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Femtosecond transient grating and photon echo spectroscopies with a sub-20 fs time resolution are applied to
allophycocyanin (APC), a protein located at the base of the phycobilisome antenna of cyanobacteria. Coupling
between pairs of phycocyanobilin pigments with nondegenerate energy levels gives rise to the four-level exciton
electronic structure of APC. Spectroscopic signals obtained in multiple experiments (e.g., linear absorption,
fluorescence, transient grating, 2D Fourier transform photon echo) are used to constrain the parameters of a Frenkel
exciton Hamiltonian. Comparison between experiment and theory yields a robust microscopic understanding of
the electronic and nuclear relaxation dynamics. In agreement with previous work, transient absorption anisotropy
establishes that internal conversion between the exciton states of the dimer occurs with time constants of 35, 220,
and 280 fs. The sub-100 fs dynamics are decomposed into three distinct relaxation processes: electronic population
transfer, intramolecular vibrational energy redistribution, and the dephasing of electronic and nuclear coherences.
Model calculations show that the sub-100 fs red-shift in the transient absorption signal spectrum reflects interference
between stimulated emission (ESE) and excited state absorption (ESA) signal components. It is also established
that the pigment fluctuations in the dimer are not well-correlated, although further experiments will be required to
precisely quantify the amount of correlation. The findings of this paper suggest that the light harvesting function
of APC is enhanced by nondegeneracy of the pigments comprising the dimer and strong vibronic coupling of
intramolecular modes on the phycocyanobilins. We find that the exciton states are 96% localized to the individual
molecular sites within a particular dimer. Localization of the transition densities, in turn, is suggested to promote
significant vibronic coupling which serves to both broaden the absorption line shape and open channels for fast
internal conversion. The dominant internal conversion channel is assigned to a promoting mode near 800 cm™!
involving hydrogen out-of-plane (HOOP) wagging motion similar to that observed in phytochrome and retinal.
This rate enhancement ensures that all photoexcitations quickly and efficiently relax to the electronic origin of the

lower energy exciton state from which energy transfer to the reaction center occurs.

I. Introduction

Underlying photosynthetic light harvesting is a complicated
world of fluctuating nuclei whose amplitudes, rates, and many-
body correlations govern the fate of electronic excitations.'™
It is well-established that interactions between pigments and
the surrounding environment (e.g., protein matrix, aqueous
solvent) span a range of strengths and time scales.*”® Spatially
correlated environmental fluctuations add a particularly rich
dimension to the picture.””!3 Correlations in the environment-
induced fluctuations of energy gaps and couplings in systems
composed of multiple pigments can, in principle, range from
full correlation to full anticorrelation. The complexity of this
phenomenon challenges modern experimental techniques and
theory. Nonetheless, the impact of correlated dynamics can be
substantial and has been found to boost the contribution of
coherent light harvesting mechanisms by 20% in the Fenna—
Matthews—Olson protein.'® Further theoretical and experimental
investigations are required to fully understand how biological
antennae use correlations to enhance function. This understand-
ing will likely apply to artificial systems.!*13

Correlated dynamics influence energy transfer kinetics in both
weak and intermediate coupling regimes. Recent work illustrates
how correlated excited state (i.e., exciton) energy level fluctua-
tions give rise to recurrences in energy transfer.'”~!7 These
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recurrences reflect partially correlated fluctuations at the donor
and acceptor sites, where the requirement for partial correlation
can be understood with consideration of two well-defined limits.
In the strong coupling limit, full energy donor and acceptor
correlation manifests as “Rabi-like” oscillations in electronic
populations, whereas irreversible relaxation takes hold when
coupling between the donor and acceptor is weak compared to
the system—bath interaction strength. It is also important to
recognize that donor and acceptor units can possess internal
structure whose dynamics can influence energy transfer kinetics
through correlated line broadening.'®~2! That is, the spectro-
scopic line shapes entering Forster’s rate formula generally
reflect the extent to which spatially correlated dynamics occur
within the molecular complexes comprising the donor and/or
acceptor units.?> Nonlinear spectroscopies have proven useful
for uncovering many aspects of line broadening,”*** whereas
spatial correlations remain elusive due to their complex many-
body nature.?>?® Advances in the understanding of correlated
line broadening will require the application of specialized
experimental techniques to appropriate model systems.?>?’

In this paper, we investigate photoinduced relaxation dynamics
in allophycocyanin (APC) using transient grating and photon echo
spectroscopies. Signals are analyzed using a theoretical model to
obtain the parameters of a Frenkel exciton Hamiltonian. APC is a
particularly good model for the study of exciton dynamics because
of its well-defined geometry and electronic structure.”~*° Figure
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Figure 1. (a) Structure of APC trimer in which blue and red,
respectively, signify o84 and 84 subunits. (b) Each pigment dimer
possesses four-level exciton electronic structure. (c) Absorption (black)
and fluorescence emission (red) spectra of APC. Overlaid in blue is
the spectrum of the 15 fs laser pulse used in this work.

1 shows that the X-ray crystal structure of APC possesses a 3-fold
axis of symmetry consisting of three dimers with phycocyanobilin
pigments separated by 2.1 nm.3! Pairs of dimers interact weakly
because they are separated by distances of approximately 5 nm.
Thus, to a good approximation, coupling between pairs of phy-
cocyanobilins transforms the electronic structure into an “exciton”
basis consisting of four levels, where the linear absorption spectrum
presented in Figure lc corresponds to transitions between the
ground state and the two single exciton levels. The peak at 15 300
cm™! predominantly represents the lower energy transition to e+,
whereas the higher energy transition to e— appears as a broad
“shoulder” centered at 16 200 cm™!. Although vibronic structure
is not well-resolved in the linear absorption spectrum, this paper
will show that vibronic coupling is essential to fitting the absorption
line shape and also to the description of internal conversion between
exciton states. For example, a significant portion of the intensity
underneath the 16 200 cm™! band is associated with the Franck—
Condon progression of the e+ transition if the fluorescence
spectrum is taken to be the mirror image of the e+ absorption line
shape;*? mirror image symmetry assumes identical vibronic struc-
ture for the absorption and fluorescence spectra (i.e., equivalent
normal modes and vibrational frequencies for the ground and
excited states).®*

Spectroscopic signatures of correlated line broadening are
difficult to ascertain. In principle, the analysis of two-
dimensional photon echo line shapes measured at a fixed
population time is a direct route to uncovering these dynamics. 822
However, interference between transitions (i.e., spectral overlap)
prevents this approach for most pigment complexes because
energy gaps between the multiple exciton levels are generally
comparable to the spectroscopic line widths. Alternative ap-
proaches first prepare coherent superpositions of electronic
states, then monitor the loss of correlation in the time domain
(e.g., pump—probe anisotropy).”!*17223439 The rate of deco-
herence for a pair of excitons generally increases with decreasing
exciton correlation. In essence, the instantaneous distribution
of energy gaps in an ensemble broadens in the absence of
correlation; fast damping is the natural outcome of superposing
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many oscillators with incommensurate frequencies. Here we
examine signatures of correlated line broadening encoded in
the dephasing rates of photoexcited coherent superposition states.
Correlation within the dimer of APC is quantitatively evaluated
with the support of a theoretical model.

