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ABSTRACT: We present a nonlinear spectroelectrochemical technique to PSI-LHCI <

investigate photosynthetic protein complexes. The PEC2DES setup combines A
photoelectrochemical detection (PEC) that selectively probes the protein g
photogenerated charges output with two-dimensional electronic spectroscopy Eg *
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charge separation (CS) from other de-excitation pathways, whereas 2DES — TS0 080 2

—10 = Y 600
allows us to disentangle congested spectral bands and evaluate the exciton £3 HE g oo €
dynamics (decays and coherences) of the photosystem complex. We have 5Zos FE ar 02
developed in operando phase-modulated 2DES by measuring the photo- £3 £ e 720
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plant photosystem complex I-light harvesting complex I (PSI-LHCI) layer. N Absorptive PEC2DES map

Optimizing the photoelectrochemical current signal yields reliable linear spectra

unequivocally associated with PSI-LHCI. The 2DES signal is validated by nonlinear features like the characteristic vibrational
coherence at 750 cm™!. However, no energy transfer dynamics is observed within the 450 fs experimental window. These intriguing
results are discussed in the context of incoherent mixing resulting in reduced nonlinear contrast for multichromophoric complexes,
such as the 160 chlorophyll PSI. The presented PEC2DES method identifies generated charges unlike purely optical 2DES and
opens the way to probe the CS channel in multichromophoric complexes.

KEYWORDS: protein electronic spectroscopy, photosynthetic electron transport chain, chlorophyll, photoelectrochemical sensor,
redox mediator, incoherent mixing

B INTRODUCTION optical spectroscopy methods have been developed, like
Raman™’® including surface- and tip-enhanced, transient
absorption,® X-ray,” FTIR,” and confocal fluorescence.®”"’
Each spectroelectrochemical technique poses specific chal-
lenges and offers unique advantages to study reactions in static
and dynamic conditions (in situ and operando, respec-
tively)."' ="

Understanding the subtle details that regulate natural
photosynthesis has allowed developing artificial>'® and de
novo designed proteins.'” The spectral absorption of photo-
synthetic complexes has been engineered by introducing
synthetic dyes'®'? or assembling chimeras of photosynthetic
and light-harvesting complexes from different organisms.”’

Photosynthesis is the process that underlies the transformation
of photonic to chemical energy in subsequent steps of time
scales spanning 10 orders of magnitude. The first step is
photon absorption followed by excitation energy transfer
(EET) in the femto/picosecond time scale. Excitons migrate to
the reaction center (RC), where charge separation (CS) occurs
in picoseconds.' Electrons are then transferred to opposite
sides of the membrane embedding the RC in a series of
electron transfer (ET) steps that last from tenths of
picoseconds to hundreds of nanoseconds” and foster the
photosynthetic electron transport chain that supports chemical
synthesis at the scale of seconds.

To study photosystem complexes, it is crucial to combine
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multiple techniques are applied simultaneously such that
chemical, electronic, or optical signatures are detected at the
same time. For example, combinations of electrochemical and
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Figure 1. Photoelectrochemical current response of Au-pIQA-cys-PSI-LHCI electrodes. (a) Experimental setup for photoelectrochemical current
detected 2DES. Pulse generation and shaping performed by pump laser, NOPA, and acousto-optic modulator (Dazzler) are shown on the left.
Four-pulse excitation scheme with phases ®,_, and relative pulse delay t,_; is shown in the red inset. Photoelectrochemical current-detection
system is depicted on the right side including the potentiostat scheme (CF: current follower, VF: voltage follower, and CA: current amplifier) and
sample miniaturized screen-printed electrode (CE: counter electrode, SE: sample electrode, and RE: reference electrode). (b) Cartoon
representation of transparent Au electrode functionalized with pIQA-cys peptide linker orienting PSI-LHCI complexes that expose the P700
luminal side to the electrolyte. (c) Photochrono-amperometry of Au electrodes (at —S0 mV w.r.t. to silver pseudoreference electrode) incubated
with pIQAcys and PSI (purple trace, maximal photoresponse) and functionalized with mercaptohexanol (MHO) and PSI (brown trace, lower
photoresponse) and pIQAcys alone (black trace, no photoresponse). Electrolyte solution contains PBS S0 mM pH 7.4, MV 200 mM, and osbipy
20 uM. The red shaded area represents an irradiation pulse of 125 us with a power of 35.7 mW-cm™ and a wavelength centered at 690 nm. Traces
represent the average of eight consecutive pulses. (d) Photoelectrochemical current transient amplitude for Au-pIQA-cys-PSI-LHCI with MV (200
mM), osbipy (20 M), and MV + osbipy. (e) Photoelectrochemical current transient amplitude versus osbipy concentration and time evolution of
transient photoelectrochemical current amplitude under constant pulsed irradiation. Error bars in panels d and e represent the standard error for n
= 3 independent experiments. (f) AFM characterization of PSI-pIQA-cys-Au films attached to Au electrodes. Scan size of 500 X 500 nm and a
vertical axis color scale were set to 10 nm amplitude. The height profile corresponds to the white line in the scan. Scan image threshold results in an
approximate surface coverage of ~75%.

