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Abstract

We report two-dimensional electronic spectroscopy experiments on the bacterial reaction center
(BRC) from purple bacteria, revealing hidden vibronic and excitonic structure. Through analysis
of the coherent dynamics of the BRC we identify multiple quasi-resonances between pigment
vibrations and excitonic energy gaps, and vibronic coherence transfer processes that are typically
neglected in standard models of photosynthetic energy transfer and charge separation. We support
our assignment with control experiments on bacteriochlorophyll and simulations of the coherent
dynamics using a reduced excitonic model of the BRC. We find that specific vibronic coherence
processes can readily reveal weak exciton transitions. While the functional relevance of such
processes is unclear, they provide a spectroscopic tool that utilizes vibrations as a window for
observing excited state structure and dynamics elsewhere in the BRC via vibronic coupling.
Vibronic coherence transfer clearly reveals the upper exciton of the “special pair” that was weakly
visible in previous 2DES experiments.

Teaser
Coherent oscillations reveal weak electronic structure and vibronic coherence transfer in
photosynthetic pigment-protein complexes.
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Introduction

In the primary steps of photosynthesis, light-harvesting antenna structures gather solar energy and
transfer it to reaction centers (RCs) for processing(/). Compared to the colorful array of
photosynthetic antenna architectures that exist in nature, the RC structures are more widely
conserved. The bacterial RC (BRC) from purple bacteria(2) features a pseudo two-fold-symmetric
hexameric core of pigments (Fig. 1 A) that converts excitation energy to a stable charge-separated
state. The near unity quantum efficiency of the charge separation process is remarkable(2, 3), as is
the high specificity with which charge separation occurs along the “A” branch of the BRC
structure(2, 4). In contrast to the Photosystem I and Photosystem II RCs in oxygenic
photosynthesis, the BRC possesses a strongly coupled “special pair” of bacteriochlorophyll a
(BChl), yielding greater spectral separation between the absorption features in the Qyregion (Fig.
1B) making the BRC a simpler system for resolving the ultrafast processes of energy transfer and
charge separation(5). Understanding the design principles of photosynthetic systems may open
new avenues for improving artificial solar harvesting devices and has helped motivate the
development of new subfields of spectroscopy and theoretical approaches to describing the
nonequilibrium photosynthetic process.

The combination of ultrafast timescales (~fs - ps) on which photosynthetic systems perform energy
transfer and charge separation, and their broad absorptions arising from multiple coupled pigments
in carefully-tuned dielectric environments present significant challenges to uncovering their
structure-function relationship. Two-dimensional electronic spectroscopy (2DES) can address
many of these challenges and has become a powerful tool for studying photosynthetic systems(6—
9). 2DES studies of the Fenna-Matthews-Olson (FMO) complex demonstrated its ability to
uncover energy transfer pathways(6) and revealed long-lived (~ps) coherent oscillations(/0),(11).
Similar coherent processes have been reported in other photosynthetic systems(§). Ultrafast pump
probe studies of the BRC by Vos and Martin(/2, 13) in the early ‘90s provided the first
observations of coherent dynamics in photosynthetic systems. These studies proposed that the
coherences arose from vibrational wave packet motion on the excited electronic state delocalized
across the special pair and surrounding protein matrix(/3) and might facilitate electron
transfer(/4). The initial 2DES experiments to observe long-lived coherences in FMO(/0) proposed
superpositions of delocalized electronic excited states as the origin of the coherence. The FMO
study motivated theoretical work to assess the validity of the standard methods such as Redfield
theory for describing the quantum dynamics of electronic energy transfer(/5) and to offer
alternative approaches(/6—18) that could better account for coherent processes. It was later noted
that the frequencies of the observed coherences matched pigment vibrational modes as well as
excitonic energy gaps, raising a question about the role of vibrations in explaining both the
experimental observations of coherence and the high efficiency of energy(/9-22) and electron
transfer(23). The prevalence of electronic-vibrational resonances and their possible functional
relevance continues to be debated (14, 19, 20, 24—26). It is now understood that vibrational degrees
of freedom play a dominant role in the coherent dynamics observed in 2DES studies of
photosynthetic antennas(20, 27, 28) and RCs(24, 25, 29-32). Theoretical and experimental work
has established how electronic, vibrational and vibronic coherence is manifest in 2DES data(7, 20,
27, 33-36). Additionally, there have been several reports of coherence transfer in molecular
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systems(37—42), though determining unambiguous spectroscopic signatures of coherence transfer
remains an ongoing effort.

Here we report coherence signatures from broadband 2DES studies of the neutral BRC as it
undergoes energy transfer and charge separation, and compare these signatures to those obtained
from monomeric BChl(43) as a control for purely vibrational coherence. The coherent dynamics
reveal multiple quasi-resonances between intramolecular vibrations and electronic energy gaps
identified in BRC exciton models. We find coherence signatures that cannot be explained by
models of purely vibrational, electronic or vibronic coherence. Using a reduced vibronic model of
the BRC we assign these signatures to specific vibronic coherence transfer processes. Coherence
transfer processes are typically neglected in standard models of photosynthetic energy conversion,
where vibrations are included in the spectral density rather than explicitly in the system
Hamiltonian. We show that a subset of vibronic coherence transfer processes involves
superposition states in which vibrations on the ground electronic state of one pigment provide a
window for observing excited state dynamics elsewhere in the BRC via vibronic coupling. These
processes can readily reveal weak exciton transitions, making vibronic coherence transfer a useful
spectroscopic tool. In the case of the BRC it allows us to confirm our recent assignment of the
upper exciton transition of the “special pair” that was only weakly visible in the 2DES correlation
spectrum, and required an extensive kinetic analysis for its identification(34). While our reduced
exciton model allows us to understand the origin of the coherent signals in our data, further
extensive modeling that takes into account multiple vibrational modes as well as charge transfer
states will be needed to draw conclusions about the functional relevance of the observed vibronic
coherence transfer processes and quasi-electronic-vibrational resonances.

Detecting Coherence and Coherence Transfer in 2DES

In a 2DES experiment, a sequence of three laser pulses with inter-pulse time delays t1 and t2 excites
the sample, inducing a third-order polarization that radiates a signal field a time t3 after the pulse.
The amplitude and phase of this signal is recorded as a function of t; and t3. A Fourier transform
of the signal with respect to the t1 and t3 delays resolves the signal along the respective “excitation”
and “detection” frequency axes of the 2D spectra at a fixed “waiting time” (t,)(44). Using
perturbation theory, and taking into account the experimental implementation, it is possible to
enumerate all possible three-pulse interactions that contribute to the 2DES signal. These
interactions can be described through so-called Liouville pathways, which chart the photo-induced
time evolution of a system’s density matrix represented in the basis of its eigenstates. Liouville
pathways are a powerful tool for understanding the complex dynamics of a system and can be
depicted using double-sided Feynman diagrams (Supplementary Fig. 1). A complete collection of
the Liouville pathways and their associated signals would provide complete information about the
time evolution of the system’s photo-induced state; however, disentangling such a complete set
from experimental data is usually not feasible. Here we focus on the subset of pathways that give
rise to coherent oscillatory signals during waiting time, t2. Such pathways originate from coherence
between two eigenstates of the system, which produce beating signals at the characteristic
frequency corresponding to the difference between the eigenstate energies. These beating signals
can be selectively revealed by a Fourier transform with respect to the waiting time, t,. The 2D
distribution of beating signals at conjugate frequency w,, referred to here as a “coherence map”,
provides important insight into the physical origin of the coherence by enabling assignment of
specific features to different Liouville pathways(20, 24, 25, 27, 35).
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Figure 1 Spectrum and structure of the Bacterial
Reaction Center. (A) Structure of the Bacterial
Reaction Center of Rhodobacter sphaeroides from
2.2 A resolution X-Ray Crystallography. Shown are
two BRC protein domains, L and M, with the
pigments involved in energy and charge transfer
highlighted and labeled for the branches active (A)
and inactive (B) during charge transfer: P - Special
Pair of BChl; B — accessory BChl, H— BPheo a, Q —
quinones. Rhodobacter capsulatus BRCs are thought
to be structurally similar to the Rhodobacter
sphaeroides BRC. The W(M250)V BRC mutant
studied here lacks the Qa molecule. Figure prepared
using PyMOL with data from PDB entry 1A1J(46).
(B) The 77 K linear absorption spectrum for the
W(M250)V BRC from Rhodobacter capsulatus is
presented with excitonic peak locations, determined
by Niedringhaus, et al.(50), indicated by vertical blue
ticks and labels.



Results

Two-dimensional electronic spectroscopy of the BRC

We performed 2DES experiments on the W(M250)V BRC mutant of Rhodobacter capsulatus,
which lacks the A side quinone (Fig. 1A) and performs charge separation to the P+Ha. state(45).
Figure 1B shows the linear absorption spectrum of the W(M250)V BRC at 77 K. Our
understanding of the electronic structure of the BRC is informed by the structure as determined by
X-Ray crystallography (Fig. 1A) which allows us to estimate the electronic couplings and dipole
moments of the individual molecules(46, 47). The two, nearly-mirror symmetric branches of the
BRC are composed of 4 BChl and two Bacteriopheophytin a (BPheo or H) molecules where the
two closely-spaced and strongly-coupled BChl molecules are referred to as the special pair (P).
The electronic coupling between the special pair pigments (Pa, Ps) is sufficiently strong that the
two lowest excited states largely consist of linear combinations of excitations of Pa and Ps
pigments and are denoted the upper (P+) and lower (P-) exciton states. Other couplings between
pigment electronic transitions are relatively weak and, correspondingly, remaining electronic
eigenstates of the BRC are primarily localized on the weakly-coupled BChl (B) and H pigments.
Throughout this paper, we use the term exciton to refer to any electronic eigenstate of the coupled
BRC. The excitons with a predominant localization on B (H) are referred to as the B (H) state or
exciton. To simulate the results of the 2DES experiments, we include vibrational states explicitly
on one of the pigments. Vibrational states of the pigment do not perturb the electronic structure of
the BRC significantly and the eigenstates of the combined electronic-vibrational model, the so-
called vibronic excitons, keep the same characteristic electronic structure, with the additional
quantum number pertaining to the excitation of the vibrational mode.

Structure-based models of the BRC explain the three main peaks in the Qy linear absorption
spectrum (Fig. 1A) as arising in increasing energy from the lower (P-) exciton of the special pair,
the combined BChl Ba and Bs pigments (B), and the bacteriopheophytins Ha and Hs (H). In
contrast, the location of P+ has been historically difficult to assign given its weak oscillator strength
and proximity to the strong ~800 nm absorption of the B pigments(47). Several studies have
developed excitonic models for the BRC from Rhodobacter sphaeroides(47-49) and Rhodobacter
viridis(47). We previously proposed exciton energies for the Rhodobacter capsulatus BRC studied
here based on a multi-excitation 2D global analysis of 2DES data by Niedringhaus et al.(50). Those
energies are largely consistent with the Rhodobacter sphaeroides models but differ in the energy
of P+. While Niedringhaus et al. noted that P+ was evident as a weak cross-peak in the 2DES
correlation spectrum (at t2 = 0), a multi-excitation global analysis of the population kinetics
assisted in the assignment of the P+ state(50). This previous study focused on resolving the charge
separation mechanism of the M(250)V BRC using hyperbolically sampled data spanning waiting
times of fs to ns. In this present study we focus on the coherent oscillatory signals as observed
using even 10-fs t2 time steps out to 3.5 ps in order to accurately resolve coherent oscillations with
2 9.8 cm’! frequency resolution up to a maximum frequency of 1680 cm™. As a control for purely
vibrational coherence effects, we also present 2DES data of monomeric BChl (Supplementary Fig.
2)(43).
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Figure 2(A) Frobenius spectra for the
W(M250)V BRC (red) and bacteriochlorophyll a
(gold). Blue lines indicate vibrational modes of
BChl and Bacteriopheophytin a(5/—53) that lie
within the experimental resolution (9.7 cm™) of the
most prominent peaks in the Frobenius spectra.
Peak prominence is determined by >15% of the
Frobenius spectrum maximum above the
background noise level. It is worth noting that the
BRC Frobenius spectrum is largely dominated by
B-band contributions. Several less-prominent
modes not highlighted here are also in good
agreement with vibrational modes such as the w2 =
656 cm’! mode (Supplementary Fig. 3). (B) The
excitonic levels with energies taken from
Niedringhaus et al.(50) demonstrates how several
prominent coherence modes are in quasi-resonance
with the energetic gap between excitonic levels.
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Figure 3 Coherence amplitude maps. Coherence maps of the BRC (top row) and monomeric
BChl (bottom row) reveal the distribution of the observed coherent dynamics throughout the 2D
spectra. Maps are derived from the real rephasing 2D spectra at o2 values of 572 cm™!, 741 cm™!
and 905 cm™! (columns left to right). For each map, the diagonal (wexc = ®det) is indicated by a
solid diagonal line and parallel dashed white lines are offset from the diagonal by +®2 and -2®2
to aid in their interpretation. (Top row) BRC excitonic energies taken from Niedringhaus,
et.al.(50) are indicated by white dotted vertical and horizontal lines. The 77K linear absorption
spectrum and probe spectra are shown for easy reference for both BRC and BChl; we
additionally show the pump spectrum for the BRC maps. (Top row) Signatures labeled 1-6 show

evidence for vibronic coupling between the P+, P- and Ba states and are discussed in more detail
in the text.