Beck and co-workers have investigated femtosecond dynam-
ics of APC with a variety of four-wave mixing spectros-
copies.?®324041 Tt was firmly established that the 15 300 and
16 200 cm™! absorption bands in APC correspond to exciton
states associated with the phycocyanobilin dimers. Pump—probe
anisotropy experiments found that internal conversion between
exciton states occurs with time constants of 30—56 and 280
fs,?® whereas photon echo spectroscopy identified an additional
220 fs relaxation process.*! Subpicosecond red-shifting of the
transient absorption signal spectrum was attributed to inertial
solvation processes and relaxation within the manifold of
photoexcited intramolecular nuclear coordinates (i.e., vibrational
cooling).*> Of particular relevance to the present paper is the
suggestion of imperfect correlation between exciton states
discussed in ref 41. Technical advances in nonlinear optics and
spectroscopic techniques occurring in the past decade now allow
this issue to be more carefully examined here.

Strong vibronic coupling of a large number of intramolecular
modes is known to occur with APC*?™* as well as other
phycobiliproteins.**~#’ Resonance Raman experiments observe a
large number of transitions in the vibrational fingerprint region.**
In addition, the analysis of earlier pump—probe measurements
performed with 16 fs pulses yielded large Huang—Rhys factors
for several vibrations.* The strong vibronic coupling observed in
these experiments reflects the displacement of equilibrium nuclear
coordinates for the ground state compared to the single exciton
states. However, efficient internal conversion between e— and
e+ requires that significant geometric distortion occurs in
the transition between excited states. Below we suggest that
a promoting mode near 800 cm™! assists in the subpicosecond
internal conversion of APC because the energy gap between
the e+ and e— exciton states exceeds the characteristic
frequency of overdamped nuclear motion in the bath (i.e.,
spectral density).

II. Experiment

Allophycocyanin (APC) was purchased from Prozyme as a
suspension in 60% ammonium sulfate. Spectroscopic measure-
ments used solutions of APC in 100 mM potassium phosphate
buffer at pH 7.0. All experiments were performed within 12 h
of solution preparation. Optical experiments circulated the
solutions at a rate of 10 mL/s in a flow system using a peristaltic
pump with reservoir of 10 mL. The absorbance of the solution
was 0.15 at 15300 cm™! in the 0.5 mm path length flow cell.
Absorbance spectra were measured before and after optical
experiments to confirm the absence of sample degradation.

Transient grating (TG) and photon echo (PE) experiments
utilize a Quantronix Integra C Titanium Sapphire amplifier
producing 800 nm, 120 fs laser pulses at 1 kHz. The laser system
pumps a home-built noncollinear optical parametric amplifier
(NOPA) yielding pulses with spectra spanning 500—750 nm.
The portion of the full spectrum shown in Figure 1c is obtained
by filtering the higher and lower frequency spectral content in
a fused silica prism compressor. Pulses are compressed to 15
fs duration and characterized using transient grating frequency
resolved optical gating.*®

TG and PE experiments are performed using the same
passively phase-stabilized, diffractive optic-based interferometer
for which a detailed description is given in ref 22. The
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interferometer design resembles those reported in several earlier
publications.**~>7 Briefly, a boxcar (i.e., square) laser beam
geometry is used to generate a signal in the kg = —k; + k, +
k; phase matched direction. All three pulses and a local oscillator
field are derived from the same NOPA. Times at which the E,;
and E, pulses arrive at the sample are varied by inserting
independent prism wedges in the paths of both beams, whereas
a conventional optical delay line controls the arrival of the E;
and local oscillator pulses. The E; and local oscillator pulses
pass through an identical pair of prism wedges to ensure that
all four pulses possess identical dispersion. Pulses with energies
of 5 nJ are focused to a 120 um spot size at the sample for a
fluence of 1.4 x 10'* photons/cm?. Increasing the pulse energies
by a factor of 4 has no effect on the measured dynamics. Signals
are detected using spectral interferometry with a back-il-
luminated CCD array (Princeton Instruments PIXIS 100B)
mounted on a 0.3 m spectrograph (Princeton Instruments).
Integration times are 100—200 ms. A Fourier transform
algorithm is used to process the measured interferograms. 33860

The TG signals presented here represent the average of 15
scans of the optical delay line. Anisotropies compare tensor
elements for real (absorptive) signal components measured in
immediate succession, where data acquisition for one tensor
element requires approximately 25 min. The experiments were
repeated several times and suggest that this procedure yields
an error of approximately £ 0.03 in the anisotropy. PE scans
acquire two-dimensional spectra at a series of population times,
T, as described in ref 22. Rephasing and nonrephasing signals
are superposed to obtain absorptive spectra.®®*! Scans of photon
echo spectra at a series of population times are repeated 10 times
and averaged for a total data acquisition time of 5 h.

The real and imaginary components of the TG and PE signals
are defined by reference to the pure buffer solution, which is
taken to possess a fully dispersive (imaginary) signal phase
because it is transparent to visible light. The phases are
calibrated by measuring TG signal fields with the buffer, then
exchanging the sample reservoir with APC solution without
moving the flow cell. With the known phase of the TG signal
for APC, the PE signal phase is readily obtained using the
projection slice theorem of Fourier transforms.®? Two-dimen-
sional PE signals are integrated over the w, dimension (i.e.,
Fourier transform of 7 delay), and the phase of this projection
is adjusted for agreement with the TG signal phase. Earlier
investigations successfully use this same phasing procedure.’>%

III. Modeling Spectroscopic Signals

This section presents a theoretical model that will be used to
interpret all linear and nonlinear spectroscopic measurements
in this paper. The foundation of the model is taken from sections
5.1 and 5.2 of ref 25, where the cumulant expansion of Gaussian
fluctuations (CGF) yields line broadening functions and incoher-
ent exciton transport rates. The CGF model is chosen because
of its demonstrated success in the simulation of correlated line
broadening dynamics.'® Experimentally detected signals in the
following sections will show that vibronic coupling is an
important component of the optical response of APC. Below,
the model of ref 25 is supplemented to capture effects of
vibronic coupling.

