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ABSTRACT: Optical spectroscopy is a powerful tool to inter-
rogate quantum states of matter. We present simulation results for
the cross-polarized two-dimensional electronic spectra of the light-
harvesting system LH2 of purple bacteria. We identify a spectral
feature on the diagonal, which we assign to ultrafast coherence
transfer between degenerate states. The implication for the
interpretation of previous experiments on different systems and
the potential use of this feature are discussed. In particular, we
foresee that this kind of feature will be useful for identifying mixed
degenerate states and for identifying the origin of symmetry

12000} 4

w; [em™]

3 0Q U8 0% 0Q ® T 0]
ga T 08 0 08 U8 09

Cross Polarization

RGB

11999560 12000 T3000

wy [em™1]

breaking disorder in systems like LH2. Furthermore, this may help identify both vibrational and electronic states in biological
systems such as proteins and solid-state materials such as hybrid perovskites.

Bl INTRODUCTION

Coherent multidimensional spectroscopies (CMDS) are
powerful tools to unravel optical, structural, and dynamical
properties of matter.' " Examples include the determination of
protein structures,” unraveling the tumbling motion of organic
cations in hybrid perovskites,'” and the determination of
relaxation pathways in natural light-harvesting systems.'' ™"
Since the early development of CMDS techniques, it was
realized that polarization control provides a crucial handle to
suppress unwanted signals,'®'? highlight specific proper-
ties,”""** and simplify the interpretation of spectra.”” One of
the polarization schemes proposed was the cross-polarized
sequence applicable in two-dimensional infrared (2DIR)* and
two-dimensional electronic spectroscopy (2DES).”* This
technique was designed to eliminate diagonal peaks and
expose the cross-peaks needed for determining structure.
Despite several successes,””**™> the cross-polarized sequence
has received limited attention due to the difficulty of
interpreting the resulting spectra and the inherent low intensity
of the signals. Here, we will simulate the cross-polarized 2DES
spectra for the light-harvesting complex LH2 and demonstrate
that the spectra contain a persistent feature originating from
ultrafast coherence transfer, which can be used as a signature of
mixed degenerate states in the system. That is, degenerate
states involving the same chromophores will be visible, while
accidental degenerate states will not give rise to the observed
signature.

© XXXX American Chemical Society

WACS Publications A

The cross-polarization scheme illustrated in Figure 1 was
originally demonstrated to suppress the 2DIR signal of isolated
vibrations in isotropic media.”” This also implies that the
individual ground-state bleach, stimulated emission, and
excited-state absorption signals are suppressed for an isolated
vibrational or electronic state. If the transition dipole of the
transition is further fixed in space, the suppression is perfect,
resulting in zero 2DIR/ES signal from isolated states. Still,
weak diagonal ground-state bleach signals were observed in
experiments and simulations.”® As stated above, we will here
demonstrate that such signals can arise due to ultrafast
coherence transfer.

Shortly after the first coherent two-dimensional spectra
were published, ultrafast coherence transfer was reported.”
This was followed up by a few reports for different two-
dimensional techniques.”' ~*> The process of coherence
transfer is illustrated in the double-sided Feynman diagrams
in Figure 1. During the coherence times (t; and t;) the system
is in a coherence between two states separated by an energy
comparable to the energy of the laser photons. While a

7,29

Received: September 6, 2020
Revised:  September 22, 2020

Published: September 29, 2020

https://dx.doi.org/10.1021/acs.jpcb.0c08126
J. Phys. Chem. B XXXX, XXX, XXX—XXX

45 f1


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andy+S.+Sardjan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Floris+P.+Westerman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+P.+Ogilvie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+L.+C.+Jansen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.0c08126&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08126?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

65
66
67
68
69
70
7
72
73
74
75
76
77
78
79
80

—

81

82
83
84
85
86

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

\lg) g \§ g \f i
a § e g/( nmd t3
4
= B TR
gg \ g g \ g g \
RGB RSE REA
AEnergy States
n, m
a,b,c,d, e
Cross Polarization R

