con-
trols the magmtudes of intermolecular interactions through the
couplings in HSys

Figure 6 displays the rate constants Kj,, K3, and K3 as a
function of Eqgq — Epggsa and the site reorganization energies,
which are taken to be equivalent for both pigments. The rate, K,
decreases monotonically as the difference in site energies in-
creases, which is similar to the behavior shown in Figure 4. This
similarity should be expected because the two lowest energy
excitons have small contributions from excited vibronic levels
when Eqg4 — Epgs < hw (c.f, Figure 3). In contrast, K 3 exhibits a
steep rate increase when the nature of the nonradiative transition
changes from intrasite to intersite at Eqgq — Eggy = hw; intersite
transitions are obtained at Eqgq — Eggs > Aw. As mentloned
above, the intrasite transitions are slow because HSys neglects
IVR processes on the individual pigments. Finally, K,; possesses
a marked enhancement in the electronic population transfer rate
at Eqg4 — Egsa = Aw. At this value of Eqgq — Egsy, the excited
vibronic level of the 384 pigment is degenerate with the electro-
nic origin of the 084 pigment, thereby promoting exciton
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Figure 7. (a) Modified Redfield rate constants computed using Hgl;s
and the parameters in Table 2. Color coding for the K5, K3, and Ky3
rate constants is defined in the Figure legend. (b) Participation ratios
calculated using eq 16. Also indicated are the empirically obtained
differences in the site energies for APC and CPC. (See Table 1.)

delocalization through the Vj; elements in Hg;,s. The behavior
of Ky is distinct from that shown in Figure 4, where the HOOP
mode is regarded as part of the bath in that a well-defined
enhancement is found near Eqg4 — Egga=lw even at large values
of the site reorganization energies. Profiles of these three rate
constants at realistic values of A are shown in Figure 7. To ensure
that these physical insights are robust, Figure 6 presents rate
constants calculated with a shorter bath time scale, A™" = 100 fs,
and smaller Huang—Rhys factor, S = 0.05. The shorter bath
correlation time has little effect on K, and K3, whereas K3 is
slightly smaller and does not peak as sharply at Eqg4 — Eggy =ho.
The decrease in S also has a minor influence on the calculated
rate constants; the pronounced rate enhancement in K, 3 persists
when Eqg4 — Egss = hw.

Spatial overlap in excitons 2 and 3 is at the root of the rate
enhancement predicted in APC. Exciton sizes are quantified
using a participation ratio valid for vibronic excitons

1

PR, = > (16)

N

> | X S

m=1 \v=0

Asin eq 14, PR, is, respectively, equal to 1 and 2 for fully localized
and delocalized states. Figure 7b shows that PR, maximizes near
Eqss — Eggy = hw when the excited vibronic level at the 384
pigment comes into degeneracy with the electronic origin of 084.
This delocalization mechanism contrasts with the common view
that heterogeneity in molecular sites (i.e., diagonal disorder) can
only suppress exciton delocalization. The present calculations
show that special circumstances may arise in which large vibronic
couplings actually promote delocalization. As illustrated in
Figure 3b, the key to this delocalization mechanism is the
resonance in (staggered) vibronic transitions with large
Franck—Condon factors made possible by heterogeneity in the
site energies.

The most important aspect of these calculations is that a clear
enhancement in the K,3 of APC is predicted by invoking its
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experimentally established difference in site energies. Moreover,
unlike the prediction of the purely electronic exciton model, the
present rate enhancement persists at realistic site reorganization
energies. We therefore suggest that H‘;;g’,s successfully pinpoints the
mechanism responsible for ultrafast population flow in APC while
simultaneously justifying slower electronic relaxation in CPC. In
addition to explaining the difference in kinetics, the vibronic
exciton model yields exciton sizes consistent with the transient
absorption anisotropies observed in both systems, which indicate
greater wave function delocalization in APC. We envision that
exciton delocalization in APC will be fairly delicate because the
intermolecular couplings are (slightly) smaller than the site
reorganization energies (e.g, Vo; = —60 cm™ " when S = 0.5).
One possibility is that the vibronic exciton delocalization me-
chanism operates for only a short amount of time following
photoexcitation before solvation processes break the degeneracy
depicted in Figure 3b and trap the excitation on the lower energy 384
site. Simulations conducted using a model capable of c?turing self-
trapping dynamics will be needed to address this issue.*®"

IV. CONCLUSIONS

The main conclusion of this Article is that the behavior
predicted by the vibronic exciton model is more consistent with
experimental results for APC and CPC than that obtained when
the HOOP mode is regarded to be a part of the spectral density.
Most important to this conclusion is the result that well-defined
rate enhancements persist near Eqgq — Epggs = Aw at realistic
values of the site reorganization energies (A > 100 cm™ ‘). As
shown in Figures 5 and 7, only with the vibronic exciton model
are faster electronic relaxation processes predicted in APC when
2> 100 cm™ . These rate enhancements originate in a vibronic
exciton delocalization mechanism, which takes hold primarily in
APC (cf, Figure 3). Extensions of the model presented here
should develop strategies for simulating the IVR processes taking
place subsequent to electronic population transfer. The role of
fast, solvation-driven exciton self-trapping should also be inves-
tigated. It is hoped that our experiments and the interpretation
offered here will motivate rigorous theoretical studies of these
systems. APC and CPC are excellent models for studying vib-
ronic effects on exciton sizes and energy transport, which are
generally quite difficult to pinpoint experimentally.