IITA. Description of Correlated Line Broading in the
Basis of Pigment Sites. The Frenkel exciton model with CGF
line broadening dynamics has been presented in full detail
elsewhere.?* Here we present some of the fundamental
equations to establish notation and aspects of the model specific
to the present treatment. The equations are written for general
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application to systems with arbitrary numbers of molecules. The
Hamiltonian of the pigment complex is partitioned into three
components as

H= HSys + HBath + HSys—Bath (1)

where the system Hamiltonian is given by

N N N
HSys = Z EmleBm + 2 Z ‘]mnB ::nB n (2)
m

m nZ=m

Here, E,, is the energy gap of molecule m; J,,, is the electrostatic
coupling between molecules m and n; and N is the number of
molecules in the complex. The CGF treatment of line broadening
describes the time scale and magnitude of fluctuations in E,,
with the parameters A}, and A,,, respectively. Correlated
fluctuations at different pigment sites are found with the
Cauchy—Schwartz inequality'®

A = M 3)

where 7,,, interpolates between the fully correlated, 7,, = 1,
and anticorrelated, #,,, = —1, limits. To minimize the number
of adjustable parameters in this paper, we assume that all A,,,
and A,, possess the same ratio k = A, /A,,. Therefore,
fluctuations at a pair of molecular sites, m and n, are fully
described with four parameters: A, Ay, Hin, and k. Our model
calculations further assume the overdamped Brownian oscillator
line broadening function in the high-temperature limit

KAmn

2k T

)[exp(—AmnItl) +
At —11 @)

’ 7 1 .
Eonll) = (D) = —2(1 —i
K

IIIB. Transforming Line Broadening Functions into the
Exciton Basis. The Hamiltonian matrix is diagonalized in a basis
of zero, one, and two excitations yielding a ground state, N
single exciton states, and N(N — 1)/2 double exciton states.?!">>2
Eigenvectors of the single and double exciton states are,
respectively, written as

N
lay = D ¢,,.lm) (5)

and

N—-1 N
ey = D, D Elm)in) ©)

m=1 n+1

This paper reserves the dummy indices a and b for single exciton
states and c for the double exciton manifold. Transformation
of the line broadening functions from the local to exciton basis
is accomplished using

N N
G0 = 810 = D\ D B @)

n=1 m=1
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g0 =g =D D D D & Ende® +
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&) t g + g, (0] (9)

where the symmetrized line broadening function is defined as
gm® = g + ghu(H.2* Damping imposed by loss of
correlation between a pair of single exciton states is described
by gu(?); ga(t) corresponds to single exciton a and double
exciton c¢; g.4(t) refers to double excitons ¢ and d.

IIIC. Nonlinear Response Functions. Under perfect phase-
matching conditions, the signal field is related to the third-order
polarization by

w— “m (10)

(,)

where n(w,) is the refractive index; [ is the sample thickness;
and c is the speed of light. The polarization, P®(¢), is induced
with three applied fields, E;, which can be written as®

Ej(t) =&t — fj)cos[wj(t — fj)] (11D

where &(t — 7)) is a Gaussian envelope centered at time 7; (see
Figure 2) and w; is the carrier frequency of the field. The
Feynman diagrams shown in Figure 3 represent the 10 dominant
terms in the nonlinear response function, where all terms assume
that the two “pump” pulses, E; and E,, interact with the sample
before the “probe” pulse, E3.2° This assumption is inherent to
the “doorway—window” treatment of exciton transport intro-
duced below.

This paper finds that the accurate fitting of spectroscopic
signals for APC must account for vibronic coupling. Vibronic
structure is described ad hoc by adding two nuclear modes to
the exciton basis. Below it is shown that, although the vibronic
manifold is introduced in the exciton basis, the model still yields
a microscopic interpretation because the vibrations are localized
to the phycocyanobilin pigments comprising the dimers of APC.
Response functions for terms in the first two rows of Figure 3
are given in ref 25. To make clear the specifics of the present
treatment, we demonstrate how vibronic levels and electric field
polarization effects are addressed using the R,(t, t,, t3) term as
an example. The expression

Pulse 4  Pulse 1 Pulse 2 Pulse 3 Signal
2 T T =0
r/" T /'\ t
time
tl tz ta

Figure 2. Pulse sequence used for TG and PE spectroscopies. Arrival
times of the four pulses (at their peaks) are represented by 7;. The delays,
T =71, — 7y and T = T3 — T,, are experimentally controlled. Intervals
between field—matter interaction times are given by #, t,, and f;. Pulse
4 is a reference field (i.e., local oscillator) used for interferometric signal
detection.
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R\t 15, 15) = Zﬂagﬂhg exp(_lwagtl T iwyty, — Wty —
ab

%f,(tl,t] + 1, + 1, +14,0) (12)

is obtained directly from eq 5.26 in ref 25, where a sum of line
broadening functions is obtained by expansion of fi(t,t; + 1,1
+ t, + 13,0), using eq 5.27. Electric field polarizations and
vibronic coupling are incorporated by rewriting eq 12 as

2 <agbﬂagyngga>Zzlzb(tl’ t2’ t3) X
ab

R\(t,1),t;) =

. . . 1
exp(—lwagtl — Wty — la)agt3—§f1(t,,tl + b, + 1, +

5.0 (13)

The orientational factor, {OlBagYbelea)> 18 given in Appendix
A, and vibronic coupling is described by

Zotys 1y, 15) =
2
FOFRY + Y FUFY expl—(io, + k)¢, + 1, + ;)] +
v=1
FPR) x expl(io, — k)] + 0, FrFL x

av® by

— k(t, + 1) X [exp(—iw,t; — kt;) +
(exp(k,t,) — D] (14)

exp(—iw,t,

where w, is the frequency of mode v; F is the Franck—Condon
factor coupling the ground state to the electronic origin of

R1 R3 R4
e Wz -
ag “le, Kl {5
ab 22 P 2
o 5 e £ B
227 22 Mzl T
R1* R2*
N ¥z W
Qo K;lca k, |ca [
fl=e | A L
= s k Joel™ {4
—_—lg 2y g
|CR1 |CR2 |CR1* ICRZ*
Y 14 k bb s
22 2 bb 53
B 123 b 21 I
e 0 L bb gl L2 P
aa k2 ad aa 3 aa 2
LR Al AR wfER
2o 28 22 el

Figure 3. Feynman diagrams for dominant terms in the transient
grating and photon echo spectroscopies in this paper. The dummy
indices a and b are used for single exciton states, whereas c is reserved
for the double exciton manifold. The superscript IC used in the bottom
row denotes incoherent exciton transport. Terms in the nonlinear
response function corresponding to these diagrams are presented in
Section IIIC and Appendix B.
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excited state a; FO) is the Franck—Condon factor corresponding
to a process in which photoexcitation initiates at the ground
state and terminates in the first excited vibronic level of
electronic state a and mode v; and k, represents the inverse
lifetime of mode v (i.e., vibrational cooling rate). Equation 14
keeps only the dominant terms in which at least two field matter
interactions couple the electronic origins of the ground and
excited states. Neglect of higher-order terms is appropriate for
systems, such as APC, in which the 0—0 transitions possess
the largest Franck—Condon factors. Signal components evolving
as excited state nuclear coherences in #, can also be envisioned
for diagrams in which a = b and/or a = b.%* However, the
TG and PE signals of APC are well-captured without this
additional complexity because terms with four field—matter
interactions coupling the electronic origins of g and a (or g and
b) possess the largest nonlinearities.