natural and artificial systems, higher absorption results in
higher overall efficiency only if excitons can be trapped by the
reaction center and CS takes place. To decipher photo-
synthetic complexes and engineer novel photosynthetic
strategies, it is thus key to probe the EET pathways leading
to CS. Thus, we aimed to isolate and detect only the nonlinear
spectroscopy features associated with CS excitons. To do so,
we optimized a photoelectrochemical (PEC) current detection
method to perform spectroscopic measurements of photo-
system complexes.

The multichromophoric structure of photosystem complexes
and the ultrafast absorption, EET, and CS rates>"*? pose

43452

challenges to track photosynthetic exciton dynamics in time,
space, and energy and to interpret the experimental results,
which often requires computational chemistry calculations. In
this sense, the advent of two-dimensional electronic spectros-
copy (2DES) helped to disentangle congested spectral bands
by spreading out nonlinear optical signals in excitation—
detection maps. Indeed, 2DES provides a detailed picture of
homogeneous and inhomogeneous broadenings, spectral
diffusion, energy transfer, correlations between excited states,
and vibrational and electronic coherences, thus encompassing
the entire excited-state dynamics.”” Yet, even 2DES dynamics
of photosynthetic systems can be inconclusive and con-
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Figure 2. (a) Top: Photoelectrochemical current readout from the potentiostat (first S ms magnified) with periodic modulation of the phase
performed at fixed delay times between pulses. Bottom: Fourier transform revealing linear, rephasing, and nonrephasing signals at different
modulation frequency combinations. (c) Linear signal extracted from the first pulse pair as a function of delay time t, and averaged over the other
times, acquired in the rotating frame (RF). (d) Comparison of the Fourier transform of the signal (purple, shifted by RF) with the absorption
spectrum of the PSI (light blue) and the laser spectrum used for the experiment (green shaded area). (b, ) Time reconstruction of rephasing and
nonrephasing signal into t;—t; maps (shown at t, = 100 fs). Their Fourier transforms produce the ®,—w®; maps (f, g) used for data interpretation.

The sum of these maps leads to the absorptive map (h).

troversial’* and thus requiring novel function-oriented
spectroscopical methods.

To develop photoelectrochemical two-dimensional elec-
tronic spectroscopy (PEC2DES), we have optimized the
photoelectrochemical current amplitude and kinetics of a
photosystem protein complex tethered to an electrode under
potentiostatic control. This “action” spectroscopy technique
probes the CS functionality of photosynthetic complexes and
the distinct ET processes leading to CS. To validate this
method, we have employed plant photosystem complex I-light
harvesting complex I (PSI-LHCI) as model system. In PSI-
LHCI, light harvesting by the antenna chlorophylls is used to
drive the CS in the RC.

The final observable in conventional fully noncollinear 2DES
experiment is the nonlinear optical polarization,zs_27
coherent electric field generated by the sample interacting with
a sequence of exciting laser pulses. Instead, collinear
2DES** ! readout does not rely on electric field detection
but on any observable proportional to the excited-state
population after interaction with the excitation pulses. For
example, if the system is luminescent, fluorescence is a
convenient readout that allows quantifying the excited-state
population within ultrafast spectroscopy.”” >’ However,

ie, a

despite its reported advantages to study photosynthesis,

fluorescence relaxation is a loss channel; ie, it does not

directly probe the productive pathway leading to CS and

chemical synthesis. By definition, CS is a nonradiative decay

channel, and excitons reaching the RC and undergoing CS do

not generate any fluorescence signal. CS initiates a series of ET

processes from the chlorophyll special pair (P700) to the

terminal electron donor, the iron sulfur cluster (Fy) at the
stromal side of the membrane. The PSI-LHCI redox cofactors
P700" and Fy™ are then reduced and oxidized by soluble redox
protein partners plastocyanin and ferredoxin, respectively,
thereby coupling PSI-LHCI to the photosynthetic electron
transport chain. Thus, we reasoned that draining charges from

