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ABSTRACT: The origin and role of oscillatory features detected in High B, field perturbs
recent femtosecond spectroscopy experiments of photosynthetic vibronic resonance
complexes remain elusive. A key hypothesis underneath of these AT A S T
observations relies on electronic—vibrational resonance, where vibra- | B ] 7 '
tional levels of an acceptor chromophore match the donor—acceptor R 54 \
electronic gap, accelerating the downhill energy transfer. Here we Tl
identify and detune such vibronic resonances using a high magnetic field
that exclusively shifts molecular exciton states. We implemented ultrafast pPCB* DBV
pump—probe spectroscopy into a specialized 25 T magnetic field facility | |E
and studied the light-harvesting complex PC645 from a cryptophyte 3 I
algae where strongly coupled chromophores form molecular exciton : e
states. We detected a change in high-frequency coherent oscillations
when the field was engaged. Quantum chemical calculations coupled
with a vibronic model explain the experiment as a magnetic field-induced shift of the exciton states, which in turn affects the
electronic—vibrational resonance between pigments within the protein. Our results demonstrate the delicate sensitivity of
interpigment coherent oscillations of vibronic origin to electronic—vibrational resonance interactions in light-harvesting
complexes.
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Reports of coherent beatings in complex systems continue
to attract researchers because they suggest a mechanism
for tuning photoinduced reactions, e.g., energy transfer, where
possible implications have not previously been deeply
considered." Coherence therefore has become an engaging
s 2-18 . :
topic in recent years.” ~Theoretical studies have now
predicted that coherent oscillations observed in many ultrafast
. . . 19-23 :
experiments on light-harvesting complexes are assigned to
vibronic coherence—quantum mechanical excitation delocali-
zation that depends on the nuclear coordinates of the light-
harvesting chromophores.”*~** This means that the vibrational
motion of the chromophores involved becomes correlated by
electronic coupling; therefore, the ladders of states of the
chromophores do not independently absorb or emit energy.
Thus, in many cases, the long-lived coherent oscillations
observed in light-harvesting complexes (and charge separa-
33 . . oo
tion™) can be explained by exciton—vibration resonance.
Resonance effects are generally important for photoinduced
chemical reactivity because they have pronounced functional
consequences. For example, radiationless transitions (e.g.
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internal conversion) are dictated by the energy gap law, where
resonant-enhancement of the rate leads to its exponential
dependence on the energy gap between the initial and final
** “Flickering resonances” in bridge-mediated electron
transfer along DNA strands are predicted to bring dynamically
disordered intermediate states into electronic degeneracy,
supporting band-like electron transport during a short transient
resonance time.”> The significance of resonance enhancement
in photochemistry calls for incisive experimental methods to
measure electronic—vibrational resonances and clarify their
implication in photosynthetic energy transfer. Recent studies
employing two-dimensional electronic spectroscopy (2DES)
suggested the presence of electronic—vibrational mixed
coherences in various photosynthetic complexes.*****” How-
ever, unequivocal identification of the vibronic coupling and its
sensitivity to resonance conditions is a challenging task owing

states.
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to the complex structure of 2DES signals. A suitable
experiment should remove the resonance between the
vibrational frequency and the electronic frequency difference
between donor and acceptor chromophores and detect the
concomitant intensity and energy redistribution initially caused
by vibronic mixing. A possible way to remove the electronic
resonance could be to exploit protein mutagenesis in such a
way as to energetically shift the absorption origin of one
chromophore,-38"9 however, a less “invasive” and controllable
method is desirable.