Figure 1. Top: illustration of the rephasing ground-state bleach
(RGB), rephasing stimulated emission (RSE), and rephasing excited-
state absorption (REA) double-sided Feynman diagrams. The letter g
signifies the ground state, letters a—e represent different single excited
states, and the letters n and m represent double excited states. The
two coherence times are labeled ¢, and t;, while the population time is
labeled t,. The change of letter during these times illustrates the
possibility for the quantum state to change. The horizontal blue lines
indicate potential population transfer, while horizontal red lines
indicate potential coherence transfer. Bottom left: the angles between
the four polarization vectors in the cross-polarization experiment is
illustrated. The arrows show the polarization of each collinear beam
with the time order given by the added numbers. Bottom right:
labeling of the different energy levels is illustrated.

coherence may initially be generated between, for example, the
ground state and the state a, the process of coherence transfer
arising from the bath induced mixing of quantum states in the
system may lead to a coherence between the ground state and
the state b. During the population time, both coherence
transfer and population transfer may take place. The coherence
times are often quite short, suppressing coherence transfer
during these time delays. Therefore, coherence transfer
pathways are often neglected in the modeling and
interpretation of two-dimensional spectra.’*

In the remainder of this paper, we will first describe the
methods used to simulate the two-dimensional electronic
spectra of the LH2 system. Then we will present the results for
different polarization directions and population times and
analyze the origin of the spectral features. Finally, we will draw
our conclusions.

B METHODS

The LH2 system was treated by considering each of the 27
bacteriochlorophyll molecules as a two-level electronic system
representing the ground and the Q, state of each molecule.
The structure of the system was taken from the protein
database (pdb) structure named lkzu.”® The two-level systems

were coupled using the transition-dipole coupling scheme.
This allows the system to be described by a time-dependent
Frenkel exciton Hamiltonian

H(t) = ) e(t)b/b, + Y. ]ijbi'bj + Y A-E)[b + b)
i j#i i

(1)
Here, i and j label the 27 bacteriochlorophylls, b; and b; are the
Paulionic creation and annihilation operators, and E(t) is the
external electric field. The time-dependent energy gap for each
molecule is given by €,(t), while the transition-dipole moment
vector is p;. The coupling between different molecules is given
by J;- A transition dipole strength was set to 5.001 D, and this
transition dipole is located on the magnesium atom and
directed from the nitrogen denoted NB in the pdb structure to
the nitrogen denoted ND in the pdb structure. The structure
and resulting transition dipoles and couplings were assumed
fixed throughout the simulations. The chromophores in LH2
are arranged in two rings. One ring contains 18 bacterio-
chlorophyll molecules and is termed B850 for its absorption at
850 nm. The other ring of nine bacteriochlorophyll molecules
absorbs light at 800 nm and is termed B800.

The average energy of the B850 chromophores was set to
12255 cm™! while the energy of the B800 chromophores was
set to 12495 cm™". The dynamic disorder was modeled with
overdamped Brownian motion with a standard deviation of the
fluctuation of 320 cm™ for the B850 chromophores and 141
cm™!
chromophores, the correlation time was set to 150 fs. These
parameters are slightly adjusted for better agreement with the
linear absorption as compared to the values used previously.*®
The coupling was obtained by using the transition dipole
coupling model. In this way, a 600 ps long trajectory of the
Hamiltonian is created where the off-diagonal elements are
constant as the location and orientation of the chromophores
are fixed as defined by the pdb structure. The diagonal
elements, on the other hand, are fluctuating, reflecting the
effect of the bath dynamics on the excitation frequencies of the
individual chromophores. The python script used to generate
the Hamiltonian is available on github.””

The 2DES spectra were calculated by using the Numerical
Integration of the Schrodinger Equation (NISE) scheme,*®*’
which essentially uses the classical path approximation to
calculate the four-point transition dipole response functions
governing the 2DES signal. For the present simulations an
improved implementation was done explicitly by using coupled
two-level systems instead of three-level systems with large
anharmonicity effectively moving overtone peaks out of the
observation window. In this method, the quantum system is
propagated by solving the time-dependent Schrodinger
equation for short (3 fs) time intervals assuming that the
Hamiltonian, including the effect of the bath fluctuations, can
be considered constant during each interval. This procedure
accounts for nonadiabatic transitions during all time delays and
therefore includes both population transfer and coherence
transfer processes as driven by the bath fluctuations. The most
important approximation of this scheme is that the bath is
independent of the system’s degrees of freedom, and a detailed
balance is not recovered.”’ For the spectral properties studied
here this limitation is not important.