PSI-LHCI redox cofactors would yield an electrochemical

current that could be exploited as a 2DES readout in vitro. In

our experimental approach, the photoelectrochemical current

directly measures the outcome of PSI-LHCI light harvesting,

i.e., electrical charges mobilized in the photosynthetic electron

transport chain. Using the higher plant Arabidopsis thaliana
PSI-LHCI, we recorded for the first time PEC2DES in
photosynthetic complexes.
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B EXPERIMENTAL METHODS

Photoelectrochemical Current Readout of PSI-LHCI Sam-
ples. In optical measurements of isolated PSI-LHCI complexes,
exogenous electron donors were introduced to boost ET kinetics of
the photo-oxidized state (Fz/P700%) and closed state (Fy~/P700)
toward the open state (Fy/P700), thus allowing the RC to separate
new charge pairs upon successive excitations and preventing P700*
from quenching excitation.®® The fraction of closed RC thus
depended on the reducing agent concentration and the number of
absorbed photons by each PSI-LHCI. For instance, Wientjes and
Croce report a lifetime of ~30 ms for P700* and an RC closed state
fraction of 78% in the presence of 10 mM NaAsc and 10 yuM PMS for
a light intensity of 531 yE-m™*s~" (estimated fluence 128 photons-s™"
per PSI).*” Despite the 78% population of the closed state, the
authors conclude that the trapping efficiency and lifetime are
marginally affected by the P700/Fy oxidation state due to the
effective quenching of excitations by P700**° In contrast, in the
photoelectrochemical readout, the signal is proportional to PSI-LHCI
photogenerated charges; therefore, P700* and Fy~ must be reduced
and oxidized, respectively, to the open state (Fz/P700) before the
next 4photoexcitation pulse to preserve the photoelectrochemical
yield.”’ Efficient ET with the charge exchange cofactors is thus a
requisite to restore P700% and Fp~ back to the open state at a higher
rate than that for excitation pulse-train repetition. In the same way,
increasing the reduction and oxidation rates of P700" and Fy~ back to
the open state at a higher rate than that for excitation pulse-train
repetition. In the same way, boosting the ET of P700" and F;™ rates
with the electrode via exogenous mediators, fosters the photo-
electrochemical current signal amplitude that is desirable to attain a
signal-to-noise ratio sensitive to nonlinear effects.

To maximize photoelectrochemical current output, soluble redox
mediators that can exchange charge with P700" and Fz~ were
employed. For the electron acceptor (hole donor) side of PSI, we
used osmium bis-2,2-bipyridine chloride (osbipy) to take advantage
of the lower formal potential (higher energy) of osbipy compared to
P700*. Osbipy has been previously used as redox mediator for PSI-
based biohybrid electrodes cross-linked to redox polymers*' ~** or
diluted into electrolyte.** Regarding the PSI electron donor side, we
chose methyl viologen (MV) as electron acceptor of the high energy
electrons of Fg~. MV is a redox active heterocyclic molecule used as
herbicide due to its ability to oxidize F3~ and donate electrons to O,,
thus disrupting the photosynthetic electron transport chain and
facilitating the formation of reactive oxygen species (ROS).***¢ In an
electrochemical cell, however, electrodes readily oxidize the MV*™
radical formed upon Fg~ oxidation, thus enhancing ET rates and
limiting the formation of ROS.*” Simultaneous reduction of osbipy
and oxidation of MV in the sample electrode result in partially
canceling currents, but because the oxidation and reduction rates of
the mediators are not exactly equal, they give rise to a transient
photoelectrochemical current.*** Although this configuration leads
to low stationary currents, we took advantage of submillisecond
electrochemical transient responses to perform spectroscopic record-
ings at kHz laser repetition rates.