Here we demonstrate how a strong external magnetic field
can be used to detune vibronic resonance in the light-
harvesting complex PC645 isolated from the aquatic
cryptophyte algae Chroomonas mesostigmatica (CCMP 269).
The idea of using an external magnetic field to perturb
electronic transitions relies on spin—orbit coupling. An external
magnetic field interacts with a molecule through the electronic
part of its wave function and has two primary effects on the
observed energy levels: a spin splitting of electronic levels
(Zeeman splitting) and a diamagnetic shift—an increase in
energy of both of the spin-split levels with magnetic field. In a
diamagnetic system such as PC64S5, small static magnetic fields
negligibly perturb the molecular absorption spectrum.
However, if the magnetic energy becomes comparable to the
excitonic coupling (typically at magnetic fields of several
Tesla), these fields start to affect the spatial distribution of the
orbital electronic wave functions of electrons involved in the
photoexcitation. We also assume that the nuclear motion, and
hence vibrational spectrum, of a molecule (that is not freely
rotating) will not be perturbed by the magnetic field because
the magnetic moment generated by the atomic motion is
negligible.40 Thus, a high magnetic field can act as a
noninvasive reagent for disentangling electronic—vibrational
contributions to interchromophoric interactions.

The Chroomonas PC645 light-harvesting complex comprises
four chromophore pairs (Figure la) that are responsible for
the broad absorption in the yellow—orange part of the solar
spectrum. These chromophores establish an efficient energy
funnel from the core to the periphery of the complex.*’ A
prominent pathway involved in the function of this protein is
excitation of the highest energy band, at ~17000 cm™}, of an
exciton state where the energy is coherently delocalized across
two dihydrobiliverdin (DBV) chromophores in the center of
the light-harvesting complex.”” A direct energy transfer channel
from the donor lowest excitonic state (DBV~) to the
peripheral phycocyanobilin (PCB) acceptors (Figure 1b),
absorbing below ~15500 cm™, dominates, and energy is
transferred in about 600 fs.*"**

We applied a TDDFT method**™*® (details in section 1 of
the Supporting Information (SI)), to calculate the effect of a
strong magnetic field on the excitonic coupling of the PC645
DBV dimer (Figure 1c). We performed a series of calculations
to predict the shift in the excitonic coupling at various
magnetic field intensities, ranging from 0 to 25 T (Figure S1).
The calculated electronic excitation energies of the DBV
monomer and dimer at 25 T are shown in Figure 1d and
summarized in Table 1. Our calculations of the electronic
coupling at zero field agree with previous quantum-chemical
calculations.””

The predicted spectral shifts induced on the DBV dimer by
the magnetic field, however, are too small to be detected by
steady-state absorption measurements, given the complexity
and disorder within the light-harvesting complex that
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Figure 1. (a) Pigment—protein arrangement of the PC64S light-
harvesting complex. Four chromophore pairs are identified; of
relevance to this study is the central DBV pair (green) and two
pairs of PCB chromophores (red). (b) Absorption spectrum of
PC64S at 0 T. (c) Molecular structure of the DBV dimer used for
TDDFT modeling where the chromophores have a center-to-center
separation of 15.6 A. (d) Calculated excitation energies of the DBV
monomer and dimer at a magnetic field B, = 0 (black) and 25 T
(red). These values, shown in Table 1, were used to calculate the shift
of the electronic coupling induced by the magnetic field.

Table 1. Comparison of the Calculated Electronic
Excitation Energy (E, cm™') and Electronic Coupling J of
the DBV Monomer and Dimer at B, = 0 and 25 T

E(B.=0T) (cm™) E (B, =25T) (cm™)

monomer 17780 17744
dimer 17140 17060
J 640 684
AJ ~44

contribute to the broad line shapes observed. Instead, we
exploit femtosecond broad-band pump—probe spectroscopy,
which offers excellent sensitivity to quantum state splittings
(vibrational or electronic) detected in the time domain and
conveniently brought into the frequency domain by Fourier
transformation.