Furthermore, the code was parallelized by using a hybrid
MPI and OpenMP approach. The calculation can be split up in
large, independent chunks of work: different starting positions
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147 for averaging along the trajectory as well as the 21 different box
14 polarizations”" for each starting position. By use of MPI, each
149 of these chunks is distributed to different nodes. Each chunk of
150 work consists of long-running loops iterating over t; these
151 loops were parallelized by using OpenMP to make use of the
152 multiple cores in a node. In essence, the time-dependent
153 Hamiltonian trajectory is used to calculate the response
154 function through propagating the electronic wave function
155 from numerous starting points along the trajectory and
156 evaluating the average. More details are provided in recent
157 reviews.”"" The calculations were performed by using the same
158 setting as in our previous study of F-2DES and 2DES with
159 parallel polarization.*® The most important simulation details
160 are summarized in the following. The coherence times (¢, and
161 t3) were varied from 0 to 192 fs in 3 fs steps. The waiting times
162 were varied from O fs to 2 ps. A 300 fs exponential apodization
163 function was used to suppress numerical noise. The spectral
164 were calculated by averaging over 3998 realizations of the
165 disorder in the diagonal energies. These realizations were
166 equally spaced along the generated Hamiltonian trajectory.

167 l RESULTS AND DISCUSSION

168 The calculated 2DES spectra at zero waiting time for the
169 parallel, perpendicular, and cross-polarization are shown in
170 Figure 2. For the parallel and perpendicular polarization clear
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Figure 2. 2DES spectra for LH2 at waiting time zero for parallel (ll,
top), perpendicular (L, middle), and cross (X, bottom) polarization.
Contour lines as plotted at 10% levels of the maximum of the
individual 2DES spectrum. Red contours represent the absorption
signal, while blue contours represent bleach.

171 bleach signals are observed at the diagonal around 11700 cm™!

172 (the B850 band) and around 12500 cm™ (the B800 band).
173 Above the diagonal B850 band a clear excited-state absorption
174 feature is observed. No obvious cross-peaks are observed
175 between the two bands. These general trends are in good
176 agreement with both previous simulations and experiments.
177 The biggest difference between the parallel and perpendicular

polarization spectra is that the intensity of the parallel 178
spectrum is about 3 times larger than that of the perpendicular 179
one. This is not visible in Figure 2 due to the individual scaling 180
of the contour lines. The cross-polarization spectrum is very 181
different. The intensity is about 50 times lower, which also 1s2
results in a worse signal-to-noise ratio. The spectrum consists 183
of three peaks all located in the B850 region. No clear peaks 184
are observed in the B800 region. The interpretation of the 1ss
cross-polarization spectrum is complex, but essentially this 186
choice of polarization is thought to eliminate all diagonal 187
peaks, leaving only cross-peaks in the spectra. As the B850 1ss
band essentially originates from 18 coupled chromophores, the 189
observed peaks should consist of cross-peaks between the 190
resulting collective excitations. In a simplified manner, the 191
spectrum can be seen as two peak pairs: one at the position of 192
the diagonal peak of the parallel spectrum and another peak 193
pair at the position of the excited-state absorption peak. This 194
kind of structure arises as the peaks are dominated by coherent 195
excitations of collective excited states’® which result in peaks 196
that are expected to acquire a complex phase with waiting time 197
determined by the energy difference between the involved 198
states. In other words, we expect that these peaks are 199
oscillating signatures of electronic coherences between the 200
collective excited states in the B850 band. As the excitations in 201
the B800 band are much more localized,"”*” it is not surprising 202
that peaks in that spectral region are too weak to be observed. 203

The cross-polarization 2DES spectra were calculated for 204
different waiting times. In Figure 3 the spectra are shown for 205 f3
representative choices of these. We observe that the peak 206
intensity rapidly decreases with waiting time, and from around 207
72 fs the spectrum is dominated by a single sharp diagonal 208
bleach feature. This bleach peak is very persistent and is even 209
clearly visible above the numerical noise level after 2 ps. The 210
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Figure 3. Cross-polarized 2DES spectra for LH2 for different waiting
times. From top to bottom: 0, 72, 300, and 2000 fs. Contour lines as
plotted at 10% levels of the maximum of the 2DES spectrum at O fs
waiting time.
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211 observation of this persistent constant amplitude peak was
212 unexpected. In the papers, where this polarization config-
213 uration was first proposed, it was found that diagonal peaks
214 should be eliminated.”” From symmetry considerations, as
215 worked out in detail in refs 20 and 21, the signal from
216 individual chromophores should completely vanish and no
217 ground-state bleach signal should be present, at least as long as
218 the identity of the excited states was preserved during the
219 coherence times. We would, therefore, expect that the signals
220 should oscillate and rapidly decay as they should originate
221 from stimulated emission or excited-state absorption diagrams
222 involving electronic coherences. The same data are shown in
223 Figure 4 where the data are normalized for each individual
224 waiting time. This reveals that there is no significant diagonal
225 peak at the B800 peak position.
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Figure 4. Cross-polarized 2DES spectra for LH2 for different waiting
times. From top to bottom: 0, 72, 300, and 2000 fs (same as Figure
3). Contour lines as plotted at 10% levels of the maximum of the
2DES spectrum for each individual waiting time.