The photoelectrochemical current was recorded under potentio-
static control (Metrohm Autolab) making use of Au transparent
screen-printed electrodes (Metrohm Dropsens) (Figure 1a) harbored
in a customized electrochemical cell adapted for spectroscopic
experiments (Figure SI-F3). Purified PSI-LHCI complexes (see
Supporting Information SI1) were functionalized using pIQAcys
linker peptide®® exposing the P700 luminal side to the electrolyte
(Figure 1b and Supporting Information SI2). PSI-LHCI functional-
ization, orientation, working electrochemical window, and scanning
probe characterization were reported in a previous work.”" Briefly, we
applied a constant potential of —S50 mV to trade off high
photocurrents while preserving the stability of the sample over the
hours of PEC2DES recordings.

Phase Modulation and 2DES Parameters. For effective and
rapid photoelectrochemical current-detected 2DES, we exploited our
recently developed pulse-by-pulse shaping with collinear laser setup.’"

Briefly, a 3 kHz amplified Ti/sapphire laser (Coherent Libra)
generates a continuous pulse train centered at 800 nm, which is
converted and broadened (green area in Figure 2d) through a
commercial but home-modified NOPA (Light Conversion TOPAS
White). A prism compressor was used to roughly precompensate the
phase dispersion, and finally, an acousto-optical pulse shaper
(Dazzler) finely adjusted the phase for reaching transform-limited
pulse (~10 fs, see Figure SI-F4) and generated four-pulse replicas
with control on their mutual time delay and phase (Supporting
Information SIS). The time delays between the first and second pair
of pulses (t; and t;) set the excitation and detection frequencies
(w,and w,), respectively (Figure 1a), whereas the population time t,
fixes the time interval between excitation and detection pairs. In this
so-called “action” 2DES, phases of individual pulses (®,_,) were
modulated in time and used to separate the different components of
the spectroscopic response of the system. In particular, rephasing and
nonrephasing responses fell into distinct peaks in the frequency
domain (Figure 2a, bottom).”® Additional technical details of the
experiment are presented in Supporting Information SI4 and SIS.

B RESULTS AND DISCUSSION

Photoelectrochemical and AFM Characterization of
Au-plQAcys-PSI-LHCI Samples. Prior to the integration of
electrochemical and 2DES setups (Figure la), the photo-
electrochemical current transient signal of Au-pIQAcys-PSI-
LHCI samples was characterized with LED pulses. An example
of a photoelectrochemical current trace upon illumination with
125 ps pulses is shown in Figure 1lc (purple trace).
Photoelectrochemical current responses are lower if PSI-
LHCI is incubated on a mercaptohexanol self-assembled
monolayer (Figure lc, brown trace). Control experiments in
the absence of PSI-LHCI (Figure lc, black trace) and heat-
denatured PSI-LHCI samples (1 h at 60 °C) exhibit negligible
photoelectrochemical current. In addition, the linear compo-
nent of PEC2DES (vide infra), that is, the electrochemical
current linear spectrum shown in Figure 2d, overlaps with the
PSI-LHCI absorption peak, supporting that the photo-
electrochemical current is due to PSI-LHCI photocatalytic
activity.

The addition of 20 yM osbipy mediator to the working
buffer (phosphate buffer saline (PBS), S0 mM, pH 7.4) was
sufficient to observe transient photoelectrochemical currents
upon pulsed illumination with a 28 + 4 pA-cm™ amplitude
(Figure 1d). On the other hand, the buffer solution containing
MV exclusively (200 mM) exhibits a 4-fold lower photo-
electrochemical current amplitude of 7 + 1 yA-cm™. In the
presence of both mediators, the photoelectrochemical current
amplitude rises to 67 + 1 yA-cm™* (Figure 1c,d), exhibiting a
time decay constant of 0.27 + 0.02 ms. To optimize the osbipy
concentration, the photoelectrochemical current amplitude
was evaluated with an excess (200 mM) of MV for increasing
osbipy concentration (Figure le) and we observed saturating
photoresponses above 20 yM osbipy. Sample stability was
evaluated by measuring the photoelectrochemical current
under pulsed illumination for several hours. Figure le shows
that sample stability allows measuring several 2DES maps
without significant sample degradation (i.e., photoelectrochem-
ical current reduction).