We utilized the Florida Split-Helix magnet*® developed at
the National High Magnetic Field Laboratory (NHMFL)
facility for generating the high magnetic fields used in these
experiments. The Split-Helix is one of the largest magnets in
the world, specifically designed for advanced optical experi-
ments at magnetic fields up to 25 T. Our combined broad-
band pump—probe/Split-Helix system offers the unique
capability to couple strong static magnetic fields with sub-20
fs laser pulses (details of the experimental apparatus are given
in section 2 of the SI). Coherence-sensitive experiments in
such high magnetic fields are particularly challenging owing to
the sometimes weak oscillatory signals and multiple sources of
noise associated with generating such high magnetic fields (i.e.,
the temperature variation and the high water pressure needed
to cool down the magnet during the experiment), which affects
the signal-to-noise ratio of our measurements. Nevertheless, a
test experiment at 25 T on a reference dye, cresyl violet, proves
that high-sensitivity measurements are feasible. The broad-
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Figure 2. (a) Pump—probe AT/T map of PC645 measured at 25 T and corresponding region of the linear absorption. (b) Selected pump—probe
traces at DBV (16900 cm™) and PCB (15400 cm™) probe energies at 0 and 25 T. Fourier transform maps at (c) 25 and (d) 0 T.

band laser pump stimulates vibrational wavepackets that are
observed as oscillations superimposed on the pump—probe
dynamics. By Fourier transforming the residual oscillations
following subtraction of the data with a biexponential fitting
function, we retrieve the frequency response of the system. The
strongest vibrational mode of cresyl violet has a frequency of
590 cm™'*” and is unaffected by the 25 T field, supporting our
hypothesis that strong magnetic fields do not alter nuclear
motions (Figure S4).

To further validate our hypothesis, we also report a control
study on a cryptophyte algae protein subunit containing a
single PCB chromophore attached to the a-subunit, which
similarly shows no changes in the ultrafast coherent response
when the 25 T magnetic field is engaged (Figure SS). The
control experiment on the subunit (Figure S5) reveals two
intramolecular vibrations at 670 and 1630 cm™". Details on the
PC64S5 and a-subunit sample preparation are described in
section 10 of the SI.

Figure 2a shows the pump—probe differential transmission
(AT/T) map recorded for PC64S in solution at 25 T and
ambient temperature. A similar measurement at 0 T is reported
in the SI (Figure S6). The signal in both cases is dominated by
instantaneous ground-state bleaching of the optically excited
transitions of different chromophores in the protein. The
16800—17800 cm™ probe range displays a subpicosecond
decaying component, assigned to ultrafast energy transfer from
the DVB donor state to the PCB acceptor excited states.

Figure 2b shows the decay of the DBV signature (16900
cm™") and the corresponding growth of the PCB bleach signal
(15400 cm™) at both 0 and 25 T, which we assigned to
ultrafast energy transfer from the DVB donor state to the PCB
acceptor excited states. We find that, even though the vibronic
coupling effects that we detected previously using 2D
electronic spectroscopy™ are perturbed by the magnetic field
(vide infra), there is no magnetic field dependence on the DBV
to PCB energy transfer rate. These observations together
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support the theoretical study reported by Blau and co-
workers.>

We applied the same procedure described for the cresyl
violet dye to obtain the Fourier-transformed power maps at 25
and 0 T (Figure 2c,d). The clear pattern of coherences
spanning from 200 to 1700 cm™, centered predominantly at
the PCB region of the probe spectrum, is preserved when the
magnetic field is engaged. In order to analyze the coherent
signals at zero field and 25 T, we integrated the power maps in
Figure 2¢,d over all probe wavelengths. The results are
reported in Figure 3, where the 0 and 25 T power spectra
measured at the NHMFL (blue and red curves, respectively)
are displaced together with a reference spectrum (labeled as