226  The origin of the persistent peak was analyzed by separating
227 the 2DES cross-polarized spectrum at 300 fs in the ground-
228 state bleach, stimulated emission, and excited-state contribu-
229 tions as shown in Figure S. Interestingly, the stimulated
230 emission signal is not distinguishable from the numerical noise,
231 while the excited-state absorption has a small absorptive
232 contribution at the location of the persistent peak feature. The
233 strongest signal is seen in the ground-state bleach contribution,
234 which was expected to be efficiently suppressed by the cross-
235 polarization scheme. We did find that stimulated emission
236 contributes to the signal at shorter times; however, that signal
237 is dominated by short-lived rapidly oscillating electronic
238 coherences between the B800 and B850 states. The absence
239 of a stimulated emission peak rules out a simple interpretation
240 that the peak arises from an electronic coherence during the
241 population time between two degenerate states, whose
242 energies are correlated on a 300 fs time scale. The ground-
243 state bleach signal at 300 fs is round, and any frequency
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Figure S. Decomposition of the two-dimensional cross-polarization
spectra at 300 fs. From top to bottom: ground-state bleach, stimulated
emission, excited-state absorption, and the full two-dimensional
electronic spectrum. Contour lines as plotted at 10% levels of the
maximum of the ground-state bleach spectrum.

memory has been lost during the population time. It is
therefore expected that no further dynamics will take place and
this signal will persist, decaying with the 1 ns lifetime*’ of the
electronic excitation.

We proceed by examining diagonal cuts in the cross-
polarization 2DES spectrum at population time 300 fs in

Figure 6. The cuts through the cross-polarization spectra were
1.2
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Figure 6. Comparison of diagonal cuts of the two-dimensional cross-
polarization spectrum at 300 fs (red), the ground-state bleach
contribution to the cross-polarization spectrum at 300 fs (green), and
the two-dimensional parallel polarization spectrum at 300 fs (blue)
with the linear absorption spectrum (black). The cross-polarization
data are scaled by a factor of 50 compared to the parallel polarization
data, while the linear absorption spectrum is scaled to match the peak
height of the parallel polarization data.
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251 scaled by a factor of 50 to bring them to the same scale as the
252 parallel polarization cuts. From the presented cuts we observed
253 that there is indeed only a persistent signal at the B850 peak
254 position and nothing at the B800 peak position. The peaks
255 seen in the diagonal cuts through the parallel polarization
256 2DES spectra are narrower than the corresponding peaks in
257 the calculated absorption spectrum. Still, the persistent peak in
258 the cross-polarization spectrum is even narrower. This could
259 suggest that states in a narrower range of energies are
260 responsible for this feature or that an interference involving
261 contributions with the opposite sign contributes to the signal.
262 The time evolution of the signals at the B850 peak position
263 is shown in Figure 7. The normal parallel polarization 2DES
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Figure 7. Comparison of the intensity of different spectral
components at the position of the B850 peak (w, = w; = 12434
cm™). In dashed black the overall intensity of the parallel polarization
signal is shown scaled with a factor 0.02 for comparison. The
stimulated emission contribution is shown in blue, the excited-state
absorption contribution is shown in red, and the ground-state bleach
contribution to the cross-polarization signal is shown in green. The
full cross-polarization signal is shown in black. All intensities are
plotted relative to the parallel signal intensity at waiting time zero.