The physical significance of Z.y(t1,t,13) is made clear by
considering it as the sum of three terms. The first term, which
is simply equal to FO’F)°, represents a sequence in which all
four field—matter interactions couple the electronic origins (i.e.,
0—0 transitions). The second term accounts for all field—matter
interaction sequences evolving in a vibronic coherence during
the f, interval. Finally, the third term, which is linear in the
delta function, 0, populates the first vibronic level of mode v
at r, = 0, then relaxes to the electronic origin at the rate k,.
This term captures the short and long time limits of intramo-
lecular nuclear relaxation by ensuring that stimulated emission
occurs from hot vibronic states at short 7, and from the electronic
origins of the excited states at long ,. Expressions for the terms
in the response function corresponding to the five other diagrams
in the first two rows of Figure 3 are given in Appendix B.

The CGF model describes fluctuations of the exciton energies
and captures essential aspects of spectroscopic line shapes.
However, fluctuations in the exciton couplings are needed for
simulation of exciton transport. The doorway—window treatment
of the nonlinear response, which is valid for well-separated
pump and probe pulses, describes line broadening and popula-
tion transfer on the same footing.’® The doorway—window
model is appropriate for APC because the dominant population
transfer channel occurs with a time constant over 18 times larger
than the experimental laser pulse duration. For convenience,
the response function is partitioned into rephasing and non-
rephasing terms. The rephasing, S§p, and nonrephasing, SSR,
components of the response function are, respectively, given
by

Sop(ty 1y 13) = D [WEE(ty) — Wash(z3)] x
ab

D (—t)[G,,(t,) — 11 — S (t,,00,15)  (15)

and

ot 1) = D [Wr(r) — W) x
ab

D,(t)[G,(t,) — 1] — Sy(t,,00,1)  (16)

where the subscript, OD, refers to off-diagonal elements of
the Hamiltonian (i.e., interexciton couplings). In SBh(f1,t2,13)
[SRRP(#1,1,13)], the terms linear in the window functions, WEE(t;)
and WESA(53), respectively, correspond to the '°R2 and °R1*
[°R1 and '°R2*] terms in Figure 3. The doorway function is
written as
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D,(t) = exp[—iw, 1, = g (DIFY +

ag

2
> P exp(—iw,r, — k) (17)
v=1

where the vibronic manifold is consistent with that used for
ZL(t1,1,13) in eq 14. The window functions are given by

aEE(Is) = (O B gV b p)€XPL— iy 1y — g1, (1) +

2
2l FY + D Fobexpliot; — k1)) (18)

r=1

and

Wi ty) = Z<agaﬂag7cbXbc>eXP[_iwcbt3 = &ty —
8o 13) + 28.,(13) + 2i(A,, — A1 (19)

where the vibronic structure of WESE(#3) is consistent with that
of ZL,(t1,t,13) and D,(t,). The linear absorbance and fluorescence
spectra impose valuable constraints for parametrization of the
vibronic couplings strengths, F,,. However, the experimental
data presented here do not provide information sufficient to
determine the vibronic couplings associated with transitions
between the single and double exciton manifolds. For this
reason, vibronic coupling effects are neglected in WEsA(t3).

Expressions for the response functions are convoluted with
the applied electric fields to obtain the third-order polarization
as

POy = [Tdiy [ d, [ dBISE (1, 1) +

SRty 1y, 13)] X Eq(t — L)ERE — 1, — LE)(t — 1, — 1, —

1) + (SN (), 1y, 1) + SEo(t1, 1y 13)] X Es(t — 1,)Ey(t —
t, — LEXt —t; — 1, — 1)) (20)

where the rephasing and nonrephasing terms associated with
(diagonal) energy level fluctuations are given by

SRty 1, 13) = Ry(t), 1y 13) + Ry(t), 1, 13) — RE(t), 15, 15)
21)

NRP —
Sp o (t, 1) = Ry(t, 1y, 1) + Ry(t), 1), 15) — RE(t), 15, 1)

(22)

Equation 20 will be used to model transient grating and photon
echo experiments. The model calculations below constrain
parameters by simultaneous fitting of absorbance and fluores-
cence spectra, which are calculated with

2

N
op@) = D gl [od{FY +
a=1 %

=1

Fﬁi exp(—iwm, 1)} X
exp[i(w — Wt — %gua(t)]cpa(t) (23)

and
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1 2
O@) = Dl [0 dHFY + D o) explion,n)}
a=1 v=1

exp[i(w — Wt — %gja(t)]d)a(t) (24)

where ®,(#) accounts for lifetime broadening and is obtained
by summing the Green function, G.(#), over all population
transfer channels as

D) = D Gyl0) (25)
b

The Green function used here is parametrized phenomenologi-
cally as

G () = 0.35 exp(—1/35) + 0.65 exp(—1/280)
(26)

and population transfer from the lower to higher energy exciton
state is neglected because of the large energy gap between the
exciton states. Section V discusses why this phenomenological
parametrization of G,(f) is performed in lieu of modified
Redfield theory.%%%7

IV. Results and Discussion

IVA. Linear Absorption and Fluorescence Spectra. Fits
to the linear absorption and fluorescence spectra of APC are
presented in Figure 4, where parameters of the model are given
in Table 1. The spectra are quite similar to those found by
Edington et al.*> The line shape of the e+ transition exhibits
well-resolved vibronic structure, whereas vibronic transitions
are obscured by lifetime broadening in the e— band. Resonance
Raman measurements show that many vibrational modes couple
to the excitations.*** However, fitting of the present experi-
mental data is accomplished with two high-frequency modes
at 800 and 1500 cm™!. In essence, this treatment sums the
intramolecular reorganization energy for all displaced modes
with similar frequencies onto the two coordinates with the goal
of minimizing adjustable parameters (see Supporting Informa-
tion). It should be emphasized that this pair of measurements
only partially constrains the model parameters. The nonlinear
spectroscopies discussed below are also taken into account. For
example, the Green function that causes lifetime broadening of
the e— band [see eq 26] is parametrized to simultaneously fit
the transient grating signal spectra and anisotropies presented
in the following section.

IVB. Dynamics in the Transient Grating Signal Spectrum.
The transient grating (TG) measurements shown in Figure 5
separate real (absorptive) and imaginary (dispersive) signal
components for both ZZZ7 and ZZXX tensor elements. This
tensor notation denotes the electric field polarizations involved
in the sequence of four field—matter interactions (see Appendix
A). The real signal components provide information equivalent
to a conventional pump—pump experiment (i.e., transient
absorption), whereas the interpretation of dispersive signal
components is more complicated. In the limit of laser pulses
with infinite bandwidths, the real and imaginary signals are
(exactly) related by a Kramers—Kronig transformation. How-
ever, because finite bandwidth pulses are actually used, the
imaginary signal components in Figure 5 report on dynamics
taking place outside of the spectral window defined by the probe
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Figure 4. (a) Experimental (black) and theoretical (red) linear
absorption spectra. Also shown are the line shapes of the transitions to
the e+ (blue) and e— (green) single exciton states. (b) Experimental
(black) and theoretical (red) fluorescence spectra. Calculations use the
parameters in Table 1.