AFM scans of Au-pIQA-cys-PSI-LHCI electrodes (Figure 1f
and Supporting Information SI3) reveal a submonolayer
deposition with ~5 nm height, consistent with PSI crystallo-
graphic size and previously regorted heights of PSI samples
absorbed on gold electrodes.”” Scans reveal an approximate
surface coverage of ~75% that corresponds approximately to
1.7 X 10" PSI-LHCI complexes on the surface of the
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Figure 3. (a) Schematic illustration of 2DES data. The nonlinear signal along t, is a sum of different decaying or oscillating contributions. (b)
Signal decay trace along t, extracted at the peak’s maximum, @, = @; = 14,750 cm™" (scatter), and its global fit (blue line). After the initial ultrafast
decay, the signal evolution is flat. The lack of signal evolution is confirmed at every coordinate by the 2D-DAS from the global fitting with a
characteristic time much longer than the experimental range. (c) An analysis of the residuals of the global fitting shows the presence of structured
oscillations in the signal. The FFT (green) and linear predictor Z-transforms>’ (LPZ, red) applied to the residuals of the global fitting highlight the
presence of an oscillation at 750 cm™". The same frequency component appears in the resonant (blue) Raman spectrum, whereas it is less evident
in the nonresonant (pink) one (633 and 514 nm laser excitation, respectively) of chlorophyll a in ethanol, suggesting that this component comes
from vibrational coherences of the molecule. The 750 cm™ component is also retrieved from the global fitting with oscillating functions, returning a
2D-CAS map (right) with an intensity distribution like the one in the 2D-DAS.

electrode. Neglecting recombination and partially canceling
currents from the redox mediators, the electrode current is
associated with the number of photogenerated charges, and we
can estimate a lower bound of the fraction of PSI-LHCI
complexes that yield photocurrent.’® The total charge is
computed by integrating the photoelectrochemical current
signal over a single pulse, revealing that ~40% of PSI-LHCI
complexes provide a charge pair at every pulse.

PEC2DES Results. The amplitude of the photoelectro-
chemical current signal upon illumination with laser phase-
modulated four-pulse trains is shown in Figure 2a (top).
Linear, rephasing, and nonrephasing peaks in the frequency
domain are shaded in yellow, red, and blue, respectively
(Figure 2a, bottom). The linear (Figure 2c) and nonlinear
signals (Figure 2b,e) can then be reconstructed as a function of
the delays t,—t; between pulses. By Fourier transforming the
delays, we then obtain the linear (Figure 2d) and 2DES spectra
(Figure 2f,g), that is, the response maps of the sample excited
at frequency @, and detected at frequency w;.

The linear spectrum obtained with this method overlaps
with the optical absorption spectrum of PSI (Figure 2d), thus
validating our approach. The absorptive 2D map (Figure 2h)
obtained by summing the rephasing and nonrephasing signals
shows a single broad peak centered at 14,750 cm™" (678 nm),
which corresponds to the main absorption transition of the
PSL

Global Analysis of PEC2DES Data. 2DES spectra are
recorded for increasing excitation—detection delays (t,),
allowing tracking of the excited-state populations dynamics.
The analysis of the signal evolution as a function of the
population time t, has been performed using a complex
multiexponential global analysis® to identify the main
temporal components. The amplitudes associated with real
(decays) and complex (oscillations) exponential functions that
globally fit the data are retrieved to generate decay-associated
spectra (2D-DAS) and coherence-associated spectra (2D-
CAS) maps respectively (Figure 3). These maps depict the
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amplitude distribution of every temporal component on the
excitation—detection axis, which is particularly convenient to
ease the visualization of the response evolution.

The global fit, using only real exponentials, returns two 2D-
DAS components with time constants of 10 and >>450 fs. The
fastest 2D-DAS component is generated by the pulse overlap
around t, = 0, which gives rise to a spurious signal’” and is not
considered for the analysis. Instead, the second 2D-DAS,
shown in Figure 3b (right), associated with >450 fs
component captures dynamic processes evolving in a time
scale longer than the investigated time window. The signal
distribution in the 2D-DAS of Figure 3b is similar to any map
along t,, indicating that during the first 450 fs, the 2DES maps
do not significantly change shape or intensity. An example of
the signal evolution along ¢, is displayed in Figure 3b (left),
with the signal extracted at the peak’s maximum.

Applying Fourier transform to the residuals of the fittings
along t,, it reveals a prominent peak with a frequency around
750 cm ™" (Figure 3c, left), suggesting the presence of coherent
behavior. To verify the effective significance of this beating, we
performed again the global fit procedure, also including an
oscillating component. The same frequency component is
retrieved. The amplitude distribution associated with this
coherence component is represented in 2D-CAS depicted in
Figure 3c (right). The 2D-CAS shows that this beating
component contributes mainly at coordinates close to the peak
maximum although slightly red-shifted.