264 signal is scaled with a factor of 0.02. The parallel polarization
265 signal initially decays to about one-third of the initial value as
266 excitation is redistributed over the chromophores. The ground-
267 state bleach, stimulated emission, and excited-state absorption
268 signal contributions to the cross-polarization signal are
269 essentially flat over the whole time range except at very early
270 times (<500 fs). The ground-state bleach signal is negative and
271 about twice the magnitude of the excited-state absorption
272 signal. The stimulated emission signal is close to zero except at
273 very early times, where oscillations are observed due to
274 electronic coherences. The variations after ~300 fs in the
275 cross-polarization signal are attributed to numerical noise
276 resulting from the numerical average over numerous disorder
277 realizations, which is enhanced as the cross-polarization spectra
278 are calculated as differences between signals.”"”>° The cross-
279 polarization at the B850 diagonal point is thus about 50 times
280 weaker than the parallel polarization signal. In previous
281 experiments, cross-polarization signals 20 times weaker than
282 the parallel polarization were resolved, and suppression of a
283 parallel polarization contributions by a factor 125 has
284 previously been reported.”®

285 The anisotropy was obtained from the simulation data near
286 the diagonal B850 and B800 peak using the relation

%

_ I(t) = L, (¢)
") = Lo v
population time t = t, at the given spectral location for 2s8
experiments with parallel and perpendicular laser pulse 289
polarization, respectively. This is a measure of the loss of the 290
orientational correlation of the transition dipole connected 291
with the underlying transitions. In this case, the value starts 292
close to 0.4, indicating perfect correlation and decays to 0.1 as 293
the transition dipole is distributed over a circle in the plane of 294
the aggregate. The experimental decay was reconstructed from 295
the exponential decay constants reported in refs 44 and 4S5, 296
demonstrating good agreement with the present simulation. 297
The decay time of 60 fs in the B850 band is much faster than 298
the 383 fs decay time in the B800 band, reflecting the weaker 299
coupling between the nine chromophores in the B800 ring 300
than that found for the more closely packed 18 chromophores 301
in the B850 ring. The fast anisotropy decay indicates that the 302
eigenstates in the B850 band exhibit either rapid nonadiabatic 303
mixing or fast population transfer, and the transition dipole 304
direction for the bright eigenstates loses orientational 30s
correlation in the plane spanned by the transition dipoles on 306
the fast 60 fs time scale, more than 6 times faster than the same 307
process in the B800 band. The anisotropy decay is compared 308
with the absolute value linear response function connected 309
with the chromophores contributing to a particular band: 310
RBXXX(t) = lZa:x,y,zO"a(t)U(tJO)PBWa(O)>|) where ﬂa(t) is 311
the transition dipole moment and U(£0) is the time evolution 312
operator. Ppyyx is a projection matrix that selects the 313
chromophores contributing to each band. Thus, its elements 314
are zero except on the diagonal, where they take a value of one 315
for chromophores contributing to the B800 or B850 band. The 316
dephasing time given by the decay of the response function 317
essentially determines the width of the given peak in the 318
absorption spectrum. The fast anisotropy decay observed for 319
the B850 band means that the transition dipole moments of 320
the B85S0 bright eigenstates lose their orientational identity. 321
For ring structures like the B850 ring, it is well-known that for 322
symmetry reasons the excited states dominating the absorption 323
band are a set of degenerate states denoted the k = +1 states. 324
The transition dipoles of these two states are perpendicular to 325
each other. The disorder in the system breaks the degeneracy 326
slightly and efficiently mixes the two states. In the two- 327
dimensional spectra, this takes place as a coherence transfer 328
process during the coherence times. As the anisotropy decay 329
and the dephasing time of the B850 states are comparable, the 330
coherence transfer is efficient enough to scramble the 331
transition-dipole directions during the coherence times. This 332
is much weaker for the B800 band as the anisotropy decay is 333
significantly slower than the dephasing time. 334

We can now understand why there is a persistent ground- 335
state bleach B850 signal for the cross-polarization as the 336
polarization is in essence scrambled by coherence transfer 337
during the #; and ¢; time periods, which destroys the 338
suppression of the diagonal peak. For the B800 band, the 339
coherence transfer is too slow to produce a visible cross- 340
polarization peak. The stimulated emission peak, on the other 341
hand, disappears at long time delays as coherence and 342
population transfer during the population time induce strong 343
interference between signals from the two dominant 344
eigenstates. The excited-state absorption signal is still nonzero 34s
at longer times, and as seen in Figure 6, roughly half of the 346
ground-state bleach signal is canceled by the excited-state 347
contribution. 348 f8

where I;(t) and I, (t) are the intensities at
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Figure 8. Comparison of the anisotropy decay as a function of waiting
time extracted from the calculated 2DES spectra for LH2 at the
position of the B850 peak (w; = 11739 cm™" and w5 = 11653 cm™")
(red) and the B80O peak (@; = w; = 12434 cm™) (blue) and the
scaled absolute value linear response function (dotted lines) as
defined for the two types of chromophores in the text. Anisotropy
decay reconstructed from the experimental 2DES data of ref 44 at the
B850 (red dashed) and B800 (blue dashed) peak positions are shown

for comparison.