Excitonic and Vibronic Structure in the BRC

We analyze the coherent dynamics in our 2DES data by first fitting and subtracting the population
kinetics, followed by Fourier transformation of the oscillatory residual with respect to t2. To reveal
the dominant coherence frequencies that are present in the 2D spectrum during t2, we take the
“Frobenius norm”, which sums over excitation (mexc) and detection frequency axes (wdet) (Fig. 2A,
red curve). For comparison we also show the Frobenius spectrum of BChl in isopropanol (gold
curve)(43). Above the Frobenius spectra we indicate vibrational modes reported in resonance
Raman experiments of BChl(5/-53) and BPheo(53) which show good agreement with the peak
positions of the Frobenius spectra. The prominent coherence modes in the Frobenius spectrum of
the BRC correspond well with those reported in previous studies of coherence in the BRC(29-32)
and also show good agreement with coherences reported in previous studies of BChl(33, 40—42).
The similarity between the BRC peak frequencies and the modes found in the Frobenius spectrum
of monomeric BChl and the vibrational spectroscopy literature for BChl monomers(5/-53) is
consistent with a strong vibrational character of the BRC coherences. We note a substantial
discrepancy in the low frequency region of the Frobenius spectra where the single peaks in the
monomer spectrum at ~200 cm™! and ~340 cm™! appear split into two neighboring peaks in the
BRC spectrum. This splitting of the low-frequency peaks is consistent with peak frequency shifts
observed in resonance Raman experiments which selectively excited either the P- or B bands(57/,
54).

Figure 2B shows the ladder of excitonic states of the BRC determined by Niedringhaus et al(50).
Superimposed on the excitonic ladder we show the dominant coherent modes from the Frobenius
spectrum of Fig 2A, drawn with height to scale with respect to the excitonic energy gaps. It is
evident from Fig. 2B that there are numerous coherent modes in quasi-resonance with excitonic
energy gaps in the BRC, with an energy mismatch of tens of wavenumbers. Given that the
vibrational spectra of bacteriochlorins are very dense, it is not surprising that there exist vibrational
modes close to resonance with the excitonic energy gaps of the BRC. The interaction of electronic
and vibrational degrees of freedom has been shown to lead to vibronic delocalization and
modification of the allowedness of otherwise forbidden transitions(20-22, 27).

To gain insight into the physical origin of the coherent processes in the BRC we examine coherence
maps, which display the 2D amplitude distribution at individual coherence frequencies (Fig. 3).
These coherence maps are obtained by plotting, at a given w2, the absolute magnitude of the FFT
of the oscillatory residual (after subtraction of the population kinetics) to each (®exc, ®det) point of
the real rephasing 2D spectrum(28, 34). By displaying the excitation and detection frequency
dependence of the coherence amplitude we can more easily assign specific peaks to particular
Liouville pathways (see Supplementary Fig. 7 & 8). Further details of the coherence analysis are
provided in the Supplementary Materials.

Whereas the Frobenius spectra of the BRC and BChl monomer show very good agreement above
~200 cm™!, clear differences between the coherence maps of the BRC and BChl monomer (Fig. 3)
emerge due to the vibronic structure of the BRC. Figure 3 shows coherence maps for modes in
quasi-resonance with excitonic energy gaps as identified in the Frobenius spectrum (Fig. 2A).
Additional coherence maps are presented in the Supplementary Material. The BRC coherence
maps show numerous peaks, with the strongest centered around the B transition (labeled 5 & 6).
By comparing the coherence peak distribution of the signals centered around B with the BChl
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monomer maps(43) and simulated coherence maps for a simple displaced oscillator model (SFig.
7) we can assign this subset of BRC peaks to a purely vibrational origin. In contrast, the peaks
labelled 1-4 in Figure 3 have no assignment within the simple displaced oscillator (SFig. 7)(7, 34,
55), electronic dimer(34) or vibronic dimer models that neglect the doubly-excited excitonic state
(SFig. 8)(20, 27, 35). Peaks labeled 1 and 2 arise at an excitation energy corresponding to the lower
exciton of the special pair (P-), while peaks 3 and 4 coincide with the excitation energy of the upper
exciton P+ (50). A notable departure from purely vibrational coherence is the lack of diagonal
peaks associated with either P- or P+. To understand the origin of peaks 1-4 we constructed a
reduced vibronic model of the BRC.

Reduced Vibronic Model of the BRC

A B Collective State Basis Eigenstate Basis
Special Pair B BChla with ~ TEEEEn g
Excitons vibrational mode W= Wp, + W, S
Imm |eB1> l-----llgp>|e81>
" m m mr |p
© le.%) — | J;)|C;°) :b) Mixed Vibronic States
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le..)lgg") — |P) = C,lg:)e.”)
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Figure 4 Reduced excitonic model of the BRC. (A) The site basis representation of the reduced
Frenkel exciton model where the strongly coupled special pair molecules are represented by their
delocalized excitonic states (Jep+), |epr-)) formed by electronic coupling between the special pair
molecules, Jpp = 325 cm™ (STab. 2). The nearest-neighbor accessory BChl (|es)) additionally has
one excited vibrational state on the ground (|gs')) and excited (Jes')) electronic states. The
inhomogeneously broadened excited electronic state of B (|es)) is represented with a Gaussian
distribution of 100 cm™ width (blue gradient). (B) The collective state basis represents the same
states as in part (A) demonstrating the near resonance of two key transitions: |gp)|es®) and
ler+)|ga'). (C) The eigenstate basis includes electronic coupling, Jeg = 100 cm™ (STab. 2),
between the P and B sites and results in mixing between the two near-resonant transitions
lgp)|es’) and |ep+)|gB!). The electronic mixing enhances the allowedness of state |p’), which
involves simultaneous excitation of the special pair excited state and the ground state coherence
of B (|er+)|ga')). Eigenstate |p’) is the key state giving rise to signatures 3 & 4 and the
corresponding lower exciton special pair state in signatures 1 & 2 (Fig. 3). Parts (B) and (C)
focus on the P upper exciton for visual simplicity; a more complete eigenstate diagram is
presented in Fig. 6.

To assign and qualitatively describe the characteristic spectral features 1-4 associated with the
measured coherence maps (Fig. 3), we employ an effective electronic three state model
representing the two special pair (SP) BChl molecules (Pa and Ps in Fig. 1A) and one accessory
BChl molecule denoted as Ba. The model is reduced in the number of states with respect to the
full Frenkel exciton model of the BRC to minimize the time needed to simulate 2D spectra, as both
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averaging over energetic disorder and exploration of a large parameter space are required. We
begin with an assumption that the interesting spectral features of the w, maps are a result of the
vibronic interaction between electronic states and intramolecular vibrational modes of the BRC
chromophores, and we put this assumption to a test in our simulations.

Our reduced vibronic model considers a single intramolecular vibrational mode (with the same
frequency as experimentally observed modes) placed either on Ba or one of the SP pigments (Fig.
4A). Parameters of the model are inspired by the excitonic model of Jordanides et al.(47), from
which we take the orientations of the transition dipole moments and the electronic coupling
energies between the B and SP molecules (47). The energies of the upper and lower SP excitons
are taken from Ref. (50) and for simplicity we assume that the SP is a homodimer. This allows us
to fix the coupling strength between its molecules and their excitation energies by the spectral
positions of the excitonic states. The parameters of our model are listed in STable 2. We stress that
the main aim of our simulations is not to reproduce the absorption and/or 2D spectra of the studied
species, but rather to investigate the origin of the specific features 1-4 of the coherence maps. As
a result, our reduced model of the BRC can only be expected to reproduce positions of specific
features of the experimental absorption and 2D spectra (positions of the SP main peak, and the
position of the B peak), and it is expected to fail in reproducing amplitudes of the peaks (e.g. the
B transition must have roughly half the absorption since we neglect the second B, and the H
transition is missing entirely since we neglect both H pigments). Due to its weak coupling, the
influence of the intramolecular vibrational mode in the absorption and 2D spectra is very small
and the impact of the intramolecular vibrational modes is only revealed in the coherence maps.
We study three different frequencies of the vibrational mode and two different locations of the
vibrations on the BRC molecules, however, the model only includes a single intramolecular
vibrational mode at a time. Correspondingly, subtle mutual influences of vibrational modes are
absent from our model, and it is expected that detailed features of experimental spectra will not be
reproduced quantitatively.

2D Electronic spectra are calculated by first listing all Liouville pathways corresponding to the
third order non-linear response of the simulated model system. We collect both rephasing and non-
rephasing Liouville pathways for the ground state bleach (GSB), stimulated emission (SE) and
excited state absorption (ESA) contributions to the 2D spectrum. We ignore the so-called double
coherence contributions, which arise only during pulse overlap. Instead of calculating the full 2D
spectra, we pre-select only those pathways which oscillate in the waiting time 7> with the given
frequency w, of the vibrational mode and thus calculate only the part of the 2D spectrum that
contributes to a selected coherence map. By such a procedure, which is based on inspecting states
from which the pathways are composed without evaluating their contribution to the 2D spectrum,
we remove the non-oscillating part of the signal and also the part of the spectrum oscillating at
other frequencies. In this way we avoid evaluating Liouville pathways which are not expected to
contribute to the final coherence map. The ignored pathways correspond to a majority of the total
ensemble of pathways. We represent the simulated signals as 2D coherence maps and compare the
resulting peak distributions to experiment in Figure 5.

We find that our reduced model reproduces the characteristic BRC peaks 1-4 in the experimental
spectra (Fig. 3) only when the vibrational mode resides on the B pigment (Fig. 4A) rather than on
one of the special pair pigments (Supplementary Fig. 18). This is unexpected, as the positions of
the peaks suggest that the first excitation of the system involves P+ or P-, and appears unrelated to
the formation of the vibrational coherence on B. To characterize the influence of resonance
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between the vibrational frequency and the energy gaps we performed a parameter scan over the
P, — B energy gap, AE, for the three vibrational frequencies w = 570 cm’!, 740 cm™ and 900
cm’!. The results are presented in the form of movies (see STable 1) with the energy gap as a
running parameter. In all three cases, the experimentally-observed peak pattern is reproduced in
quasi-resonance conditions, when the electronic energy gap is smaller than the vibrational
frequency. Exact resonance between the vibrational frequency and the electronic energy gap
produces a dramatically different pattern that is inconsistent with the experimental observations.
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Figure 5 Comparison of experimental and simulated positive
frequency coherence maps. Experimental (A-C) and simulated (D-F)
complex rephasing coherence maps for w2 = +570, +740, and +900 cm™!
featuring the prominent signatures (labeled 1-6) of vibronic coherence
between special pair and accessory BChl sites. Prominent pathways found
in regions 1-6 detailed in Fig. 6.
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Figure 6 Prominent coherence pathways

contributing to signals in regions 1-6. (A, B, D,
E) Example dominant light-matter interaction

pathways identified from simulations and

represented both as light-matter Jablonski Diagrams
(left) and Double-Sided Feynman Diagrams (right).