1 i 1 i 1
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Figure 3. Integrated Fourier power spectra of PC645 at 25 and 0 T
(red and blue curves, respectively) obtained at the NHMFL and
compared with the integrated Fourier power spectrum from a
reference experiment at 0 T performed on the PC645 complex under
the same experimental conditions at Princeton University laboratories.
The shaded regions show signatures of the Fourier spectra, which we
focus on in this work, specifically, the lack of modulation of the 670
cm™" vibrational mode, as well as the marked changes in the high-
frequency region between 1500 and 1700 cm™.
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Figure 4. (a) Energy level schemes of the vibronically coupled DBV/PCB chromophores. Solid black lines represent electronic states, while the
dotted green lines re})resent the vibrational states of the PCB; vibronic states are labeled as *. J; is the electronic coupling between the two DBV

]PCB DBV .

excitonic states;

is the electronic coupling between the DBV and the PCB chromophore, and it weakly depends on the magnetic field. (b)

Simulated amplitudes of bands associated with the two oscillations v,* and v,* at 0, 20, and 25 T, obtained from summation of the amplitudes
associated with all Feynman pathways contributing to each coherence™ (details are discussed in section 11 in the SI). (c) Expansion of measured
integrated Fourier power spectra (gray shadows) in the high-frequency spectral region at 0, 20, and 25 T. Solid lines are obtained by fitting the

filtered oscillations with the sum of two damped cosines.

“ref.”, black curve in Figure 3) obtained from a similar pump—
probe experiment on PC64S in a standard ultrafast laboratory.

At 0 T, strong coherent oscillations in the 200—350 cm™
region as well as distinct frequencies at around 490, 670,
850,1580, and 1640 cm ™' are evident. While there are some
clear differences in the 0 T experiment on PC645 at the
NHMFL and the reference measurement, particularly at 800
and 1000 cm™" and in the low-frequency region, we exclude
changes in these frequency regions on the basis of setup-to-
setup reproducibility and instead focus on the power spectrum
signatures that reproduce well the reference experiment,
namely, those at 670 cm™' and between 1500 and 1700
cm™!. At these oscillation frequencies, the 0 T experiment on
PC645 at the NHMFL matches very well the reference
measurement (blue and black curves in Figure 4), confirming
that the sensitivity at the NHMFL facility is adequate. The 25
T data (red curve in Figure 4) are largely consistent with the
zero-fleld experiments; as expected, the spectral positions of
some of the largest peaks in the power spectrum are primarily
unperturbed by the applied field, i.e,, the position of the 670
cm ™! peak is preserved. However, a striking and reproducible
change in the Fourier spectra intensity at around 1580—1600
cm™! is detected. Specifically, the amplitudes and locations of
the 1580 and 1640 cm™" bands are somewhat sensitive to the
magnetic field. Interestingly, the 1580 cm™ frequency,
previously assigned to a C=N stretching mode of the PCB
chromophore,” ~** appears only as a small shoulder in the a-
subunit data (Figure S4).

We rationalize the amplitude difference of the 1580 cm™
oscillation in the protein as a consequence of an amplification
mechanism that becomes active when the chromophores
interact closely due to their spatial arrangement in the protein
scaffold. This hypothesis has been recently described on the
basis of 2DES studies on the PC645 complex.”” It was
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proposed that the vibrational coherence experiences a coherent
amplification through vibronic coupling between the energeti-
cally remote DBV and PCB chromophores, caused by
resonance of the intramolecular PCB vibration with the
electronic energy gap between the lower excitonic DVB™ state
and the excited PCB state.”” The response of these oscillations
to the magnetic field suggests that the shift of the excitonic
DBV~ band could be affecting those coherences via changes in
vibronic coupling to PCB.

We use a simple vibronic coupling model, like that used
previously to analyze 2D electronic spectra recorded for
PC645," to qualitatively predict how the coherence
amplitudes of vibrations of the PCB chromophores are
perturbed by mixing with the electronic DBV~ state (for
details, see section 7 in the SI). In our model (Figure 4a), we
consider the DBV~ exciton state, the PCB excited state, and
two local PCB vibrations, at v, = 1560 cm™ and v, = 1640
cm™. We do not include the DBV vibrations in the model as
those vibrationally excited states are not close enough in
energy to the PCB acceptor vibrational ground state for
appreciable Franck—Condon overlap.