349 The persistent ground-state bleach feature identified in this
350 paper will likely be even more prominent in fluorescence
351 detected two-dimensional electronic spectra (F-2DES)*** as
352 these spectra tend to be dominated bg ground-state bleach and
353 stimulated emission signals.’***™*" The same coherence
354 transfer mechanism observed here is the likely explanation
3ss for the weak ground-state bleach signals in the cross-
356 polarization experiments and theory signals observed for the
357 Fenna—Matthews—Olson complex, where polarization was
358 used to suppress ground-state vibrational coherences.”® When
359 studying electronic coherences in this way, there is therefore a
360 need to consider ground-state vibrational signals arising from
361 coherence transfer processes.

362 In this study, we neglected the potential presence of strongly
363 coupled vibrational modes. Such modes are known to
364 contribute to electronic spectra including two-dimensional
365 electronic spectra.SI_s‘

3

? Vibronic effects could potentially affect
366 the predicted cross-polarization spectra. However, we would
367 only expect them to affect the presence of the observed
368 persistent peak if they break the symmetry, resulting in the
369 mixed degenerate states.

370 In this study, we assumed the perfect symmetry of the LH2
371 system reported in the X-ray crystal structure. However, single-
372 molecule experiments® suggest that this symmetry is in
373 practice broken by a C, symmetry perturbation. Potentially,
374 such perturbations will modify the persistent ground-state
375 bleach feature observed in the ensemble cross-polarization
376 two-dimensional spectra. Such experiments may thus provide a
377 great handle on studying symmetry breaking in both LH2 and
378 other systems, which otherwise require the use of single-
379 molecule spectroscopy for detection.

ss0 l CONCLUSIONS

381 In summary, we modeled the population time-resolved two-
382 dimensional electronic spectra of the LH2 light-harvesting
383 system using different laser polarization schemes. The
384 calculated anisotropy decay reproduced recent experimental

results very well. In the cross-polarization data, an unexpected 3ss
persistent ground-state bleach feature was observed, which was 386
assigned to coherence transfer resulting in the mixing of the 387
two degenerate states with the strongest transition dipoles. 388
This feature was only observed for the B850 band and not for 389
the B800 band. This can be understood as this feature requires 390
the mixing of the degenerate exciton states on a time scale 391
faster or comparable to the dephasing time of the involved 392
exciton states. The coupling between the closely packed 393
molecules in the B850 ring is much larger than the coupling in 394
the less densely packed B800 ring, and therefore the coherence 395
transfer is much faster in the B850 ring as also reflected in the 396
faster anisotropy decay. 397

The cross-polarization 2D spectra are more challenging to 398
obtain due to the inherently weak signals compared to the 39
conventional parallel and perpendicular polarization spectra. 400
However, in the cross-polarized spectrum, the sharply defined 401
peak enables determination of the peak position of the 402
degenerate pair more sensitively than in the conventional 403
polarization spectra. This sharp feature may also be very 404
sensitive to symmetry breaking. 405

The feature observed here for the cross-polarization two- 406
dimensional electronic spectra of LH2 can also be expected to 407
be found in other systems with degenerate states as well as in 408
two-dimensional infrared and fluorescence detected two- 409
dimensional spectroscopies. A few examples can be found in 410
the infrared spectra of the asymmetric NH bend of 411
alkylammonium ions (such as methylammonium), the amide 412
I spectrum of a-helices,” the electronic spectra of thiangulene 413
derivatives,”® and the spectra of natural®’ and artificial®® 414
tubular aggregates. Furthermore, the observed feature may 415
explain weak ground-state bleach features reported in the 416
cross-polarization two-dimensional electronic spectra of the 417

Fenna—Matthews—Olson complex.*® 418
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