(C) Cartoon coherence map showing the
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spectral region 1-6.




Discussion

Features 1-4 in the coherence maps are clearly of a mixed, i.e. vibronic origin: they appear at w,
frequencies that match the vibrational frequency, and are absent in simulations where coupling
between the SP and Ba is set to zero. From a detailed analysis of the Liouville pathways associated
with each peak and the composition of the system eigenstates, we can conclude that the mixing
between the electronic and vibrational states in the quasi-resonant case is rather weak. In quasi-
resonance, vibrational states can borrow oscillator strength from the electronic transitions by
forming mixed vibrational-electronic (vibronic) eigenstates. It was previously found that the
resonance condition for enhancement of vibrational coherence in 2DES is rather broad(27) and
does not require an exact resonance between electronic and vibrational energy gaps. Under the
quasi-resonance conditions, the observed oscillatory frequency is almost identical to the
vibrational frequency of the original intramolecular mode and the eigenstates of the BRC largely
keep their original electronic character such that the new energy gaps between eigenstates are not
significantly changed by the level repulsion. However, some previously forbidden states, notably
those containing vibrational excitation in the electronic ground state, acquire non-zero, albeit
small, transition dipole moment (Fig. 4C). Crucially, the condition of quasi-resonance allows
vibrational modes with a broad range of frequencies to have enhanced spectroscopic signatures.
As a result, different coherence frequencies can produce similar patterns of coherence amplitude
distribution in 2DES, consistent with our observations in Figure 3. The hallmark of the quasi-
resonant case is the “stable” w, frequency of the features, which always corresponds to the
vibrational frequency. In the resonant case, on the other hand, the frequency of the vibronic
features can be shifted appreciably due to strong vibronic mixing. Additionally, the condition of
resonance is not simultaneously possible with all three vibrational modes observed in the
experiment.

Based on the simulations, we are able to assign a set of Liouville pathways to each peak labeled
1-6 in the experimental coherence maps (Figs 3 & 5). An extensive list of the associated Liouville
pathways can be found in the Supplementary Materials. We highlight the four most prominent
types of coherence signatures, most of which include coherence transfer (Fig. 6). While the
coherences involved in these pathways are vibronic in nature, it is instructive to consider the
leading excitonic or vibrational character in each case. These are: Type 1): decaying vibrational
coherence residing in the ground or excited state of the B molecule. Type ii): vibrational coherence
shift from the excited state of B to its ground state accompanied by electronic energy transfer from
the B molecule to the P. or P+ states. This process was previously identified by Palecek et al(30)
and named Energy Transfer-Induced Coherence Shift (ETICS). Type iii): electronic to vibrational
coherence transfer, in which an initial electronic coherence, such as the one between purely
excitonic states of the B molecule and the P- state of the SP is transferred into a coherence
characterized by a population of an excitonic state (e.g. P-) with a vibrational coherence in the
ground state of the B molecule. These processes can also formally be regarded as a manifestation
of ETICS. Type iv): ground-state vibrational coherence on B which acts as a spectator of the
excited electronic dynamics occurring elsewhere in the system. The example Type iv pathway
given in Figure 6E enables identification of the P+ state during energy relaxation from P+ to P-.

Our simulations (Fig. 5) confirm our assignment of peaks 1 and 2 to the Liouville pathways starting
with the lower exciton state P- and peaks 3 and 4 to the upper exciton state P+ (Fig. 3). The process
of vibrational coherence decay denoted as Type 1) is the leading contributor in terms of amplitude
to peaks 1 and 2 of the calculated spectra (Fig. 6). The striking feature of this coherence is the fact
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that although the process occurs nominally in the collective excited state of the BRC, it involves a
vibrational mode excited in the electronic ground state of the B molecule. As is well-known,
excitonic states involve a single molecular excitation (possibly delocalized over several molecules)
while the remaining molecules of the aggregate remain unexcited. Due to resonance interaction
between the molecules, some allowed excitonic states contain vibrational excitations on the
electronic ground state of the participating molecules (see Fig. 4 and the SI for detailed information
on the composition of vibronic eigenstates of the model BRC). To excite from the electronic (and
vibrational) ground-state of the aggregate to what is effectively a ground state vibration, the present
mechanism requires only a single interaction with the laser pulse. This makes the mechanism of
vibronic enhancement at work here different from the one discussed by Tiwari et al.(20), where
the observed oscillations are part of the ground-state bleach (GBS) signal wherein the vibrational
coherence in the electronic ground state is excited after two interactions of the field with the
system. Type 1) coherence is more closely related to the excited state vibronic coherence described
by Christensson et al.(27), with the distinction that the oscillating signal measured in the present
work corresponds to excited state absorption rather than stimulated emission.

Peaks 3 and 4 (Fig. 3) are dominated by Liouville pathways involving energy transfer from state
P+ to P-in a process of Type iv) (Fig. 6E). Here we first excite the state P+ and the vibrational
coherence on the B molecule. During #2, population of P+ transfers to P- while the vibrational
coherence in the ground state of the B molecule remains largely unaffected. However, its presence
allows us to observe the energy relaxation process in the coherence map. Another dominant
pathway contributing to peaks 3 and 4 is a type of ETICS process (Type iii)), an example of which
is given in Figure 6D. A detailed account of the Liouville pathways identified in our simulations
as leading contributions to signals 1-6 can be found in the SI.

We note the utility of Type iv) coherence in clearly revealing elusive states such as P+. The P+ state
is weakly present in the real absorptive 2DES data (SFig. 2A) and was assigned to an energy of
11,900 cm'! after extensive kinetic analysis(50). In contrast, coherence analysis renders this state
easy to detect. The assignment of P+ is notable given the difficulty of determining the location of
P+ in previous studies of BRCs. Experimental studies of R. sphaeroides locate P+ between 12,225
— 12,642 cm™ (818 — 791 nm)(49, 56, 57) at 1.5-10 K and at 12,121 cm™ (825 nm) at room
temperature(58), while a theoretical model predicts P+ at 12,346 cm™ (810 nm) and 12,285 cm’!
(814 nm) at 77 K and room temperature, respectively(47). The site energies and couplings of the
special pair molecules also depend on experimental factors including temperature and solvent
composition(4). The discrepancies between our assignment of 11,900 cm™ (840 nm) to P+ in the
R. capsulatus BRC and BRCs in other works may also be a result of differences between bacterial
species studied. The ability to reveal signatures of dark states through coherence map analysis has
been reported in 2DES (59) and 2D infrared spectroscopy studies(42). Vibrational coherence
transfer has been previously reported in 2D IR experiments(47/), 2DES studies of silver
nanoclusters(40) and transient absorption experiments probing passage through conical
intersections(39).

Vibronic coherence transfer identified in this work must be distinguished from electronic
coherence transfer processes. While coherence transfer between excitonic states can be identified
in photosynthetic systems with strong coupling to environment and substantially different
reorganization energies on the involved molecular transitions(60, 61) and it has been proposed that
coherence transfer contributions to 2DES signals can be significant in strongly-coupled
systems(62), most theories of photosynthetic energy transfer have focused on population transfer,
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ignoring coherence transfer processes and invoking the “secular approximation”(63). In the secular
approximation the evolution of the populations and coherences are independent of each other, and
coherence transfer processes are neglected: Liouville pathways involving excited or ground state
coherence during the time interval t, can only decay, and cannot drive other coherences or
populations, nor can they be fed from other coherences or populations. Electronic effects beyond
the secular approximation are manifested spectroscopically, e.g., by temperature dependent
absorption band shifts(60, 67). At a given temperature, however, these absorption band shifts can
be understood as an effective localization of the system’s excitonic states due to strong interaction
with environment (i.e. as an effective reduction of coupling between involved molecular states).
The electronic part of the system can thus be represented by an effective Hamiltonian accounting
for energy and coupling renormalization. To this Hamiltonian a theory of electronic energy transfer
in the secular approximation is applied. The vibronic states assigned in this work then represent
superpositions of localized vibrational states and the states of the effective electronic Hamiltonian.

The spectroscopic signatures we observe in the BRC suggest the possible importance of electronic-
vibrational resonances and coherence transfer processes involving vibrations on B. These
vibrations may play a functional role in assisting the transfer of electronic excitation energy. Such
a role for electronic-vibrational resonances has been proposed in other photosynthetic
systems(/9)(20), as has their possible importance for downhill energy transfer from H to B in the
BRC(30). Recent 2DES studies of BRCs have reported that particular low-frequency quasi-
resonances (<200 cm™') between exciton and charge-transfer (CT) states are correlated with high
charge separation efficiency(29, 32). However, the functional relevance of these quasi-resonances
for charge separation remains a topic of debate (14, 26).

In conclusion, we report previously hidden excitonic and vibronic structure in the BRC, revealed
through analysis of coherent 2DES signals. We confirm the assignment of the elusive special pair
upper exciton state and find numerous quasi-electronic-vibrational resonances in the BRC.
Through a comparison of the monomer BChl and BRC 2DES coherence maps along with
simulations of a reduced BRC model we identify vibronic coherence transfer processes involving
the special pair and B pigments, in which vibrations on B play a prominent role. The possible
functional importance of such processes, as well as quasi-electronic-vibrational resonances to
photosynthetic energy transfer and charge separation, merit further theoretical and experimental
examination.

Materials and Methods

2DES Measurements

All experimental data presented here was collected using a hybrid pump-probe, background free
2DES setup which utilizes an acousto-optic programmable dispersive filter (AOPDF) pulse shaper
(Dazzler, Fastlite) to simultaneously collect rephasing, nonrephasing, and transient grating
signal(64). Interpulse delay between the first and second pump pulses were scanned 0 < t;1 < 390
fs in 10 fs steps; waiting time between second pump and the probe, 72, was scanned in 10 fs steps
from -50 < t2 < 3500 fs. Data was truncated at 80 < t2 < 3500 fs prior to coherence analysis to
eliminate contributions by coherent transients, resulting in a coherence frequency resolution of 9.8
cm™' and maximum resolvable coherence frequency of 1668 cm™. Light pulses were generated
using a home-built optical parametric amplifier seeded by a 500 Hz, 40 fs, Tai:Sapph regen
(SpitFire, Spectra Physics) centered at 800 nm. Both experiments used pumps, probe and local
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oscillator from the same degenerate OPA (DOPA)(635) (spectra shown in SFig. 2). The pump used
in the BRC (BChl) experiment was compressed to 14.5 (14.3) fs with an AOPDF and the probe to
10.3 (10) fs using chirped mirrors and a SLM pulse shaper (femtoJock, Biophotonics).

All experiments shown here were conducted at 77 K in a LNz cryostat (Microstat, Oxford
Instruments) with a 380 um path length cell. Samples were prepared to have an average OD ~ 0.3,
though the BRCs were prepared with higher peak OD in order to better resolve the lower dipole-
strength special pair. BChl samples were prepared from powder purchased from Sigma Aldrich
and were dissolved in isopropanol, which was degassed using N2 gas before sample preparation.
The sample was handled and loaded under N2 atmosphere in a glove box.