An important broader implication of this work is that vibronic
coupling may be more intimately connected to energy transfer in
photosynthetic complexes than it is usually given credit for.
Vibronic effects similar to those investigated here may indeed
promote exciton delocalization in a wider variety of systems. As
discussed in Section IIIB, the key ingredient underlying this
mechanism of wave function delocalization is a degeneracy in
staggered vibronic levels at different pigments made possible
by diagonal disorder. In these situations, purely electronic
exciton models underestimate exciton sizes because they see
heterogeneity among sites as only a localizing influence. Exciti-
ng new research applies measures of entanglement developed
in the field of quantum information to light-harvesting pro-
teins.®" ~®° In this context, it will be interesting to investigate
the role of the vibronic effects on quantum entanglement in
these and other systems.

B APPENDIX

This Appendix presents the multimode harmonic BO model
employed in this work. We summarize the key equations specific

to the systems investigated in this Article. The general formula-
tion of the BO model has been discussed in detail else-
where.>*>** Hamiltonians describing the bath and system—bath
interaction, which are components of eq 1, are given by*

1 PIZ 0O2Nn2
Hpah = izj: EJFM]‘QI.Q,.

1 Puz —2 Z}'a
F32 g treal = 2 T Q) | (D
o J

HSys —Bath — Z Z Em,]Q;B:an (AZ)
o

Both Hp,, and Hgy—pae, distinguish between the primary, Q,,
and secondary, qq, oscillators. Here P;,Q,M; (po,(q,mq) are the
momenta, frequencies, and masses of the primary (secondary)
coordinates. The primary oscillators couple linearly to electronic
excitations at the pigment sites, m, with the coupling strength
By = JVIjQ].zdmlj, where dm,j(Mij)l/ % is the dimensionless
displacement in Q; from its equilibrium position. The secondary
oscillators interact with the primary oscillators through the
coupling parameter, zj,, but do not influence the electronic
structure of the system directly.

It is useful to point out two fundamental assumptions made in
the present applications to APC and CPC, which distinguish it
from a more general treatment. First, it is assumed that different
pigment sites do not interact with the same primary oscillator
(i.e,, no shared modes). This aspect of the model is reasonable
given that the intermolecular distances within the dimers of both
APC and CPC are ~2 nm. Moreover, contributions from shared
modes were ruled out in our previous experimental investi-
gations.** *® Second, we assume that the primary oscillators
influence the site energies in Hglys and H‘S'];S but not the
Coulombic couplings. This approximation is motivated, in part,
by the limited empirical parameters available. However, it can
also be justified by the relatively small size of J,,, (—150 cm™ ")
compared with the E,,, (=15 300 cm ™ '). This second assumption
is implicit in the form of Hgys—pah given in eq A2.

The spectral density at pigment site m is conveniently
written as

b =
Cu(w) = =205 [ dresplion(Q (o), Q 0))

(A3)

by assuming that the primary oscillators are uncorrelated.
Similarly, the spectral density of the secondary oscillators is
given by

Kla() = =3 [ dreplon(a,muo) (49

— oo

With these spectral densities in hand, closed forms of the
correlation functions appropriate for the treatment of inter-
molecular and intramolecular modes can be found in the limits
of small and large friction imposed on the primary oscillators,
Qj, by the secondary oscillators, go. The amount of friction, in
turn, determines the rate at which thermally driven fluctuations
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of the site energies relax. The form of the spectral den-
sity, Cj(w), is governed by the relative sizes of the oscillator
frequencies, &, and the friction

7)) = 23 2K () (43)

Limiting forms of C},(w) are conveniently found by assuming
that y;(w) is frequency-independent, which signifies that the
thermal motions of the bath are fast compared with those of the

Q;- When ;> Q;, the spectral density is given by

7 B ’ CUA}

where A/ = (2M;Q7) " and A; = Q7/y;. In the opposite limit,
the spectral density is written as
" 1
C, =
/(@) = g,

[0(w =€) —6(w + )] (A7)

Equations 3 and 4 are, respectively, obtained by combining the
overdamped and underdamped versions of C'(w) with eq A3.

Intermolecular and intramolecular modes involving the phy-
cocyanobilim pigments of APC and CPC are well-described in
the overdamped and underdamped limits of the BO model, respec-
tively. Liquid water, which likely makes a significant contribution
to the fastest solvation processes in these proteins,”***% has a
low-frequency Raman spectrum dominated by nuclear motions
at frequencies <200 cm . In contrast, strongly coupled intra-
molecular modes of phycocyanobilin pigments are found through-
out the fingerprint region (e.g,, 500—2000 cm ™ ').**~% In addi-
tion to possessing lower frequencies, the intermolecular modes
of the environment (i.e., solvent) that couple to the pigments (i.
e., solute) generally also have strong interactions with secondary
solvation layers (i.e,, large zj, in eq AS) and therefore satisfy the
limit ;> Q;. The intramolecular modes of the phycocyanobilins
(e.g, stretching and bending above 500 cm ') are generally
underdamped (i.e., narrow line widths are observed in Raman
spectra) because they have relatively weak interactions with the
environments surrounding the pigments.
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