TABLE 1: Parameters of the Spectroscopic Model

parameter value
E\lhc 15300 cm™!
Eslhc 16060 cm™!
]12 —163 CI1'17l
A]] 450 CH17l
Azz 560 CH17l
N2 0
K 0.25
w, v=1) 800 cm™!
w, (v =2) 1500 cm™!
PFO (g = 1) 2.05
PFO (g = 2) 0.64
Fla=1v=1) 0.24
Fol(a=1v=2) 0.16
Fl@a=2v=1) 0.38
Fol(a=2v=2) 0.09
k' (all v) 50 fs

W= Wy = w3 15940 cm™!

“ Energy gap of pigment in eq 2. *a = 1 and a = 2, respectively,
denote the e+ and e— excitons.
laser spectrum.®*%8% Therefore, the dynamics measured at
different signal phase angles provide complementary information.

The real TG signals shown in Figure 5 display a red-shift in
the signal spectrum taking place within the first several hundred
femtoseconds. The red-shift observed in the real signal com-
ponent is consistent with previous pump—probe measurements
for APC in which the dynamics were assigned to both electronic
and nuclear relaxation.*>*#? By contrast, significant red-shifting
is not found in the imaginary signal components. Rather, the
imaginary amplitude at @, = 15 400 cm™! rises on a time scale
similar to that with which the real spectrum red-shifts. This rise
in amplitude is quite significant with an increase of more than
a factor of 5 between "= 0 and 7 = 0.5 ps. In addition to
population dynamics of the excitons, the imaginary signal
component possesses enhanced sensitivity to the Raman re-
sponse of the surrounding protein environment and solvent (i.e.,
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Figure 5. Real (a), (c) and imaginary (b), (d) parts of the transient
grating signal field measured for the ZZZZ (a), (b) and ZZXX (c), (d)
tensor elements. Amplitudes of the four spectra are normalized to the
same value and can be directly compared.
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Figure 6. Panels (a)—(c) present the real part of calculated transient
grating signals for terms: (a) R3, R4; (b) R1, R2, °R1, '°R2; (c) R1%,
R2*, ICR1*, I°R2*, Panels (d)—(f) are computed using eq 20, where
(d) and (e) show the same calculation plotted on different time scales.
The parameters of Table 1 are used with the exception that panel (f)
sets the correlation parameter, 7, equal to 1 (see eq 3).

as in an optical Kerr effect).”®’! We make no attempt to extract
this information here but focus on coherent dynamics found in
the imaginary signal component in section IVD.

The model calculation shown in Figure 6 suggests that both
electronic and nuclear relaxation contribute to the red-shift
measured in the transient grating signal spectrum. Interpretation
is facilitated by decomposing the signal into three contributions:
ground state bleach (GSB); excited state emission (ESE); excited
state absorption (ESA). Figure 6a shows that the GSB compo-
nent is essentially independent of the pulse delay 7, whereas
the ESE and ESA terms, respectively, shift to lower and higher
frequencies with increasing 7. It is essential that interference
between the ESE and ESA terms is considered to understand
the dynamics in the total signal spectrum shown in Figure 6d.

J. Phys. Chem. B, Vol. xxx, No. xx, XXXX G

(C) (e)

b O
1

i
\/\N‘iﬂl\fjl"/llw

(b)

v\m ©)

r(T) Amplitude

-
ol

i

Amplitude

o©
»o o
—_
o
=

r(T)

0.01 0.1 1 0.01 0.1 1
T (ps)

Figure 7. Tensor elements measured with ZZZZ (black) and ZZXX
(red) tensor elements along with the corresponding anisotropies are
shown in four pairs of panels: (a),(b); (c),(d); (e),(f); (g),(h). Panels (e)
and (f) represent the imaginary part of the transient grating signal field,
whereas all other data correspond to the real component. The panels
in all rows use the same scale and can be compared. Signal detection
frequencies for the four pairs of panels are: (a),(b) 16 000 cm™; (¢),(d)
15750 cm™; (e),(f) 16000 cm™'; (g),(h) 15270 cm™'. Fitting
parameters are given in Table 2.

The excited state emission terms in the response function radiate
as hot vibronic states with spectra resembling the line shapes
shown in Figure 4a at T = 0, whereas the signals converge to
mirror images of the absorption spectrum when 7 is long
compared to the vibrational cooling time of 50 fs. Internal
conversion between e— and e+ is also partly responsible for
the red-shift in the signal field, where the 35 fs relaxation
channel represents the major contribution. Electronic relaxation
dominates the response at 7' > 100 fs because the internal
conversion rate possesses a significant (65%) 280 fs component.

Figures 6e and 6f present TG signals computed without
(n = 0) and with (y = 1) fully correlated fluctuations at the
individual pigment sites. Full correlation gives rise to a long-
lived electronic coherence between the e+ and e— exciton states;
this coherence manifests as oscillations in the signal amplitude
with a period of 40 fs. By contrast, recurrences in the signal
amplitude are not observed with 7 = 0. In fact, indistinguishable
signals are obtained with 0 < 7 < 0.5 (see Supporting
Information). An essential finding of this model is that, with
the exception of the coherent quantum beating dynamics shown
in Figure 6f, spectroscopic signatures of exciton correlations
are quite subtle and not readily detected with the present
configurations of TG and PE spectroscopy. We parametrize the
model with 7 = 0 on the basis of these calculations and the
absence of electronic quantum beating in the measurements.

IVC. Incoherent Dynamics in the Transient Grating
Signal Anisotropy. Analysis of electric field polarization effects
is useful for distinguishing electronic population transfer from
nuclear relaxation.’*’>~7® The anisotropy is calculated with real
TG tensor elements using

S7222/AT) = Szzx(T)
= 2
"D = S, T 250D D

We reiterate that the anisotropy computed with real TG signal
components gives information equivalent to that obtained with
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TABLE 2: Fits to Anisotropy Profiles in Figure 7

b b b

w; = w; = ‘o, = w; =

dparameter 16000 cm™! 15750 cm™' 16000 cm™! 15270 cm™!

70 0.36 0.21 0.06 0.13

| 0 0.14 0.13 0.21

2 0.1 0.10 0.33 0.11

7 — 550 fs 220 fs 280 fs

12} 35 fs 37 fs 36 fs 30 fs

) 800 cm™! 800 cm™! 800 cm™! 1450 cm™!