Sample Preparation

W(M250)V BRC mutants were isolated and kept in pH 7.8 10 mM Tris with 0.1% Deriphat buffer.
Prior to concentration, BRC samples were treated with 40 mM terbutryn in order to remove or
inactivate quinones and 400 mM sodium ascorbate to reduce the special pair between laser shots.
Following concentration, BRCs in buffer were mixed with glycerol (1:1 v/v) to ensure good quality
glass when frozen.
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Supplementary Text

Structure of the Bacterial Reaction Center

The structure of the Rb. sphaeroides RC in Figure 1 reveals the pseudo-twofold-symmetric
structure of the RC (figure prepared using PyMOL with data from PDB entry 1A1J(46)). The
primary electron donor (P) is comprised of two bacteriochlorophyll a (BChl) molecules (Pa and
Pg) that are in van der Waals contact and form what is often termed the special pair (SP). P is
flanked by two monomeric BChls (Ba and Bs) and two monomeric bacteriopheophytin a
molecules (Ha and Hg). Due to the strong interactions between the two macrocycles of P, the
electronic excited states of P are commonly described as being linear combinations of two
locally-excited configurations (Pa* and Pe*) and two charge-transfer configurations (Pa"Pp~ and
PA Ps"). In our simple model which does not simulate charge separation, we neglect the charge
transfer configurations, but find that weak coupling to a B pigment with ground and excited
vibrational levels is necessary to reproduce our observed coherence maps. (See Supplementary
Tables 2 and 4 for the reduced exciton model parameters and state compositions). Throughout
our study, we refer to the eigenstates of the diagonalized Hamiltonian as the exciton states. Two
of the excitons are found to be dominated by linear combinations of the excited P pigments. The
lowest energy of these is often referred to simply as the “lower exciton state of P”” and is denoted
P.~ (P; — P3)/V2 . Similarly, the higher energy state is often referred to simply as the “upper
exciton state of P” and is denoted P+~(P} + P3)/v/2. The charge-separation events in the RC are
initiated from P., either by direct excitation of P, by electronic relaxation from P+, or by energy
transfer from the exciton states involving electronic excitation of Ba, Bs, Ha, or Hs.

Experimental Details

Materials and Methods

All experimental data presented here was collected using a hybrid pump-probe,
background-free 2DES setup which utilizes an acousto-optic programmable dispersive filters
pulse shaper (Dazzler, Fastlite) to simultaneously collect rephasing, nonrephasing, and transient
grating signals(64). For all experiments presented the coherence time between the two pump
pulses, ti, was scanned from 0 < t1 <390 fs in 10 fs steps; the waiting time between the pumps
and probe, t2, was scanned from -50 < t2 <3500 fs in 10 fs steps. Both the pumps, probe, and
local oscillator were generated from a single home-built Degenerate Optical Parametric
Amplifier (DOPA)(65) seeded by a 500 Hz, 40 fs Ti:Sapph regenerative amplifier (SpitFire,
Spectra Physics); the resulting DOPA light is centered at 800 nm with nearly 200 nm of
bandwidth. The DOPA light was split by an 80/20 beam splitter into the pump and probe paths
and were each partially compressed with chirped mirrors. The pump beam was compressed to
14.5 (14.3) fs with the Dazzler pulse shaper and the probe beam was compressed using a SLM
pulse shaper (femtoJock, Biophotonics) to 10.3 (10) fs for the BRC (BChl) experiment. The
pump and probe beams had 10.9 (7.3) and 14.1 (11.1) uW of power for the BRC (BChla)
experiments and spot sizes of 0.0278 (0.0299) and 0.0203 (0.0159) mm?.

The Rho. capsulatus mutant W(M250)V BRC samples lack the A-branch quinone. Prior to
concentration, the BRCs were treated with 40 mM terbutryn in ethanol to inactivate the B-branch
quinone and 400 mM sodium ascorbate in buffer to reduce the special pair between laser shots.
Concentrated RCs in 7.8 pH 10 mM Tris with 0.1% deriphat were mixed with glycerol to
achieve a 1:1 (v:v) mixture for good optical quality glass upon freezing. The BRCs were
prepared to achieve high enough S/N in the P band OD(860 nm) = 0.17 at room temperature;
subsequently the B-band OD is OD(800 nm) = 0.36 at room temperature. Monomeric samples
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were prepared in a nitrogen gas filled glove box by dissolving powdered BChl a purchased from
Sigma Aldrich in isopropanol for OD(777 nm) = 0.4.

Additional Experimental Coherence Maps

Coherence Analysis

With the exception of SFigure 2 and SFigure 6, all of the data presented in this manuscript
is of the real or complex rephasing signal. In order to resolve coherent dynamics, we scan the
waiting time (#2) with evenly-spaced 10 fs steps from -50 to 3500 fs. A 10 fs Az yields a
maximum resolvable coherence frequency, 2 of 1,668 cm™'. The data are truncated at 2= 80 fs
in order to eliminate any contributions from coherent transient signals around 72 = 0 fs, yielding a
coherence frequency resolution of Aw2 = 9.8 cm™. The kinetics contributions are fit using a
global algorithm which simultaneously fits multiple exponential and complex oscillatory terms.
The kinetic fit is subtracted from the data leaving only the oscillatory residual. The residual
coherence signals for the BRC are less than 10% of the full signal containing the kinetic signals.
The oscillatory residual is then Fourier transformed with respect to #2 yielding a three-
dimensional frequency solid. To quantify the dominant coherent modes present we take the

Frobenius norm:
2
IS@a)ll = jZle(wexc,i.wz,wdet,,-)l

i=1 j=1

where i and j index over the excitation and detection frequency dimensions. The resulting
Frobenius spectrum (Fig. 2A) shows the dominant coherent modes present. Positive and negative
frequency maps (SFigure 4 & SFigure 5) were generated by performing the coherence analysis
with the complex rephasing signal.

Additional Real Rephasing Coherence Maps

SFigure 3 presents the real rephasing signals of the two most prominent low frequency
modes (w2 = 189 & 336 cm™') for the BRC and BChl samples. The w2 = 189 cm™ map of for the
BRC shows a node along the diagonal not present in the BChl experiment. In contrast, the w2 =
336 cm™ maps look similar for both maps. SFigure 3 additionally shows the coherence map for
2= 656 cm™'. The w2 = 656 cm™ is a weak mode in the BRC Frobenius spectrum (Fig. 2A)
because it is a vibrational mode unique to the bacteriopheophytin a (BPheo) molecules(53) not
present in resonance Raman of BChl(52, 66) and the coherence spectra of BRC are dominated by
contributions from the B BChls. The w2 = 656 cm™' mode has been previously observed in
oxidized BRCs and was assigned as a signature of vibronic coupling between the B and H
molecules using a cross polarization scheme(29, 30). In our all-parallel polarization data, the w2
= 656 cm™! shows substantial signal amplitude in the B region of the spectrum. Because this
mode does not belong to a vibrational mode of BChl but rather the H BPheo molecules, our data
supports the previous assignments of vibronic coupling between the B and H molecules(29, 30).

Positive and Negative Frequency Maps of Complex Rephasing Signals

Each of the six coherence frequencies of the real rephasing signals presented in the main
text (Fig. 3) and supplementary information (SFig. 3) are additionally presented with the
complex rephasing signal (SFig. 4 & 5) where different signatures are separated between the
positive and negative frequency. This type of complex coherence analysis was first proposed by
Seibt and Pullerits(67) and implemented by Song, et al.(68). This method of coherence analysis
has recently enabled greater certainty in assigning the origin of coherences in oxidized
BRCs(30).
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The complex rephasing 2D maps of monomeric BChl in SFigure 5 show excellent
agreement with the simple displaced oscillator model of purely vibrational coherence in SFigure
7. Further discussion of the vibrational assignment of the coherences in this BChl sample are
detailed in Policht, et.al.(43). Similar to the effects discussed in Palecek, et al.(30) we see that the
signal nodes present along the diagonal of the real rephasing maps for both the BRC and BChl
(Fig. 3 & SFig. 3) are not present in the individual positive and negative complex rephasing
signal, indicating that signal nodes are due to destructive interference between +w2 and -2
signals. In Palecek, et.al.(30) the destructive interference behavior was attributed to rapid energy
transfer, though this explanation is not satisfactory for the monomeric BChl samples. Comparing
the complex rephasing 2D maps of the BRC to the standard toy models of coherence (SFig. 7 &
8) we can determine that the signals 1-4 highlighted in Figure 3 of the main text do not arise
from a simple displaced oscillator nor a vibronic model.

Nonrephasing Coherence Maps for M250V BRC

Coherence analysis of 2DES data typically focuses on coherence signatures in the rephasing
signals. The coherence signatures in the nonrephasing signals provides analogous information as
the rephasing signals though typically with a lower signal strength. For example, in the case of
the model for purely vibrational coherence (SFig. 7), the nonrephasing coherence map would
reproduce the characteristic “chair” pattern but reflected across the electronic transition energy,
resulting in an upside-down chair with nonrephasing light-matter interaction pathways analogous
to those numerated in SFigure 7. To demonstrate the ability of the reduced BRC model to
reproduce the experimental results, we additionally present the real and complex nonrephasing
coherence maps for the three mid-frequency modes presented in the main text (Fig. 3) in SFigure
6. A direct comparison to the nonrephasing signals from the theoretical simulations can be found
in SFigure 18.

Toy Models for Coherence Modelling

Displaced Harmonic Oscillator

The displaced harmonic oscillator (SFig. 7) consists of two electronic states |g) and |a)
separated by transition frequency A and displaced along nuclear coordinate q by some value d
and allows for strong Franck-Condon overlap between different vibrational states of a vibration
with frequency [Q|. Coherence signals oscillate at |Q2| and are arranged in a characteristic “chair”
configuration with individual signals spaced apart by Q. This model has been used extensively in
simulations of molecular coherence measured using 2DES(7, 34, 55, 69) and has been used to
assign the origin of coherences in chlorophyll a(70) and BChl(43).

Vibronically Coupled Displaced Oscillator

Another type of coherence often discussed in studies of coherence in photosynthetic
systems is mixed electronic-vibrational, or vibronic, coherence. Vibronic coherence signals are
often described by a pair of strongly coupled displaced harmonic oscillators with one active
vibrational quantum per electronic state (SFig. 8). The vibronic model has been studied
extensively(20, 27, 35) and has been invoked to explain the origin of coherences in several
photosynthetic protein systems(20, 24, 25, 30).Coherence signals due to this model oscillate at
several frequencies; that of the vibrational mode, |€2|; the excitonic difference frequency, |AE|;
and the sum and difference frequencies of the vibrational and exciton difference frequency,
|Q+AE]|. In the case of degeneracy, Q = AE, the number of distinct frequencies decreases from
four to two (Q = AE, 2*Q = 2*AE). In the case of near degeneracy, it is expected that the
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coherence maps for Q = AE will feature two “chair” configurations aligned to the two singly
excited electronic transitions (shown as shaded ovals marked “intramolecular vibrational
coherence”, where the diagonal elongation reflects inhomogeneous broadening of the A and B
transitions). In the case of two uncoupled displaced oscillators these would be the only
observable signals, however in this vibronic model there will also be cross terms which result
from the shared ground state and which lie between the equally-spaced “chair” signals.

Theoretical Foundations of the Simulations

Theoretical Basis of Interpretation of 2DES

Nonlinear spectroscopic techniques, such as two-dimensional electronic spectroscopy
(2DES), are intimately linked with their corresponding order of perturbation theory in the light-
matter interaction energy. This perturbation theory is most conveniently described using the
density matrix (statistical operator) formalism. All the spectroscopic signal components in the
third order 2DES can be expressed as sequences, also called Liouville pathways, of light-induced
transitions between electronic eigenstates of the investigated system. For the photosynthetic
molecular aggregates, such as the BRC we study here, electronic eigenstates are delocalized (to
various degrees) over several molecules, depending on the strengths of the intermolecular
interactions and the differences between the molecular energy gaps. We use the term exciton,
excitonic state, or single exciton state equivalently for the energy eigenstates of the BRC. We
denote the excited states, which individual molecules of the aggregate exhibit in absence of
coupling to other molecules, as locally excited states, alluding to their absence of delocalization.
The delocalized excitons correspond to quantum mechanical superpositions of the locally excited
states.