Interestingly, this beating component does not show the
typical off-diagonal pattern expected for vibrational coher-
ences.”* However, we noted the overlap of a 750 cm™' mode
between the FFT or LPZ spectral analysis’> on residuals
(picked at @; = w5 = 14,500 cm™' =~ 690 nm) with resonant
Raman spectra (Figure 3c, left) of chlorophyll a (the main
chromophore in PSI-LHCI complex). The resonant condition
of Raman reveals an enhancement of Raman scattering at 750
cm™!, suggesting the coupling of a vibrational mode with such
energy to the optical transition. It is thus likely that the
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Figure 4. Diagram showing the possible causes for the lack of dynamics in PEC2DES, including differences in excitation scheme (a) on the left side
and electrochemical detection (b) on the right side of the panel. (a) Four-pulse excitation. Feynman pathways describing four-pulse excitation are
excited-state absorption ESA I (red), ESA II (blue), stimulated emission SE (magenta), and ground-state bleaching GSB (aquamarine). Even if
ESA II would generate two excitons in the same protein after the four-pulse interaction, annihilations or limited CS will reduce the detection to one
charge, as much as ESA I. Having opposite signs, the two ESA contributions cancel out, and the nonlinear signal will be given only by SE and GSB
pathways. The SE signal is associated with chlorophylls that are excited by both the first pulse pair (black) and second pulse pair (magenta),
whereas the GSB signal is associated with non-previously excited chlorophylls (aquamarine). The GSB signal decays in the millisecond time scale,
in an experimental window (zoom for ~5S00 fs) where only coherences are expected from GSB contribution. (b) Electrochemical detection. CS
might take place in outer chlorophylls other than P700 transferring charge to MV resulting in ultrafast dynamics of single or few chlorophylls
instead of the PSI-LHCI complex. Recombination of charges in the electrochemical solution before the detection and signal cancellation in the

electrode could give rise to the so-called “incoherent mixing” where part of the linear signal leaks into the nonlinear signal.

oscillation detected in the 2DES is the same nuclear mode
enhanced in resonant Raman.”>*°

Incoherent Mixing and the Absence of Population
Dynamics. The overlap between the photoelectrochemical
current-detected linear spectrum and the absorption spectrum
(Figure 2d) demonstrates that the detected electrons are
photogenerated by the PSI-LHCI complexes. Moreover, the
oscillation found in the PEC2DES maps along f, is an
ubiquitous feature of time-resolved spectra of chlorophyll g,
and in addition to our resonant Raman spectra, it was found in
2DES experiments of the PSII reaction center’” and free-
chlorophyll samples.’*~>” These observations suggest that the
photoelectrochemical current-detected 2DES is sensitive to
both linear and nonlinear spectroscopic features of PSI-LHCI
and provides experimental access to an observable that was not
available previously.

Remarkably, the PEC2DES results do not exhibit either
population dynamics or spectral diffusion within our
experimental time range as the evolution of the PEC2DES
maps is essentially flat. This behavior contrasts with the
subpicosecond kinetics obtained from the previously reported
nonlinear optical response of 6plant PSI-LHCI obtained with a
conventional optical readout.””"®* Indeed, the global analysis
of optically detected 2DES results revealed a ~ 250 fs
component associated with excited-state equilibration and
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transfer to the bulk chlorophylls® in PSI-LHCI extracted from
spinach leaves, whereas Akthar et al. reported an exciton
relaxation time in the core antenna of 500 fs.°" Similar 2DES
experiments in algae®® and cyanobacteria® reveal subpico-
second exciton equilibration and trapping kinetics ranging
from 1 to 20 ps.

In light of these previous results, the absence of ultrafast
dynamics in our photocurrent measurements might appear
surprising. However, the distinct methods of excitation and
detection in PEC2DES compared to standard 2DES can
explain why oscillations, but not population dynamics or
spectral diffusion, are observed in the former. In particular, the
differences between four-pulse and three-pulse excitation and
photoelectrochemical current with respect to optical detection
are discussed below and illustrated in Figure 4.