The coupling between these quasi-resonant DBV excitons
and PCB vibrationally excited S, leads to two vibronic
eigenstates (v,* and 2,*) in the relevant energy window.
The degree of vibronic mixing depends on (i) the detuning
between the vibrational frequency and the electronic energy
gap AE (fixed at 1560 cm™ in resonance with 1), (ii) the
Huang—Rhys factor of the vibrational modes (S = 0.08), and
(iii) the electronic coupling between the DBV exciton state
and PCB (Jpcp/ppy = 44 cm™' at 0 T and 48 cm ™" at 25 T, as
calculated in section 6 in the SI).

In order to compare our experimental trend with simulations
based on our hypothesized model, Figure 4b (vide infra), we fit
the frequency-domain-filtered oscillations, recorded at the
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various magnetic field strengths, in the time domain with a sum
of two damped cosines. The fitting results are summarized in
Table S2 in the SI. The relative amplitudes of the 1580 versus
1640 cm™ oscillations are clearly magnetically field-dependent,
Figure 4c.

At zero field, we found that vibronic mixing of the DBV~
with the two PCBs yields states with strong intensity at 1580
cm™! and a less intense band at 1645 cm™' (black bars in
Figure 4b). When we simulated the effect of the 25 T field
tuning the excitonic DBV~ state away from resonance
(changing J; by ~44 cm™), we found a significant change in
the lower vibronic eigenstate. Both vibronic bands undergo a
small red shift (by ~10 cm™, red bars in Figure 4b), and the
intensity of the 1580 cm™' band measured at 0 T is strongly
decreased at 25 T. The amplitude of the 1640 cm™" is much
less sensitive to the excitonic detuning because of the larger
energy detuning AE compared to the vibrational frequency v,,
although its slight red shift is captured well by our model. This
interpretation is supported by the pump—probe data recorded
at an intermediate magnetic field of 20 T (Figure S6) and
further highlights the favorable resonance conditions of the
1580 cm™' vibrational mode at ambient conditions. Our
calculations are in reasonable agreement with the trend evident
in experimental results reported in Figure 4c, which shows an
expanded view of the experimental power spectra described in
Figure 4 for 0 and 25 T, together with the results at 20 T.

We have found that a very strong magnetic field can perturb
the excitonic electronic—vibrational resonances of electroni-
cally coupled chromophores in diamagnetic systems. For the
first time, we have combined an intense static high magnetic
field with ultrafast broad-band spectroscopy to inspect vibronic
coherences in a photosynthetic complex. We find that the
vibronic tuning markedly affects the amplitude of the 1580
cm™" band. We found that detuning at high field strengths of
this vibronic resonance does not affect the energy transfer rate,
as shown in Figure S8. That is, even though the vibronic
coupling effects that we detected previously using 2D
electronic spectroscopy™ are perturbed by the magnetic field
(vide infra), there is no magnetic field dependence on the DBV
to PCB energy transfer rate. These observations together
support the theoretical study reported by Blau and co-
workers’ that find that the spectral line broadening of PC645
is too large relative to the electronic couplings for the vibronic
coupling to affect the energy transfer rate. Nevertheless, this
unique magnetic field effect helps reveal the complex network
of couplings responsible for not only driving energy transfer
among pigments within the protein but also tuning the
observed frequencies and intensities of coherences in the
experiment. These are built first from excitonic coupling of the
DBV donor pair, which subsequently affects the downstream
vibronic coupling with the PCB acceptors.

Our work reveals the sensitivity of vibronic coupling to
electronic—vibrational resonance as the field shifts the
electronic donor state relative to the acceptor vibrational
states. This result indicates that controlled chromophore—
chromophore interactions for light harvesting may involve a
surprisingly precise balance of energy gaps. This approach may
contribute to framing the mechanisms of vibronically assisted
photoinduced dynamics and use them to illuminate design
principles for directed light harvesting.
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