In the experiment, the BRC is initially found in its electronic ground-state, and it is excited
by a sequence of three laser pulses with two controllable delays t; and t,. The excitation pulses
are intentionally kept at an appropriate intensity such that the observed signal depends at most
cubically on the excitation field. From the total signal we disentangle a subset of the signal,
which depends linearly on the electric field of each of the three incoming laser pulses, by the
procedure of phase-cycling. Three pulses thus result in a third order signal. In the theoretical
description of the measured signals, the bookkeeping of the perturbations (light-induced
transitions) is done using the two indices of the density matrix describing the state of the
molecular system. Each unique Liouville pathway is characterized by a unique sequence of
density matrix indices (or more precisely pairs of indices), which we conveniently represent in
the so-called double-sided Feynman diagrams (see Fig. 6 and SFig. 1). The diagram is composed
of two vertical lines representing time progressing from the bottom up (SFig. 1). Each straight
arrow attached to the sides of the Feynman diagram corresponds to an action of the laser field,
and it is accompanied by a change of the system state. At each time (i.e. at each horizontal
position), two states are denoted in the diagram representing the elements of the density matrix.
The first two sections (from the bottom) of the Feynman diagrams (sections are separated by
solid horizontal lines) correspond to delays t; and t, between the excitation pulses, the third
section of the diagram corresponds to the time denoted as t3, at which the signal is detected. The
origin of time, t3 = 0, is set to coincide with the arrival time of the intensity maximum of the
third laser pulse of the excitation. The signal is detected in the frequency domain, and the
detection time is related by Fourier transform to the detection frequency denoted ws;.

Due to its perturbative nature, individual Liouville pathways combine information about the
time evolution of three different elements of the system’s density matrix. These elements in turn
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carry information about light-induced processes in the studied system. The first section of the
Feynman diagram corresponds to the evolution of coherence between the electronic ground state
and a single-exciton state. This information translates into the peak lineshape in the w;
dimension of the 2D spectrum. The second section of the Feynman diagram corresponds to the
time evolution of the studied system either in the electronic ground state or in the excited state
(excited state evolution is depicted in SFig. 1B). If energy transfer occurs between the
eigenstates of the system during time interval t,, the second section of the Feynman diagram is
characterized by two sets of indices corresponding to the initial (immediately after the second
pulse) and final (immediately before the third pulse) pairs of density matrix indices. The final
section of the Feynman diagram displays the time evolution (in time t3) of another coherence
element of the density matrix, this time corresponding to the processes of stimulated emission
(SE), ground state bleach (GSB) or excited state absorption (ESA). This translates into the w5
dimension of the 2D lineshape. The 2D spectrum represents the system’s time evolutions in t;
and t3 as 2D lineshapes, while the evolution in the time ¢, is usually represented directly in the
time domain. A sequence of 2D spectra in t, thus provides time-dependent information about the
photo-induced state dynamics of the system. This state is fully described by the evolution of the
state populations (diagonal elements of the density matrix) and the coherences between the states
(off-diagonal elements of the density matrix). Interaction between the light and matter is of
resonance character, and it addresses the effective eigenstates of the studied system. Populations
and coherences of the system thus have to be understood as defined in the basis of effective
system eigenstates, the so-called excitonic basis. In our simulations, we identify the effective
system eigenstates with the eigenstates of our model Hamiltonian, which includes the electronic
degrees of freedom and a selected vibrational mode. In the theory of photosynthetic aggregates,
it is often found that the so-called secular approximation holds; namely that the evolutions of the
populations and coherences, as well as those of different coherences, are independent of each
other. In the secular approximation, Liouville pathways involving excited or ground state
coherence during the time interval ¢, can only decay, and cannot drive other coherences or
populations, nor can they be fed from other coherences or populations. The present study finds
that when intramolecular vibrations interact with the electronic states of BChl molecules, the
secular approximation no longer holds and the related nonsecular dynamics are responsible for
most of the interesting spectral features we observe.

Conditions of Agreement between Experiment and Theory

The experimental w,-maps of frequencies 570, 740 and 900 cm-1 (Fig. 3) share certain
specific peak arrangements whose general features are subject to comparison to the theoretical
spectra. We study the w,-maps obtained by complex Fourier transform (FT) of a series of
waiting time (t2) dependent 2D spectra. In particular we examine the absolute value of the FT of
the rephasing spectra at frequencies +w, and —w, (RPH+ and RPH- spectra, respectively) and
non-rephasing spectra at frequencies +w, and —w, (NR+ and NR- spectra, respectively). These
experimental maps exhibit characteristic patterns, which we compare to the patterns
corresponding to our reduced model of BRC with a single vibrational mode assigned either to the
B molecule or one of the SP molecules. We will consider the theoretical simulations to be in
reasonable agreement with experiment if they can produce peaks of a pattern similar to the
experiment in all the four types of w,-maps. We will be able to assign the vibrations to the
particular molecules (to SP or B) if the agreement of the theory with experiment appears
exclusively in one assignment and not in the other.
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Model Hamiltonian
We simulate 2D spectra and calculate w, —maps from them using a reduced BRC model,
which can be described by the following extended Frenkel exciton Hamiltonian

H = (Bg + Hu)lghgl + ) (B + Eehod) k)il + D Ja kXU (1)
k kl

Here, the Hamiltonian H,,;;, of the vibrational mode with frequency w reads as
hw
Hypy = —- (»* +q%). ()
The mode is coupled to a single molecule in the model, so that only one of all possible constants
& 1s equal to 1, whereas all other &s are equal to zero. The strength of the coupling between the

electronic energy gaps and the vibrational mode is characterized by the dimensionless parameter,
the so-called Huang-Rhys factor

1
§=5dz. 3)

The states | k) represent electronic states of the RC. The Hamiltonian (Eq. (1)) is diagonalized to
obtain vibronic eigenstates of the system, on which the calculation of the 2D spectra is based.
See the SI section entitled Detailed analysis of the 740 cm™ mode for details of the eigenstates.

Energy Transfer and Dephasing

In order to simulate the spectroscopic response of the model system, we calculate time
evolution of excited state and optical coherence blocks of the reduced electronic statistical
operator (density matrix) p(t) of the system. The blocks are composed of the matrix elements
(n|p(t)|g) (optical coherence block, where |g) is the electronic ground state of the system and
|n) are electronic excited states of the system) and (n|p(t)|m) (excited state block, where |n)
and |m) are electronic excited states of the system). We propagate the reduced density matrix
equation of motion in the form

a .
5:PO) = —%[Hel,p(t)]_ +D(t)p(t), )

where H,; is the electronic Hamiltonian and D(t) = Dy.¢;(t) + Dgepp () is the relaxation tensor
describing dissipation processes such as energy relaxation and transfer (D,..;(t)) and coherence
dephasing (Dgepn (t)). Energy transfer rates needed for the simulation of the excitation dynamics
are taken from Ref. (50), and they are imposed on the model by Lindblad theory(71, 72). We
assume that the energy transfer occurs between effective electronic eigenstates, which coincide
with spectroscopically observed states. For each pair of electronic states |n) and |m), for which
we expect a rate Yy, = Tny, of energy transfer from |m) to |n) (note the order of indices in the
notation, which is from right to left), we define the Lindblad transfer operator V) =

\Ynm|n){m|. The energy transfer part of the relaxation tensor then has the so-called Lindblad
form which reads as

1
Drel (t)p(t) = z V(n,m)p(t) V(;I:L,m) - E {V(-;l,m) V(Tl,m); P(t)}- (5)
(nm)
The sum goes over all pairs of states for which we observe population transfer. The Lindblad
operators are purely electronic, which means that during energy transfer from one electronic state
to another, the Condon approximation is satisfied — the vibrational wavepacket does not change,
only the vibrational potential energy surface (PES) changes “under” the wavepacket. The energy
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transfer rates are specified for the downhill energy transfer process, and the energy transfer rate
in the opposite direction is set to satisfy the detailed balance condition with a given temperature
T
Em_En
Ymn = e kel VYnm- (6)
Energy transfer induces dephasing, which is accounted for by corresponding dephasing rates
automatically included in the relaxation part of the Lindblad form D,..;(t).

Another source of coherence dephasing are the energy gap fluctuations responsible for the
homogeneous linewidth of the features in both absorption and 2DES spectra. We assume for
simplicity that absorption spectra have Gaussian lineshapes, which corresponds to a Gaussian
linear time dependent response function. A general linear response of a system interacting with
the bath of harmonic oscillators is proportional to (see (73))

SV (E) = emonOingt, (7

where g, (t) is the so-called lineshape function of the transition from the ground state to the
excited state |n). In our approximation, the line shape function reads as

In(t) = ayt?, ®)
where the coefficient a,, is related to the absorption FWHM A, by the relation

AZ
a, = ——.
16in2

)

In our calculations, we specify the Gaussian FWHM A,, for each monomeric molecule n
entering the model, and obtain the FWHM A, for each transition to the exciton states (the
eigenstates of the Hamiltonian), by

By = /Z|<n|a>|2A$u (10)

where (n|a) is a scalar product of the state |n) localized on the molecule a and the state
eigenstate |«@). The details of Eq. (10) can be found e.g. in Refs. (28, 74). The derivation is based
on postulating a pure dephasing operator

Hdp = E K, = E qnln)n|,
n
n

for each electronic state |n), which can be transformed into the eigenstate picture as

Hap= ) K = Zaﬁznmmxnlmqn ja)(B] = Zaﬁ dapla)Bl. (12

The correlation functions

Caa(t) = <Qaa(t)Qaa): Ca[:’(t) = <Qaa(t)QﬁB>' etc., (13)

give rise to excitonic lineshape functions

t T t T
Jaa () :f drf dt'Coq(7'), Gap (t) :f drf dt' Cop(1), etc. (14)
0 0 0 0

which describe optical coherence dephasing and electronic coherence dephasing.

(11)

Science Advances Manuscript Template Page 29 of 70



By the same theory, one can also derive the Gaussian decay of the electronic excited state
coherence (element of density matrix pop(t)) as

Pap t) = e~ 9aa(t)=gpp(t)+2Regqp(t) (15)

which is based on the transformation applied in Eq. (12). The details can be again found in
Refs. (28, 74).

2D Electronic Spectra

We express the third order response functions corresponding to the Liouville pathways
using the Markovian approximation (neglecting correlation between the time intervals of the
non-linear response). The response functions consist in general of the transition dipole moments
d of the transitions involved in the pathway, and of the elements of the evolution superoperator
G(t), which governs the time evolution of the corresponding reduced density matrix. For
instance, for the excited state coherence element p,,,,, (t) we have

Prm () = 2kt Grmia (£ pii (0). (16)

The elements of the superoperator G(#) are obtained by solving Eq. (4) with a special initial
condition py,,(0) = 8xndim. From Eq. (16) we can see that under this initial condition we have

Gnmkl(t) = pnm(t)- (17)

Based on the elements of the superoperator G (t), we can write e.g. rephasing pathways
contributing to the SE signal as

Rreph,SE (t3' t2r tl) = _idgndmgdkgdglGngng (tB)Gnmkl(tZ)Gglgl(tl) (18)

We note that we use the term “pathway” here in places where we should properly write “non-
linear response function corresponding to the pathway”. This is done for the sake of brevity and
it is customary terminology in the theory of non-linear spectroscopy.

All Liouville pathways are constructed in a way similar to Eq. (18). We invoke the so-called
secular approximation in the optical coherence intervals (i.e. when one of the elements of the
G (t) corresponds to the electronic ground state) so that we assume

Grgmg(t) = 0, (19)

for n # m. Crucially, however, we assume no secular approximation for the t, interval, and we
consider all possible combinations of indices of the evolution superoperator, when concerned
with the propagation in the excited state manifold. Non-secular contributions to the t, evolution
may introduce new peaks into the w, maps, while in the t; and t5, non-secular effects only lead
to small renormalizations of the optical coherence frequencies (see e.g. OlSina et al.(75) for the
case of absorption), which can be assumed already included in our modeling.

Simulations of the w2 maps

Simulation parameters
The theory described in previous sections is implemented in the spectroscopic package
Quantarhei written in Python and available freely in source code form at
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http://github.com/tmancal74/quantarhei. The set of Python scripts needed to calculate results
presented in the main text and this SI is available at http://github.com/tmancal74/Policht2021a.
The set contains the main simulation script and its configuration file, together with several
auxiliary scripts to produce figures and movies from the output of the simulations. All files
contain description of their usage and installation instructions for the Quantarhei package and
related software. The script configuration and input file script_Policht2021.yaml summarizes the
parameters of the simulations and allows the user to select three different use cases: 1) Single run
- the script can calculate w, —maps for a single set of system parameters. In this use case, apart
from saving an w, —map of a selected frequency, the script generates details of the vibronic
eigenstates of the system, a complete evolution super-operator tensor for a range of t, times, as
well as snapshots of all Liouville pathways corresponding to the oscillatory signal. 2) Energy
gap scan - the script calculates a series of w, —maps for incrementally changing energy gap
between the upper exciton state P, of the special pair and the B molecule. The calculated maps
can be compiled into a movie demonstrating how the 2D spectrum evolves as a function of the
energy gap. 3) Disorder average - the scripts averages w, —maps over a Gaussian energetic
disorder of a specified FWHM.