Optically detected 2DES and action-detected 2DES probe
the third-order polarization and the fourth-order excited-state
population induced by the laser pulses, respectively.”**> In
both techniques, the signal can be rationalized using Feynman
diagrams, representing the pathways followed by the system
upon light—matter interaction.’ These pathways can be
distinguished into ground-state bleaching (GSB), stimulated
emission (SE), and excited-state absorption (ESA), as depicted
in Figure 4a. In action detection, two kinds of ESA pathways
are possible: ESAI ending in a one-exciton population, i.e., one
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molecule excited, and ESAII endip§ in a two-exciton
population, i.e., two molecules excited.”>°”~”" Having opposite
signs, the two kinds of ESA pathways can interfere
destructively in the spectrum, eventually leading to the partial
or complete cancellation of the associated spectral features.

According to the nonlinear response theory, the amplitude
of fourth-order pathways scales with the fourth power of the
transition dipole moment and is additionally weighted by the
quantum yield (QY) of the final excited-state g)opulation, ie,
the number of CS events it can lead t0.°”°*”® The extent of
ESA cancellation strictly depends on the relative quantum yield
(QY) between two- and one-exciton states.””®” In an ideal
scenario, the QY of two-exciton states would be twice that of
one-exciton states, meaning that every exciton will lead to a CS
event. In this case, action-detected 2DES gives results
analogous to those of the optically detected technique.
However, in realistic situations, the presence of alternative
pathways other than CS involving two-exciton states can
reduce their QY, and the ESA contribution begins to cancel
out. In the limiting case of one- and two-exciton states having
the same QY, ESA pathways completely cancel out in the
spectra, and the nonlinear signal simply reduces to the sum of
GSB and SE pathways.

In the case of the PSI-LHCI complex, we identified two
different mechanisms that reduce the QY of two-exciton states.
The first is the exciton—exciton annihilation (EEA), which is a
known process affecting the signal in action-detected
2DES.%>°7%8 In EEA, the interaction between excitons located
on different chromophores results in the net loss of an exciton
upon encounter. The second is the limited number of CS
events at the RC.”” When the RC is occupied by an exciton, it
switches from an open state to a closed state, preventing the
trapping of another exciton.

In photosystem complexes, diffusion-limited EEA can
compete with exciton trapping at the RC occurring on the
same picosecond time scale.”' Because of its power depend-
ence, EEA can be mitigated using lower laser fluences.
Nevertheless, the generation of a two-exciton state population
is intrinsic to the fourth-order light—matter interaction.
Therefore, it is difficult to completely avoid EEA in action-
detected 2DES. However, we expect that the main mechanism
affecting the signal is the limited number of CS events. Because
the exciton lifetime (~ns) is much shorter than the RC
turnover (~ms), in PSI-LHCI, only one exciton will lead to a
CS event, whereas the other recombines independently.
Consequently, after each sequence of laser pulses, only one
CS per photosystem complex is detected in PEC2DES. This
fact limits the QY of two-exciton states to be equal to that of
one-exciton states.

All of these mechanisms introduce nonlinearities in the
signal other than the optical one. This kind of nonlinearities
leads to the so-called incoherent mixing, where part of the linear
signal mixes during the detection, entering the nonlinear
signal.ﬁg’m’n’73 To estimate the amount of incoherent mixing
in the spectrum, we assume that one- and two-exciton states
have the same QY based on the above justifications. In this
case, ESA cancellation is complete, and the nonlinear signal is
given by the sum of GSB and SE contributions. The relative
weights of SE and GSB pathways depend on the number of
chromophores sharing the same RC. After the first pulse pair
has interacted with a chromophore, the weight of the SE
contribution is proportional to the probability that the second
pulse pair will interact again with the same chromophore,

whereas that of the GSB contribution is related to the
probability of interacting with both the same and a different
chromophore.”’ In our specific experimental conditions, the
laser fluence is set such that each pulse pair excites on average
about one chlorophyll per PSI-LHCI complex. Therefore, the
second pair will more likely excite a different chlorophyll
(~160 chlorophylls) rather than interact again with the same
one. Following this argument, the contribution of SE is
negligible (160-fold smaller) compared to that of GSB, which,
in this case, is the main pathway in the PEC2DES signal.

Note that most of the GSB pathways result from the
excitation of two different chromophores and, therefore, are
equivalent to the product of two linear signals.””’® The
dominant contribution of GSB and its linear character explain
the absence of population dynamics during ¢, in the PEC2DES
spectra and the broad line shape of the peak. Instead, the origin
of the oscillatory component and why it appears on top of the
incoherent mixing require further investigation. However, its
frequency is compatible with a ground-state vibrational mode
of chlorophylls around 750 cm™.