@ 0.9 rad 2.9 rad 5.1 rad 1.4 rad

“Fit to equation n(T) = ry + r exp(— T/ty) + r, cos(wT +
@)exp(— T/1,). ” Real component of signal. ¢ Imaginary component
of signal.

conventional pump—probe experiments. Figures 7a and 7b
display the anisotropy at w, = 16000 c¢cm '. The signal
amplitude decays significantly on the subpicosecond time scale,
whereas the anisotropy remains at approximately 0.36 for 7 <
0.5 ps (see Table 2). The anisotropy in panel 7b measured at 7
> (.5 ps is not meaningful due to limitations in the dynamic
range of our instrument. Figures 7g and 7h present real TG
tensor elements and the anisotropy measured at the low
frequency edge of the signal spectrum, w, = 15270 cm™!. The
signal amplitudes exhibit a rise concomitant with the red-shift
shown in Figures 5a and 5c. The anisotropy decays with a 280
fs time constant, which is in exact agreement with that
previously measured by Beck and co-workers (see Table 2).%8
Real TG signals detected at the intermediate frequency, w, =
15750 cm™!, are shown in Figures 7c and 7d. The anisotropy
decays with the time constant of 550 fs which is almost twice
that found at w, = 15270 cm™". It is possible that population
transfer and nuclear relaxation both contribute to the 550 fs time
constant. In addition, the model calculations suggest that the
dynamics measured at @, = 15750 cm™! are complicated by
the interference between ESE and ESA (see Figure 7). Param-
eters in Table 2 describing coherences in the anisotropies are
discussed in the following section.

The imaginary signal components detected at w, = 16 000
cm™! are plotted primarily to emphasize the coherences dis-
cussed in the following section. However, the measured time
constant of 220 fs deserves mention because it is in exact
agreement with the time constant found using photon echo
spectroscopy by Homoelle et al.*! We believe that this time
constant is most likely associated with internal conversion
between the exciton states. For example, it may be that the 220
and 280 fs population transfer time constants represent distinct
(heterogeneous) configurations of the dimer. The fact that this
time constant is detected only in the imaginary signal component
may also be significant. Reference 41 measures the photon echo
signal intensity and therefore reports on dynamics occurring in
both the real and imaginary components of the signal field.

The parameters of Table 1 capture the w, dependence of the
anisotropies presented in Figure 7. Figure 8 overlays experi-
mental and calculated anisotropies at three different pulse delays.
The calculations are performed with and without the ESA terms
to explain why the measured anisotropies do not decay
significantly at w, > 15 800 cm™!. The anisotropy is reasonably
well-fit at T = 0, where the fast 35 fs component of the Green
function in eq 26 is essential for obtaining an anisotropy of
approximately 0.35 at 7 = 0. The effect of the ESA signal
component becomes clear at T = 200 fs, where it suppresses
decay in the anisotropy on the high frequency side of the signal
spectrum. At 7 = 3 ps, experimental limitations prevent accurate
measurement of the anisotropy at w, > 15800 cm™!. The
measured anisotropy is also slightly smaller than that predicted

Womick and Moran
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Figure 8. Experimental (black) and calculated (red and green)
anisotropies with (a) 7= 0 fs, (b) 7= 0.2 fs, and (c) T = 3 ps. The
anisotropies are computed with the real part of the signal field.
Calculations represented with the red line use all terms in the response
function, whereas the green line omits the excited state absorption terms
R1*, R2*, I°R1*, and '°R2*.

by the model. One explanation for this discrepancy is that
incoherent energy transfer between the initially photoexcited
dimer and the two other dimers (see Figure la) contributes to
the dynamics at 7> 1 ps.

To summarize, contributions of electronic and nuclear
relaxation to the TG signal spectrum and anisotropy have been
investigated by comparing experimental and calculated signals.
Important aspects of the measured signals include a red-shift
in the signal spectrum taking place at 7 < 500 fs and a signal
anisotropy for which the amount of depolarization increases with
decreasing signal detection frequency, @,. The anisotropy decay
occurs with time constants of 220, 280, and 550 fs. The 220
and 280 fs time constants agree with previous work and may
represent electronic population transfer channels corresponding
to different geometric configurations of the dimer. It is interest-
ing that the present work obtains the same time constants as
those found in ref 28 despite the broader distribution of
photoexcited vibronic states produced by our 15 fs laser pulses.
Apparently, this means that internal conversion occurs from the
electronic origin of e— because vibrational cooling is fast
compared to these time constants. Interpretation of the 550 fs
time constant is complicated by interference between the ESE
and ESA signal components; nuclear relaxation may be an
important contribution. We find that the sub-100 fs dynamics
involve dephasing of electronic and nuclear coherences in
addition to more than 35% of the total internal conversion
between the e— and e+ exciton states, whereas internal
conversion dominates evolution in the TG signal spectrum at T’
> 100 fs.

IVD. Coherent Dynamics in the Transient Grating Signal
Anisotropy. This section focuses on recurrences measured in
the TG tensor elements and anisotropy. Nuclear coherences in
APC have previously been investigated with high-quality
pump—probe measurements employing 16 fs laser pulses.*?
However, recurrences in the anisotropy signals have not been
reported. Table 2 summarizes fitting parameters for the anisot-
ropy data in Figure 7 where all fits possess coherent components
that damp in approximately 35 fs.

At the signal emission frequency w, = 16000 cm™!, a
recurrence frequency of 800 cm™' is found in both the real and
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Figure 9. (a) Real part of transient grating signal field measured with
a 15 fs pump and probe pulses centered at 15870 cm™!. Signal is
detected at 15625 cm™'. (b) Nuclear coherences are isolated by
subtracting a decaying exponential function (red) from the data (black)
in panel (a). (c) Absolute value of Fourier transform of residual signal

in panel (b). The noise level in (c) is approximately 10% of the peak

amplitude at 660 cm ™.

imaginary signal components. Conventional transient absorption
anisotropy corresponds to the real signal component. The
anisotropy found with the imaginary signal components is
displayed in Figure 7f because the large modulation depth gives
strong support to the finding of anisotropic coherent dynamics.
Signals detected at w, = 15 750 cm™! are consistent with those
at w, = 16 000 cm™ .

The central issue in interpretation of the 800 cm™! coherence
measured at @, = 15750 cm ! and @, = 16 000 cm ! is whether
the coherence corresponds to a pair of electronic or nuclear
states. To address this point, Figure 9 presents the Fourier
transformation of a TG signal measured for the ZZZZ tensor
element at 15625 cm™!, where we measure the greatest
coherence amplitude. This Raman spectrum exhibits significant
amplitude at 800 cm™!. On the basis of resonance Raman studies
for a related bilin chromophore, phytochrome, we assign the
800 c¢cm™! resonance to a hydrogen out-of-plane (HOOP)
wagging mode analogous to those observed in retinal polyenes.””~ 7
It is quite interesting that this is the only nuclear mode producing
modulation in the anisotropies of Figure 7. Figure 9 clearly
shows that lower frequency modes at 205 and 285 cm™! couple
more strongly to photoexcitation. However, these vibrations are
apparently more symmetric in nature such that their contribu-
tions cancel in the numerator of eq 27.