The crucial parameter of the simulation is the location of the vibrational mode within the
molecules of the model BRC. Calculations have revealed that the peak patterns consistent with
the experimental observation are obtained when the vibrational mode resides on the B molecule.
For the rest of the discussion, we will concentrate on this particular case, except for a section in
which we demonstrate the incompatibility of the peak patterns obtained from the mode residing
on the SP molecules with the experimental data (see section entitled Vibrational Mode on
Special Pair Molecules).

2D Map Pattern as a Function of Energy Gap

The Supplementary Materials contains the MP4 movies for the vibrational frequencies w =
570 cm™, 740 cm™ and 900 cm™ and for the electronic energy gap AE interval (470,780) cm™.
The file names are found in STable 1. For the frequency w = 740 cm™!, we can clearly observe
the transition between this off-resonant situation and the resonant situation when AE = w. At
the resonance, the diagonal peak at the excitation frequency of the B molecule is
disproportionally enhanced, and the w, —map does not resemble the experimental one.

These movies represent a scan of the electronic energy gap between the upper exciton state
P+ and the eigenstate involving predominantly the B molecule. The energy gap varies between
AE = 470 cm™ and AE = 780 cm™! with a step of 2 cm™'. Black dashed lines represent the
position of excitonic transitions, while the red dashed line represents the B exciton energy with a
vibrational quantum subtracted. The coincidence of the black and read dashed lines marks the
resonance between the electronic and vibrational transitions. The movies demonstrate the
changing relative amplitudes of the peak which reflect the changing energy gap, i.e. changing
electronic structure. Apart from the energy gaps near the exact resonance, the peaks in the
regions 1-4 are mostly clearly visible. At the exact resonance, peaks in the regions 5 and 6 are
significantly more enhanced than those in regions 1-4, which cease to be visible. One of the
reasons for their disappearance is that their frequency shifts away from the original vibrational
frequency.

Disorder Averages
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Real molecular systems exhibit energetic disorder. Previous simulations revealed that the
amplitude of different peaks in the w, —map depend on the energy gap between the SP and B
molecules. Energetic disorder will result in a specific average over the features we observed in
the AE scan. In simulating spectroscopic signals, it is customary to consider Gaussian energetic
disorder for the transition energies of individual molecules in the aggregate, as such a type of
disorder seems to best correspond to majority of the experimental situations. We have therefore
calculated w, —maps for the three experimentally observed vibrational frequencies considering a
Gaussian disorder with the FWHM of 100 cm™!. The results are presented in Figure 5.

Disorder averaged spectra of Figure 5 are the closest to the experimental situation that we
can calculate at present. We can see most of the experimentally expected peaks present in the
theoretical calculation, with the best correspondence found for the frequency w = 740 cm.
There are several systematic sources of discrepancy between our theory and the experiment.
Obviously, there is a lack of mutual interaction between the modes in the theoretical calculations,
due to the fact that we apply a single mode model only. The absence of the second B molecule in
the reduced BRC model is also likely a significant factor. It is also possible that the simple
homo-dimer of BChl molecules model of the SP, which we consider, is insufficient, and the
expected presence of the charge transfer states in the SP would further influence the details of the
spectral features. From the experimental perspective, insufficient spectral bandwidth of the
pulses can distort amplitudes of some of the peaks and make thus comparison with the theory
based on impulsive (ultrabroad band) excitation less reliable. Nevertheless, the essence of the
experimentally observed features, i.e. the presence of peaks at positions 1 to 4 (see the Main
Text), is well reproduced by our limited model.

Detailed analysis of the 740 cm™ mode and excitonic states

The simulations that include the w = 740 cm™' mode show spectroscopic patterns most
similar to the experimental ones shown in Figure 3 (main text). In Figure 5, we present the
w, —map calculated for the parameters of STable 2.

In the 2D spectrum of Figure 5, we select 8 regions which contain peaks visible with a 20
evenly space contours between the maximum of the absolute value of the spectrum and zero. The
regions are labeled from 1 to 6 with 1 to 4 representing the locations of the peaks with excitation
frequencies on the SP molecules (see the Main Text). The regions 5 and 6 correspond to
excitation on the B molecule. We subdivided peaks 1 and 5 into subregions la and 1b, and 5a
and 5b, respectively, to study separately the two peaks of a double peak structure observed in
regions 1 and 5. The border frequencies defining the regions are presented in STable 3. The
selected regions each contain a maximum of single spectral peak. We perform a search among all
the Liouville pathways corresponding to the w, —map of Figure 5 assign them to individual
regions according to their w; and w5 frequencies, and order them according to the magnitude of
their contribution. A pathway of Eq. (18), characterized by the evolution superoperator element
Gnmki (t2) has a magnitude defined by the product d g, dygdigdgi|Grmpi (t2)| averaged over all
possible rotations of the molecule in space. To each peak in the spectrum we can thus assign the
most important Liouville pathways and study their properties.

Each pathway is characterized by four optical transitions between electronic eigenstates of
the model Hamiltonian, and it is represented by the so-called double sided Feynman diagram(73)
listing the order and character of individual perturbations of the system by light. An example of a
Liouville pathway is presented in SFigure 9, where we use the textual output of the Quantarhei
package directly. The pathway depicted on SFigure 9 is the strongest of the Liouville pathways
contributing to the Region 1a. Integer numbers inside the diagram label the Hamiltonian
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eigenstates ordered by energy from 0O (the ground state) through the up to double exciton states
(e.g. the state 13 on SFigure 9). The diagram describes a sequence of interactions of the system
with electric field of the light, with time running from bottom up. The two sides of the diagram
correspond to two indices of the density matrix describing the electronic state of the system, with
the system always starting in the ground state — as depicted by the two zeros at the bottom of the
diagram. Arrows pointing towards the horizontal lines of the diagram depict interactions with the
electric field of the light, and it can be noted that after each interaction a state label on the left or
right side of the diagram changes. The rules of Feynman diagram representation as explained e.g.
in (73) allow us to graphically distinguish between interactions which lead to absorption and
emission events, respectively, on the two sites of the diagram. However, our particular rendering
of the pathways ignores this additional information. The arrow always points towards the inside
of the diagram. The crucial information provided by the diagram are the frequencies of the
optical transitions and frequencies of the coherence in the t,. This information is presented in the
units of cm™! on the right-hand side of the diagram. The frequency also shows sign which is
always negative for the first interval (the first from the bottom frequency) of the rephasing
diagrams (which start with an arrow from the right) and positive for the non-rephasing diagrams
(which start with an arrow from the left). This particular frequency is optical, i.e. corresponding
to absorption of visible light. The second and third frequencies (from the bottom) depict
coherences between excited states before and after energy transfer event, which is itself denoted
by a horizontal line made of asterisks. If the states before and after the supposed energy transfer
event remain the same, the diagram corresponds to the contribution in which the energy transfer
does not occur. The frequencies in the excited state correspond either to electronic or vibrational
energy gaps. The last frequency depicted in the diagram is again optical, and it corresponds to
excited state absorption frequency (in the particular diagram of SFigure 9), because (as will be
discussed below) the state 13 is a doubly excited state. Other diagrams might show transitions
between the ground state and the excited state in their last interval, corresponding to stimulated
emission or ground state bleach signals.

To understand the nature of the different contributions to the 2D spectra as they are revealed
by the corresponding Liouville pathways, we need to know the characteristics of the eigenstates
of the model Hamiltonian. In particular, the compositions of the single- and double-exciton states
of our reduced model of the BRC have to be expressed in terms of the local excited states of the
SP and B molecules. In the present Supplementary Materials, we will again use the textual
output of the Quantarhei package to our advantage. All eigenstates of the Hamiltonian are
ordered by energy (from lowest to highest) and labelled by an integer number starting with 0. For
small Huang-Rhys factors, we have verified that only one vibrational excitation is needed in each
electronic state in order to obtain reliable results. To ensure convergence of all results, we allow
the vibrational mode to be excited to the state with two vibrational quanta both on the ground
and excited electronic states of the molecule. The states 0, 1 and 2 of our list therefore
correspond to the electronic ground state, with 0, 1 and 2 vibrational quanta. States starting from
3 represent electronically excited states. Quantarhei denotes all these states as “excitons” as they
are (strictly speaking) excited states, albeit sometimes of purely vibrational origin.

The output of the Quantarhei package expresses each state composition by a table similar to
the one presented in SFigure 9. The meaning of the individual columns in the table is explained
in detail in the figure caption of SFigure 9. The information about the eigenstate composition can
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be used to understand its physical meaning. First, the second column shows that the state is
almost equally composed of two states, namely of the excitations on the two SP molecules. The
third column reveals that the state is almost perfectly antisymmetric with respect to the exchange
of the molecules in the SP (identities of the excited molecules can be discerned from the fourth
column of the table). Moreover, the table shows that the leading states in the composition are not
vibrationally excited. The rest of the local states contribute with much less than 1% of the
probability of being excited, with about 0.3% probability that the molecule B will be excited, and
the probability that the vibrational mode on B is excited smaller by further two orders of
magnitude. With such a small contribution from all but the SP states, and with an almost perfect
anti-symmetry of the state, the exciton 3 can be identified with the so-call P- state (see e.g. (47)).

In SFigure 10, we present a complete list of single exciton states involved in the analysis of
the spectrum in Figure 5. For each state, we present an interpretation of its physical meaning, and
an approximate expression in terms of local electronic and vibrational excitation of the SP and B
molecules. Single exciton band starts with the exciton 3 (the lowest excited state of BRC — see
SFig. 9), which can be approximately described as

1
2 (ISP gsp,) = 19sp, ISP )98 X0, (20)

where the states |ggp, ) and |SP;) are the ground state and the excited state of the SP molecule 1,
respectively, and similarly for the molecule 2 (|gsp,) and |SP,)). The state |gg) is the ground

state of the B molecule, and the state |y,,) represents the eigenstate of the vibrational mode on
the molecule B with n excitations. We skip the exciton state 8 in the SFigure 10, as it does not
occur in any of the Liouville pathways discussed below.

Besides the transitions from the ground state to the single exciton states, the 2D spectrum
also contains excited state absorption contributions, which involve double-exciton states.
Similarly, to SFigure 10, we present all double-exciton states found in the relevant Liouville
pathways in SFigure 11. Each state is again represented by a textual output obtained directly
from the Quantarhei package in the form of a table listing the involved states, their coefficients
in the superposition and state signatures. The double-exciton states are composed of the local
excited states of two molecules, as can be readily confirmed by inspecting the occupation
number triples of the state signature columns in SFigure 11. The transition energy of the double
exciton states and the transition dipole moment are taken from the ground state. This means that
the listed transition dipole moment is always zero for the double-exciton states, however, these
states have non-zero transition dipole moments from the single-exciton states.

With the details of the Hamiltonian eigenstate properties at hand, as summarized in STable
3, we can attempt a detailed analysis of the Liouville pathways contributing to different regions
of the w, —maps, in order to identify interactions and processes behind the individual
contributions to the measured spectroscopic signals. We identify four dominant types of
coherence processes which we define in the following way:

Type i): decay of vibrational coherence residing in the ground or excited
state of the B molecule. In case of the B in the ground state, other states
are excited, such as P- in the case of coherence (5,3), so that formally,
from the point of view of the collective states of the RC, we deal always
with excited state coherence. As the process only involves coherence
decay, and it is thus allowed under secular approximation, it is a secular
process.

|P—Bgo> =
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Type ii): vibronic coherence shift from the excited state of B to its
ground state accompanied by electronic energy transfer from the B
molecule to the P- or P+ states. This process was previously identified by
Palecek et al(30) and referred to as ETICS (Energy Transfer-Induced
Coherence Shift).