Recently, the reduced contrast in the energy transfer
dynamics along t, has also been reported in the fluorescence-
detected 2DES of the LH2 complex.”* The authors explain
that the ratio between SE and GSB contribution in the 2D
spectra depends not only on the number of chromophores”
but also on the presence of delocalization between them.
Therefore, delocalization can effectively act in reducing the
incoherent mixing contribution through dipole moment
redistribution between excitonic states.”*

On the other hand, redox mediators employed to drain
charges from the terminal electron donor/acceptor cofactors
could partially penetrate the PSI-LHCI protein matrix and
directly drain charges from outer chlorophylls, preventing
migration to RC (Figure 4b). It has been recently reported that
a quinone mediator (DCBQ) modifies the transient absorption
features at 715 and 685 nm in cyanobacterial cells and isolated
photosystem I complexes in the picosecond time scale.”” The
authors attribute the decrease in the lifetime of the transient
absorption signal to charge scavenging by DCBQ from
delocalized charge-transfer states of peripheral chlorophylls of
isolated PSI complexes and PSI in cyanobacterial cells.”®
Interestingly, they observe in isolated PSI complexes a similar
decrease in the transient absorption lifetime upon addition of
MV. These results suggest that alternative CS paths from outer
chlorophylls could lead to dynamics that does not follow the
usual trapping in the RC and thus may have different time
scales. However, we find it difficult to explain the complete lack
of population dynamics within 450 fs on the basis of MV outer
chlorophyll charge scavenging, especially as the latter takes
place in a picosecond time scale. To test these hypotheses,
future developments in the photoelectrochemical setup are
necessary. They include the use of larger, physiologically
relevant redox carriers of PSI like its cognate proteins
(plastocyanin, cytochromes, ferredoxin) that exchange charge
selectively with PSI redox cofactors and thus exclude the
possibility of unspecific charge draining,

B CONCLUSIONS

Based on the combination of photoelectrochemical current
detection (PEC) and two-dimensional electronic spectroscopy
(2DES), we proposed the novel PEC2DES technique, which
gives direct access to the biologically relevant charge separation
process and associated excitation—detection maps. Further-
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more, we validated the proof-of-concept of the PEC2DES
technique on a biological multichromophoric system, namely,
the PSI-LHCI pigment—protein complex of plants, demon-
strating its suitability for the extraction of the nonlinear
response. In particular, the unidirectional orientation of the
PSI-LHCI monolayer on a transparent metal electrode, the
choice of redox mediators, and their concentration yield
submillisecond transient photoelectrochemical currents of
magnitude in the range of 100 yA-cm™” that are stable for
hours and allow the long-time signal integration required by
2DES experiments.

The overlap between the linear component of the PEC2DES
signal and the absorption spectra of the sample demonstrates
that PSI-LHCI complexes are responsible for PEC2DES
results. However, global analysis does not detect any
population dynamics within a delay time of 450 fs. Although
this result is against previous optically detected 2DES
experiments, it aligns with recent findings in the fluores-
cence-detected 2DES of LH2 complexes showing a reduced
contrast in the energy transfer kinetics along t,.”* This
difference can be explained by the different nature of the
excitation scheme, the presence of a single CS site in the
multichromophoric system, and the time scale of the
electrochemical detection. Under these conditions, the
population dynamics is hidden by the incoherent mixing
contribution that dominates the nonlinear response.’”’’
According to the incoherent mixing interpretation, coherent
oscillations should also be hidden along delay time ft,.
However, the global analysis reveals an oscillatory behavior
depicted in the 2D-CAS map. The relative frequency, around
750 cm™!, is compatible with a vibrational mode coupled to the
optical transition of chlorophyll a. These conflicting results
indicate that the incoherent mixing effect may not yet be fully
understood.

Future developments and applications of PEC2DES follow
two distinct paths. On the one hand, it is necessary to identify
suitable samples in which the effect of incoherent mixing is
minimized, either because of a lower number of chromophores
or because of the presence of delocalization.”””* In this case,
isolated reaction centers are promising candidates for this
technique. On the other hand, it is necessary to find
experimental strategies to directly reduce the amount of
incoherent mixing in the nonlinear signal. This represents a
collaborative effort to pursue along with other action-detected
techniques. Indeed, the recent proposal to use time®>*”’® and
frequency’’ gating in fluorescence-detected 2DES moves in
this direction.
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