Assignment of the dynamics to electronic coherence in APC
is finally ruled out by the measurement of a recurrence with a
frequency of 1450 cm™! at w, = 15 270 cm™!. Resonance Raman
spectroscopy observes a transition at 1450 cm™!.# The fact that
the two coherence frequencies detected in the anisotropy agree
with vibrational modes known to have large Franck—Condon
factors leads us to conclude that the recurrences in the anisotropy
correspond to impulsively excited vibrations. This finding has
important implications for our interest in correlated line
broadening. As shown in Figure 6, strongly correlated pigment
fluctuations should promote long-lasting electronic coherences,
which are readily detected with transient absorption anisotropy.*
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Figure 10. Real part of the experimental photon echo spectra measured
at pulse delays, 7: (a) O fs; (b) 10 fs; (c) 20 fs; (d) 30 fs; (e) 50 fs; (f)
70 fs; (g) 90 fs; (h) 120 fs. Pump (£, and E3) and probe pulses (£3 and
E,) are configured with magic angle polarizations. Amplitudes are scaled
with respect to peak signal at 7= 0 fs. The contour lines in each panel
are linearly spaced.

IVE. Photon Echo Spectroscopy. Photon echo (PE) spectra
obtained in the delay range 7= 0—120 fs are presented in Figure
10. Inhomogeneity in the sample produces a peak shape
elongated with respect to the diagonal, w, = w,, at T < 30 fs.
This elongated peak shape quickly subsides as nuclear relaxation
takes hold (e.g., solvation and dephasing of vibronic coherences).
Most interesting is the presence of a fairly well-resolved cross
peak located at w, = 16 400 cm™! and w, = 15 300 cm™'. The
model calculations shown in Figure 11 assign this cross peak
to two signal generation mechanisms: (i) the first two field matter
interactions produce a population in the 800 or 1500 cm™! mode
of state e+ which then relaxes to the electronic origin; (ii)
excitation into the electronic origin of state e— is followed by
internal conversion to state e+. The amplitude of the calculated
cross peak is slightly underestimated and centered closer to w;
= 16200 cm™! and w, = 15 300 cm™' at T = 0. Apparently, a
small amount of relaxation not accounted for by the model takes
place within the 18 fs time resolution of the experiment.
However, the simulated cross peak intensity quickly grows, and
the agreement between experiment and theory is quite good in
the range 7' = 10—30 fs.

For T > 60 fs, the PE line shape exhibits increasing spectral
width with decreasing w,. The time scale of relaxation in the
peak shape is well-captured by the model. Overall, the dynamics
in the PE spectrum reflect processes in which the excitation of
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Figure 11. Real part of calculated photon echo spectra measured at
pulse delays, 7: (a) O fs; (b) 10 fs; (c) 20 fs; (d) 30 fs; (e) 50 fs; (f) 70
fs; (g) 90 fs; (h) 120 fs. Pump (E, and Ej3) and probe pulses (E£3 and
E,) are configured with magic angle polarizations. Amplitudes are scaled
with respect to peak signal at 7= 0 fs. Calculations use eq 20 and the
parameters of Table 1. The contour lines in each panel are linearly
spaced.

a broad distribution of initial states terminates in the electronic
origin of the e+ exciton level. The most prominent internal
conversion channel possesses a 280 fs time constant, whereas
the PE spectrum changes little for 7 > 120 fs. Therefore,
evolution of the PE spectrum found in Figure 10 must mainly
reflect solvation and intramolecular nuclear relaxation within
the e+ exciton level. The small Stokes shift between the
absorption and fluorescence spectra of Figure 1c suggests that
solvation is probably a minor contribution.

V. Conclusion

VA. Correlated Line Broadening. TG and PE measure-
ments in this paper do not detect coherent quantum beating
between the e+ and e— excitons. Furthermore, we have shown
that the present configurations of TG and PE are fairly
insensitive to these dynamics because quantum beats in the TG
signal are not observed unless the correlation parameter, 7, is
greater than 0.5; it should be noted that the PE line shapes are
also indistinguishable for signals computed in the range 0 < 7
< 0.5 (see Supporting Information). To better understand the
present observations, we consider the initial amplitudes of the
exciton—exciton cross-correlation function of APC'3

(E,(0O)E,_(0)) =(EE, )= ¢§+,1¢§7,1A%1 +
¢3+,2¢3—,2A§2 + 7712[¢3+,1¢3—,2 + ¢§+,2¢3—,1]A11A22 (28)

Womick and Moran

where
(EﬁEe_)/cm*2 = 20093 + 7,,232378 29)

is obtained with the parameters of Table 1. The component of
(E.+E,—) linear in 5y, is 11.5 times larger than the first term
under the condition of full correlation, 7, = 1. It is useful to
compare this situation with that of a dimer possessing degenerate
pigment energies where

1 n
(EE, )= Z[A%I + Agz] + %Aquz (30)

is obtained. Here the third term is closer in magnitude to the
sum of the first two. In fact, the autocorrelation functions and
cross correlation functions possess equal weight when A} =
A, ie, AEE,—y = AH(1 + 112).

Together, eqs 28—30 suggest that the nondegenerate basis
of APC facilitates the spectroscopic observation of electronic
coherence if the pigment fluctuations of APC are indeed
correlated. First, the term in eq 28 linear in 7, makes a
significant contribution. Second, nondegeneracy of the pigment
basis allows oscillator strength to be shared evenly between the
two exciton transitions. Thus, an electronic coherence between
e+ and e— should be readily photoexcited and monitored with
TG or PE. These factors promoting the observation of electronic
coherences compete with fast dephasing dynamics imposed by
vibrational cooling and electronic population transfer. On the
basis of the present measurements and modeling, we can only
conclude that 17,, < 0.5. A forthcoming paper will address this
issue with a nonlinear spectroscopy specially designed to isolate
coherences between exciton states by suppressing the detection
of electronic populations.?’

VB. Importance of Promoting Modes. Geometry changes
in the nuclear coordinates of the e+ and e— exciton states are
important because large Franck—Condon factors of “promoting
modes” can potentially open efficient vibronic relaxation
channels. Promoting modes are essential to explaining fast
internal conversion in APC because the 827 cm™! energy gap
between exciton states is large compared to the characteristic
frequency of the bath. For example, population transfer rates
computed with a modified Redfield theory yield time constants
of approximtely 13.2 ps (see Supporting Information), which
is more than 50 times slower than the observed time scale. This
slow rate reflects the fact that the spectral density of the solvent
environment possesses little amplitude near 827 cm™'. We
suggest that a high frequency promoting mode of APC must
enhance its internal conversion rate by accepting a portion of
this excess energy.