Type iii): electronic to vibrational coherence transfer. These processes
involve initially an electronic coherence, such as the one between
electronic excited states of the B molecule and the P state of the SP (e.g.
the (6,3) coherence) and transfer into a state characterized by a population
of an electronic state (e.g. P ) with a vibrational coherence induced in the
ground state of the B molecule. Coherence transfer (6,3) = (5,3) is an
example of such a process, which can formally be also regarded as a
manifestation of ETICS.

Type iv): passive spectator vibrational coherence on B accompanying
electronic processes. The process starts either with electronic coherence
accompanied by a vibrational coherence in the ground state of B or with
an electronic excited state (other than that of the B molecule) and it
proceeds towards an electronic state (P+ or P-) accompanied by
vibrational coherence in the ground state of the B molecule. The main
characteristics of the present process is that the state of the B molecule
does not change in its course.

In STable 5, we report the dominant coherence processes exhibited in the w, —maps, listing
the states participating in the coherence in the exciton and local state bases. We also classify the
process by as Type i-iv and denote where they appear and present this data graphically in Figure
6. STable 5 and Figure 6 neglect any minor pathways contributing less than 10% of the total
amplitude of any particular peak. Such minor pathways include type i-iv processes as well as
processes such as population-to-coherence transfer.

Region la

Regions 1a, 1b and 2 are characterized by the w, excitation frequency corresponding to the
exciton 3 of our nomenclature, i.e. to the anti-symmetric delocalized state of the SP, which
corresponds to P-, the lowest allowed excited state of the BRC.

The peak in the Region 1a is produced mainly by the four Liouville pathways presented in
SFigure 12. The amplitudes AL of the pathways are measured relative to the leading pathway. In
the leading pathway (5,3) = (5,3) with the relative amplitude AL = 1, the coherence between
states 5 and 3 is excited and it decays exponentially (see SFigure 13). The coherence corresponds
to a Type 1) process, in which the ground state vibrational coherence on the B molecule decays.
The states 5 and 3 are nearly identical in their electronic composition, with only an additional
vibrational excitation on state B (see SFig. 9 & 10). The corresponding coherence element
Gs353(t) of the evolution superoperator decays from its initial value of 1 on the time scale of
several hundreds of femtoseconds. Its Fourier transform, in SFigure 13, shows a single peak with
the maximum at 740 cm-1.

The second most intensive pathway (6,3) = (5,3) is a Type iii) process in which an initial
coherence is excited between states 6 and 3. The state 6 is predominantly an excitation on the B
molecule with a very small contribution from the SP molecule, to which it is directly coupled.
The transition dipole moment of the transition from the ground state to state 6 is several orders of
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magnitude stronger than that of the transition to state 5, however, the coherence transfer into the
coherence (5,3) is weak as we can see by the magnitude of the evolution superoperator element
Gg363(t) in SFigure 13. This element starts from 0 and peaks at around 200 fs. Its Fourier
transform reveals that it oscillates both on the coherence frequency from which it starts, i.e. 1275
cm! and the frequency 740 cm™ of the coherence (5,3).

We can see that the characters of the first two strongest pathways in region 1a are different
(Type 1) vs Type iii)). Type 1) corresponds to a vibrational coherence, which is directly excited in
the ground state of the B molecule. Such an excitation is possible due to resonance coupling
between transitions involving vibrational quanta and those leaving the vibrational mode
unexcited. Such coupling was invoked in Refs. (20, 27) to explain long lived oscillating features
in the 2D spectra of the photosynthetic system FMO. The present feature involves excitation of
the vibrational quantum in the ground-state of a molecule, and is therefore seemingly related to
the version of the mechanism studied in Ref. (20), where ground state vibrations are the ones
observed. However, the signal described in Ref. (20) is the ground-state bleach (GSB) signal,
and the ground state vibration is reached by stimulating a transition from an excited state to the
ground-state by a second of two laser pulse interactions. Here on the contrary, we reach the
ground state vibration on the molecule B by one interaction with laser pulse. At the same time,
the collective state of the BRC, in which the ground state of B participates, is an excited state.
The coherence is therefore formally occurring in the excited state. Type 1) pathways such as this
correspond to the mechanism of vibronic coherence enhancement proposed in Ref. (27). The
second dominant pathway (of Type iii)) corresponds to the mechanism in which the coherence is
left behind on a molecule which lost its excitation due to energy transfer. This mechanism was
described for the purely vibrational case e.g. in Ref. (76), and it is akin to the energy transfer
induced coherence shift (ETICS) mechanism proposed by Palecek, et al. in Ref. (30) with the
initial coherence (6,3) being of purely electronic origin. The energy transfer involved here is
from the B molecule to the anti-symmetric state P- of the SP. The third strongest Liouville
pathway (7,3) = (5,3), of Type iv), involves transfer from the coherence between P+ and P-
states to the population of the state P.. During this process the vibrational coherence in the
electronic ground state of the B molecule remains largely unaffected.

The fourth pathway (6,3) = (7,4), of Type iii), involves an unusual coherence transfer
where on both sides of the diagram the states change in an energetic uphill direction. As we work
in the eigenstate picture, and the system Hamiltonian does not contribute to coherence transfer,
the present feature results from the Lindblad form in the Condon approximation as described
above. There is no straightforward interpretation for this particular phenomenon in terms of its
contribution to the energy transfer which is minor anyway (similarly to other coherence transfer
features). Its importance in the 2D spectrum is enhanced by the fact that some of the states
involved in the Liouville pathways are strongly allowed. The Lindblad form guarantees the
positivity of the density matrix of the system, and the present contributions to coherence and
population transfer, when correctly summed up, are consistent with the density matrix positivity,
and with the canonical detailed balance which we impose on the Lindblad theory in the present
work.

It is also important to state that we describe the features of the Liouville pathways and the
states involved in them by their leading contributions. Sometimes, however, minor contributions
of other states may have decisive role in determining their characters, too. For instance, when the
state 5 is concerned, its leading character predicts transition dipole moment from the ground state
equal to zero. Only the small contributions (below 1% of the probability) of the states involving
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the B molecule give it an allowed character. It is entirely possible, that in some minor
contributions to the spectra, the processes that are actually significant, proceed between the local
states, which are not included in our characterization of the eigenstates.

Regions 1b and 2

The Liouville pathways contributing to the region 1b (SFig. 14A) are very similar to those
of the region 1a, except for different two-exciton states in the ESA. Involvement of a different
two-exciton state leads to different spectral position of the peak on the w5 axis. While in region
1a the final ultrashort excitation occurs on the B molecule, the final excitation in region 1b goes
to state 14 and corresponds to the transition from one of the SP delocalized states, to the SP
double exciton state. All relevant coherence evolutions are already presented in SFigure 13. The
leading pathway corresponds to a decay of the ground state vibrational coherence on the
molecule B (Type 1)), the other two contributions represent electronic to vibrational coherence
transfer (6,3) = (5,3) of Type ii and the coherence transfer (7,3) = (5,3) which is of Type iii).

The region 2 (SFig. 14B) shows similar character to region 1b, displaying a dominant
pathway of Type 1, as well as contributions from Types iii) and iv). The main difference is again
the final two-exciton state of the Liouville pathways. The final excitation of these pathways
occurs again on the B molecule, but involves also an additional vibrational quantum in the
excited state of B.

Regions 3 and 4

Regions 3 (SFig. 14C) and 4 (SFig. 14D) are characterized by the w; frequency
corresponding to the transition from the ground state to the state 4 of our nomenclature, and thus
correspond to the position of the elusive P+ state of the SP. The final transition of the Liouville
pathways goes into the state 13, which means that it occurs on the B molecule. Both leading
pathways ((7,4) = (5,3) and (6,4) = (5,3)) have similar magnitude and involve coherence
transfer to (5,3), which played a major role in the regions la, 1b and 2, and which corresponds
predominantly to the vibrational coherence in the ground state of the B molecule, while the
electronic state P- is excited. The starting coherence corresponds to the same vibrational
coherence on the B molecule, however, now with the P+ molecule excited. The vibrational
coherence is thus riding here on the P+ to P- energy transfer. In the second, slightly less intensive
contribution, the coherence transfer starts from (6,4), an electronic coherence between the B
molecule and the P+ state. This particular coherence transfer thus follows from both P+ to P- and
B to P- energy transfer processes. The time evolutions of these coherence processes are shown in
SFigure 15.

Region 4 starts with the state 4, just as the region 3, but finishes with the transition from P-
state to the doubly excited state 16. This transition corresponds to the excitation of the B
molecule to the vibrationally (one quantum) excited electronic excited state. The relative
amplitude of the two contributions are necessarily similar as in region 3, and the discussion of
the coherence transfer in region 3 applies to the region 4 as well.

Regions 5a, 5b and 6

With regions 5a, 5b and 6 (SFig, 16) we arrive at the excitation frequency of the B
molecule. All the pathways in these regions start with the excitation to the state 6, which
corresponds to the 0-0 transition on the B molecule. Second excitation always occurs into the
state 9, representing the vibrationally excited electronic excited state of the B molecule. The
initial coherence (9, 6) in these regions is thus always the excited state vibrational coherence on
the B molecule. One of the leading pathways in all three regions (the second strongest in 5a, and
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5b and the strongest in region 6) corresponds to the decay of this excited state coherence, which
occurs with the time constant driven by the energy transfer away from the B molecule (Type 1)
coherence). By necessity, depopulation of the excited state of B is accompanied by shifting the
vibrational coherence from its electronically excited state to its electronic ground state. This shift
is expressed in other two coherence transfer processes contributing in this spectral region,
namely coherence transfers (9,6) = (5,3) and (9,6) = (7,4) accompanying the B to P- and B to
P+ energy transfer, respectively. All the coherence transfer pathways in these regions therefore
correspond to the ETICS process (Type ii)) in which the vibrational wavepacket (coherence) in
the excited state of the B molecules is “shifted” to the ground state of the B molecule due to the
excitation transferring to the P+ or P- states. Unlike all other pathways considered here, which are
of the excited state absorption (ESA) type, the excited state vibrational coherence decay
pathways in regions 5a and 6 are of the stimulated emission (SE) type, and carry the opposite
sign (or a 180° phase shift) with respect to most other contributions. We can expect partial
cancellation of the contributions these two regions. The evolution of coherences involved in the
w, —maps in the regions 5a, 5b and 6 is presented in SFigure 17.