One requirement for effective rate enhancement by way
of a promoting mode is a large displacement in the coordinate
for the e+ and e— states. The displacement can be calculated
using the vibronic coupling strengths in Table 1. For the 800
cm~! mode, the vibronic coupling strength of the 0—0
transition is 8.3 and 1.7 larger than that of the 0—1 transition
for the e+ and e— states, respectively. These ratios cor-
respond to dimensionless displacements (Huang—Rhys fac-
tors) of 0.63 (0.20) and 1.1 (0.63) for e+ and e— (see
Supporting Information). Thus, we estimate a dimensionless
displacement of approximately 1.73 between the two exciton
states. The rate enhancement can then be estimated by
calculating the ratio of internal conversion rates found for
cases in which the final state possesses either 0 or 1 quanta
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Figure 12. Overlap of spectral line shapes for donor and acceptor
pairs in the phycobilisome light harvesting antenna of cyanobacteria.
(a) Fluorescence spectrum of allophycocyanin (APC, black) and
absorption spectrum of chlorophyll A (Chl A, red). (b) Fluorescence
spectrum of C-phycocyanin (CPC, black) and absorption spectrum of
allophycocyanin (APC, red).

of energy in the 800 cm™! mode of electronic state e+, where
the transition is taken to initiate at the electronic origin of
the e— state.’*3! The ratio, ko—/ko—o, is given by

ko 2 —(E,, — ho )* + E2
ol A | " L 31)
koo 2 20°

where A is the dimensionless displacement in the nuclear
coordinate; Egy is the 827 cm™! energy gap between the
electronic origins of the e+ and e— states; o is the bandwidth
of the transition imposed with system—bath interactions; and
the Gaussian line shape is assumed for convenience. The
spectroscopic line widths are used to estimate a 275 cm™!
bandwidth, o.

The point of eq 31 is only to obtain an order of magnitude
estimate for the rate enhancement. Internal conversion rates
of APC calculated with full rigor reach essentially the same
conclusion.*? Equation 31 yields a ratio ko—/ko—o = 137,
which puts the estimated internal conversion rate on the
subpicosecond time scale. For example, a time constant of
96 fs is obtained if the rate enhancement factor of 137 is
applied to the 13.2 ps time constant obtained by Redfield
theory. On the basis of these calculations, we interpret the
fast internal conversion dynamics of APC as proceeding
through the vibronic relaxation channel of the 800 cm™
HOOP vibrational mode shown in the Raman spectrum of
Figure 9c (see section IVD). It should be noted that extremely
rapid, promoting mode-assisted internal conversion is not
unique to APC. Subpicosecond internal conversion rates
across energy gaps close to 900 cm™! have been found in
various photosynthetic reaction centers.?5

VC. Implications for Function of the Phycobilisome.
Delivery of excitation energy from APC to the reaction center
requires that energy absorbed by the e— state transfers quickly
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and efficiently to e+. Indeed, the excellent overlap between
the fluorescence spectrum of APC and the absorption
spectrum of the chlorophyll energy acceptor shown in Figure
12a suggests that the distribution of nuclear states in e+ is
optimally configured for energy transfer to the reaction center.
The parameters of Table 1 find that e+ and e— exciton states
are, respectively, 96% localized to 84 and a84 pigments
because the pigments comprising the dimer have nondegen-
erate energy levels. We suggest that exciton localization
facilitates function of the phycobilisome in the following two
ways. First, localization of the transition densities onto the
individual pigments enhances the Franck—Condon factors
essential to promoting mode-assisted internal conversion
between e— and e+. A second advantage to the nondegen-
erate basis is that oscillator strength distributes fairly evenly
between the two exciton transitions. Overlap in the fluores-
cence emission spectrum of C-Phycocyanin (CPC) and the
absorption spectrum of APC presented in Figure 12b suggests
that the distribution of oscillator strength promotes energy
transfer between this donor—acceptor pair by allowing the
transition moments of both the e+ and e— states of APC to
couple with the energy donating state of CPC. By contrast,
Forster energy transfer from CPC to the e— state of APC
would be less efficient if APC possessed degenerate pigments
because the transition dipole connecting the ground state to
e— would have a smaller magnitude.
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Appendix A. Tensor Elements for Electric Field
Polarizations

This appendix presents the orientational part of the nonlinear
response functions. The indices a, S, y, and y, respectively,
correspond to the fields E;, E,, E;, and Es. For convenience,
this orientational factor absorbs the four transition dipole
magnitudes as

;uab:u cd/’t ef*gh
oy ) = !

X (4cos 0, cos 0,5 — cos O, cos 0,, — cos O, cos O)
+ (08 04,4, €08 0, (4 cos O, cos B, — cos 0, cos 0,4
— c0s 0, cos O) + {cos 0, ,;, cos 0, (4 cos O, cos O,
—cos 0, cos 0,5 — cos O, cos 0,,)]

[{cos 6 1. qn €OS 0.y ca

(AD)

Appendix B. Nonlinear Response Functions

This appendix presents expressions for response functions
corresponding to four of the six Feynman diagrams in Figure
3. Section IIIC discusses the motivations for this model in the
context of the R,(#,,t3) term. Response functions involving
only the ground and single exciton electronic states are given
by
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where the line broadening functions, fi(4,t3,t,t1), are given in
ref 25 and vibronic coupling is described with

2

Zib(tlat27 t3) = FSOFQO + ZFOO }”1} X

a
r=1

expl(io, — k,)(t, + 1,)] + FAF' x
exp[—(iw, + k)1, + ;)] +
0, FU Y explio b, — k(t, + 1,)) X
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Vibronic coupling functions for the ground state bleach terms,
Z3(t1,1a,t3) and Zk(t),t2,13), sum over three terms evolving in
coherences in either the ?,, 1, or t; intervals. This model restricts
the summation to the dominant terms in which at least two field
matter interactions couple the electronic origins of the ground
and excited states. This treatment is appropriate for systems,
such as APC, in which the 0—O0 transitions possess the largest
Franck—Condon factors.
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The excited state absorption terms do not include vibronic
structure due to limited experimental information. These terms

RT(ZI’ t2’ t3) = 2<agaﬁbg7/cbXac>eXp(_iwgatl - iwbatZ -

abc

i, 5 — %fz(tl,tl oty 1 15,0)] (BY)

R>2k(tl’ t2’ t3) = 2<0‘gaﬂbgycbXac>exp(_iwbgtl - iwbat2 -

abc

i, 5 — %fz(o, Wt bt Lt ) (BY)

are taken directly from section 5.1 of ref 25. Figure 3 reserves
the indices a and b for single exciton states, whereas c is only
used for double exciton states. Equation 5.28 in ref 25 does not
use this convention. The f;(#4,13,1,¢) function used in eqs B7
and B8 is given by

Sty 3.1, 1) = 8,(6y) T &.(t30) t 8pp(taz) — &ueltay) —
8ac(t32) T &u(t3) 1 8u(130) + 8u(ty) — &upt3) —
8an(ts2) — 8up(t32) — 8upltuz) T 8upltyy)  (BY)

Supporting Information Available: Intramolecular reor-
ganization energies of the phycocyanobilin pigments are cal-
culated. Figure 7 is presented on a linear scale. Transient grating
and photon echo signals are compared with 7 =0 and = 0.5.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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