Vibrational Mode on Special Pair Molecules

In this section we demonstrate that placing the vibrational mode on one of the SP molecules
leads to a peak pattern, which is clearly not compatible with the experimental observations. We
present all four types of w, maps, which we can construct from our simulations, in SFigure 18.
These figures clearly show that the experimentally observed patterns change their position
between the different types of signals (rephasing vs. non-rephasing and positive vs. negative
frequencies) in the same way as the theoretical patterns obtained when the vibrational mode is
placed on the B molecule. The patterns produced in our simulations with the vibrational mode
assigned to one of the SP molecules appear largely outside the experimentally observed spectral
window, and they do not contribute to the region where we observe interesting signals. We can
therefore exclude the possibility that the experimentally observed signal originates from
vibrational modes of the special pair molecules.
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SFig. 1 (A) Rephasing Double-sided Feynman diagram for a stimulated emission signal
involving coherence transfer from the state pair |[d)(b| to a state pair |c)(a|. Straight arrows denote
actions of the laser pulse causing transitions between the ground state and the excited states
depicted in section (B). Colors correspond to the involved excited states. The last wavy arrow
corresponds to the emitted signal. (B) States involved in the Feynman diagram and the
corresponding action of the pulses. The first pulse excites the system into the state |b), while the
second interaction excites state |d). The resulting density matrix element probed by this Liouville
pathways is the coherence |d)(b|, which changes into coherence |c)(a| during the interval t,. The
third pulse stimulate the transition from state |a) to the ground state and the signal produced
corresponds to emission from state |c). (C) Cartoon 2D map showing the spectral position of the
signal described by pathways in (A) and (B).
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SFig. 2 2D Real Absorptive signal of W(M250)V BRC (A) and monomeric Bacteriochlorophyll

a in isopropanol (B) at t2 = 200 fs and 77 K. Pump and probe spectra (top and right panels,
respectively) are shown in grey with the 77 K linear absorption spectrum for BChl.
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SFig. 4 Positive and negative Fourier Transform frequency component maps of the complex
rephasing signal of the BRC. The corresponding real rephasing maps for modes 572, 742, and
905 cm! are presented in Figure 3 and for modes 189, 336, and 656 cm™ in SFigure 3. For each
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map, the diagonal (®exc = wdet) 1s indicated by a solid diagonal line and parallel dashed white
lines are offset from the diagonal by tw2 and -2m: to aid in their interpretation. BRC excitonic

energies taken from Niedringhaus, et.al.(50) are indicated by white dotted vertical and horizontal
lines.
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SFig. 5 Positive and negative Fourier Transform frequency component maps of the complex
rephasing signal of BChl in isopropanol. The corresponding real rephasing maps for modes 572,
742, and 905 cm! are presented in Fig. 3 and for modes 189, 336, and 656 cm™ in SFigure 3 For
each map, the diagonal (wexc = ®det) is indicated by a solid diagonal line and parallel dashed
white lines are offset from the diagonal by +®2 and -2m2 to aid in their interpretation.
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SFig. 6 Real and complex nonrephasing coherence maps for BRC. Maps are shown for m2 values
of 572 cm!, 741 cm™ and 905 cm™'. For each map, the diagonal (wexc = ®det) is indicated by a
solid diagonal line and parallel dashed white lines are offset from the diagonal by w2 and -2®2
to aid in their interpretation. BRC excitonic energies taken from Niedringhaus, et.al.(50) are
indicated by white dotted vertical and horizontal lines
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SFig. 7 Model of purely vibrational coherence. (Top, left) A Jablonski diagram of the displaced
harmonic oscillator with 4 states. (Top,right) The expected signal distribution in a 2D coherence
map at m2 = Q| features a characteristic “chair”-like distribution. (Bottom) All 8 possible
rephasing light-matter interactions which give rise to the coherence signals in the 2D coherence
map depicted as Double-sided Feynman diagrams(7, 34, 53, 69).
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SFig. 8 Model of mixed electronic-vibrational or vibronic coherence. (Top, left) A Jablonski
diagram of all possible electronic states including two singly-excited manifolds (blue and
orange) and one doubly-excited manifold (black, |f),|f")) for a system where the electronic energy
gap is larger than the vibrational mode Q. (Top, right) Resulting 2D coherence signal distribution
for several characteristic coherence frequencies, coded by shape(20, 27, 35).
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SFig. 9 (A)The strongest Liouville pathway of the region la of the spectrum from Figure 6. (B)
Properties and composition of the Exciton 3 as revealed by the output from the Quantarhei
package. Transition energy of the state from the ground state is depicted in the units of cm™ and
the transition dipole moment strength of the transition from the ground state is depicted in
Debyes. The table contains a list the local states (states defined on individual molecules)
participating in this eigenstate of the Hamiltonian. First column lists the indices of the local
states involved, the second column lists the squares of the exciton expansion coefficients in
terms of the local states, third column lists the exciton expansion coefficients themselves. The
last column depicts the excitations of the molecules composing the aggregate (a triple of
numbers) and of the vibrational mode (a single number) respectively, in terms of their
“occupation numbers”. The number 1 means that the corresponding molecule or vibrational
mode is excited to its first excited state level (in the case of vibrational modes, the occupation
number can be larger that 1). The meaning of the positions in the triple is given by the order in
which the molecules are added to the model aggregate in the script, and in the present SI the first
and the third positions correspond the SP molecules, while the middle position depicts the B
molecule. Thus, the first row shows that exciton 3 corresponds to the 50 % probability of the
excitation being on the local state with index 3 (as discerned from the value of 0.50 of the square
of the expansion coefficient) and this local state corresponds to the excitation of one of the SP
molecules (as discerned from the number 1 in the first position of the triple). At the same time,
the vibrational mode residing in the molecule B is not excited in the exciton state 3.
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Transition energy : 13260.99891142 1/cm
Transition dipole moment : @.8@897201 D
s - - B
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SFig. 10 Single-exciton states participating in the signals present in the theoretical w, —maps.
Left hand column - Relevant single exciton states of the model with the transition energies and
dipole moment strengths from the electronic and vibrational ground state. Right hand column —
approximate expressions for the states in the basis of local states.
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Exciton 14
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coefficients | state signatures |
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| 16 | ©.98053863 | -8.99022151 | ((1, @, 1), (1,)) |
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| 18 | 9.00117763 | 0.03431668 | ((@, 1, 1), (0,)) |
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Transition energy 1 24414.03098039 1/cm

Transition dipole moment : ©.00000000 D

| index | squares | coefficients | state signatures | _|P+> Beo)

| 18 | 0.50447998 | -8.71026754 | ((e, 1, 1), (@,)) | = —— P.

| 12 | 0.49219486 | -8.70156600 | ((1, 1, @), (2,)) | (|S 1)|93P2)
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Exciton 16

Transition energy 1 24506.92979830 1/cm

Transition dipole moment : @.00000000 D

| index | squares | coefficients | state signatures | _lp’) Bel)

| 13 | ©.50059524 | -8.70752756 | ((1, 1, @), (1,)) |

| 19 | 0.47947500 | 0.69244133 | ((0, 1, 1), (1,)) | = ——_(|SP1)|gsp)
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Exciton 18

Transition energy : 25154.06849636 1/cm

Transition dipole moment : ©.00000000 D

| index | squares | coefficients | state signatures | |P+§|Bel)
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| 16 | @.00307134 | 0.85541968 | ((1, @, 1), (1,)) |
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SFig. 11 Two-exciton states participating in the signals present in the theoretical w, —maps.
Two-exciton states consists of states involving two excitations residing simultaneously on two
different molecules of the aggregate. The tables list the transition dipole moments for the
transition from the ground state and correspondingly all listed values are equal to zero.
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SFig. 12 Leading Liouville pathways of the Region 1a of the w, —map. Four pathways, listed
from left to right and from top down, have relative amplitudes AL (listed with each pathway)
larger than 10%.
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SFig. 13 Coherence evolution corresponding to the Liouville pathway in SFigure 12 and the
corresponding Fourier transforms related to the strengths of the features in the 2D spectrum.
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SFig. 14 (A)Leading Liouville pathways of the Region 1b of the w, —map. (B) Leading
Liouville pathways of the Region 2 of the w, —map. An additional pathway with 4; = 0.29
exists with the excited state coherence (7,3) transferring to the coherence (5,3) and absorbing
into state 16 just as the other two pathways which involve the (5,3) coherence. (C) Leading
Liouville pathways of the Region 3 of the w, —map. (D) Leading Liouville pathways of the
Region 4 of the w, —map.
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SFig. 15 Coherence evolution corresponding to the Liouville pathway in SFigure 14 and the
corresponding Fourier transforms related to the strengths of the features in the 2D spectrum.
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SFig. 16 (A) Leading Liouville pathways of the Region 5a of the w, —map. (B) Leading
Liouville pathways of the Region 5b of the w, —map. (C) Leading Liouville pathways of the
Region 6 of the w, —map.
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SFig. 17 Coherence evolution corresponding to the Liouville pathway in SFigure 16 and the
corresponding Fourier transforms related to the strengths of the features in the 2D spectrum
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SFig. 18 w, —map theoretical simulation with vibrational mode placed on the SP molecule (left)
and vibrational mode place on the B molecule (middle) compared with experimental results
(right). (A) Rephasing w, —map for positive frequency at w, = 740 cm™!, (B) Rephasing
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w, —map for negative frequency at w, = 740 cm™!, (C) Non-rephasing w, —map for positive
frequency at w, = 740 cm-" (D) Non-rephasing w, —map for negative frequency at w, = 740
cm-1.

Science Advances Manuscript Template Page 63 of 70



Frequency [cm-1] File name
Movie S1 570 SI_energy_gap_scan_om=570.mov
Movie S2 740 SI_energy_gap_scan_om=740.mov
Movie S3 900 SI_energy_gap_scan_om=900.mov

STable 1: Filenames of the mov movies representing real absolute value of the positive
frequency rephasing w, maps obtained in the energy gap AE scan between the values of 470
and 780 cm!. Other parameters of the model are presented in STable 2.
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Parameter X y z
dg/|dg| 0.7782 0.5332 0.3317
dpa/ldpal -0.9649 -0.02504 | 0.2613
dpg/|dpg| 0.854 0.5051 0.1206
Ep, = Epp [cm!] 11575

Ep [em™'] 12510

Jpp [cm™'] 100

Jsp [em™] 325

w [cm™'] 740

Huang-Rhys factor 0.01

1/Kp.p [f5] 25

1/Kp_p, [15] 150

STable 2 Model parameters for simulation of the corresponds to the vibrational mode
located on the B molecule of the BRC, and results in the spectrum of Figure 5.
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Region max wexc (cm-1) | min wexc (cm-1) | max wdet (cm-1) | min odet (cm-1)
la 11,000.0 11,500.0 12,000.0 12,600.0
1b 11,000.0 11,500.0 12,600.0 12,900.0
2 11,000.0 11,500.0 12,900.0 13,500.0
3 11,500.0 12,100.0 12,000.0 12,600.0
4 11,500.0 12,100.0 12,900.0 13,500.0
Sa 12,100.0 13,000.0 12,000.0 12,600.0
5b 12,100.0 13,000.0 12,600.0 12,900.0
6 12,100.0 13,000.0 12,900.0 13,500.0

STable 3 Frequencies defining the studied regions of the w2 - maps. See Figure 5 for the
location of the regions.
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Exciton # Approximate state composition
3 |P-)1Bgo)
4 |P+)1Bgo)
5 |P_)|By1)
6 |Beo)

7 _|P+)Bgl>
9 |Be1)

13 [P_}|Bgo)

14 |2SP)|Bg1)
15 —|P;)|Beo)
16 |P-}Be1)

18 [P} Be1)

STable 4 Summary of exciton compositions (see SFig. 10 & 11 for further details).

Science Advances

Manuscript Template

Page 67 of 70




Process during ¢, Local state basis Process Type Where found
(5,3) 2 (5,3) (P-Bg1,P_Bgo) = (P-Bg1, P_Byo) i (secular) la, 1b, 2
(6,3) 2> (5.3) (Beo, P-Byo) = (P-Bgq, P-By) iii (nonsecular) la, 1b, 2
(7,3) 2 (5,3) (PyBg1,P-Bgo) = (P-Bg1, P-By) iv (nonsecular) la, 1b
(6.3)> (74) (Beo, P-Byo) = (P.By, PrByo) (ronsesular) la,2
(7.4) 2 (5,3) (PBg1, PrBgo) = (P-Bg1, P-Bgo) (nonsi;;u]ar) 3,4
(6,4) 2 (5,3) (Beo, PrBgo) = (P-Bgq, P-Byg) (nonsiei:icular) 3,4
(9,6) =2 (9,6) (Be1, Beg) = (Be1, Beo) (secLlar) Sa, 5b, 6
9.6)> (5.3) (Bex, Beo) = (P-By1, P-Byo) tonseeutay | 5% 5b:6
(9.6) > (7.4) (Ber, Beo) = (P,By1, Py Byo) (nonsgcular) 52,6

STable S Dominant coherence and coherence transfer processes observed during t2 in exciton
and local state bases. Also given are classifications of the process type and where the various
processes appear on the m2 maps.
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Movie S1.

SI_energy_gap_scan_om=570.mov

Simulated real rephasing w, —map for w, = 570 cm™!, scanning the electronic energy gap AE
through resonance.

SI _energy gap scan_om=74(0.mov

Simulated real rephasing @, —map for w, = 740 cm!, scanning the electronic energy gap AE
through resonance.

SI _energy gap scan_om=900.mov

Simulated real rephasing @, —map for w, = 900 cm!, scanning the electronic energy gap AE
through resonance.
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