W) Check for updates

ChemPhysChem

| RESEARCH ARTICLE

Chemistry
Europe

European Chemical
Societies Publishing

ChemPhysChem

An Implementation of General Polarization-Resolved
Two-Dimensional Electronic Spectroscopy

Hoang Long Nguyen' | Nelson Kim Soon Ong' | Sanjib Jana' | Sachin Prasad' | Thanh Nhut Do’ | Stefano Caffarri® © |

Howe-Siang Tan'

!School of Chemistry, Chemical Engineering and Biotechnology, Nanyang Technological University, Singapore, Singapore | “Department of Physics and
Astronomy, Faculty of Science, Vrije Universiteit Amsterdam, Amsterdam, Netherlands | 3Aix Marseille Université, CEA, CNRS, BIAM, LGBP, Marseille, France

Correspondence: Howe-Siang Tan (howesiang@ntu.edu.sg)

Received: 12 December 2025 | Revised: 5 March 2026 | Accepted: 7 April 2026

Keywords: 2D spectroscopy | energy transfer | photosynthesis | polarization | ultrafast spectroscopy

ABSTRACT

Two-dimensional electronic spectroscopy (2DES) is a powerful tool to study the dynamics of complex molecular

systems. Polarization control in 2DES allows enhancement of selective signals, providing information about the transition

dipole orientations and rotational motion. In this work, we discuss an implementation of polarization-resolved 2DES

(p-2DES) in the pump-probe beam geometry that simultaneously acquires signals under parallel and perpendicular pump-probe

polarizations. This approach is general, as these two sets of signals can be combined as desired to obtain 2DES spectra of

various polarization schemes, such as magic angle, cross-peak specific, diagonal-peak enhancing, and anisotropy. We demonstrate

the approach using (1) phthalocyanine, a molecular system with two orthogonal electronic transitions and (2) the photosynthetic

light-harvesting complex II, which exhibits a highly congested spectrum with many concurrent energy transfer processes.

We show how the polarization schemes can help resolve hidden spectral and kinetic features. This implementation can

help to streamline the use of p-2DES and provide more insights into the structural and dynamical properties of complex

systems.

1 | Introduction

Two-dimensional electronic spectroscopy (2DES) is a powerful
ultrafast spectroscopic technique for probing electronic structure
and dynamics in complex molecular systems [1-4]. The tech-
nique measures dynamical and spectral information with high
resolution in time and frequency, providing a detailed picture
of the interactions between the energy levels of the system under
study. One can understand a typical 2DES experiment as an
upgrade of a conventional pump-probe transient absorption spec-
troscopic experiment. In 2DES, a set of two ultrafast optical laser
pulses with an interpulse delay of 7 is used to “pump” or excite
a system. After a “pump-probe” delay of Ty, the system is then
probed by a third laser pulse to measure the transient changes in
absorbance along a detection frequency axis. Fourier transforma-
tion along the time axis 7 between the two pump pulses results in

© 2026 Wiley-VCH GmbH.

the spreading of spectral information along the excitation fre-
quency dimension. By correlating the excitation and detection
frequencies, 2DES provides information, with femtosecond time-
scales, about the interactions of the electronic energy levels with
each other as well as the environment [4-9]. The information on
the 2D spectra are resolved as diagonal and cross-peaks, where
the latter is the unique feature of 2DES that highlights the inter-
actions and connectivity between different energy levels [10].

2DES can be enhanced through controlling the laser pulse polar-
izations. As 2DES measures the interactions of the laser pulse elec-
tric fields with the electronic transitions present in a system, the
interaction strength scales directly with the alignment between the
molecular transition dipole moment and the electric field polari-
zation. By carefully designing the polarization of the incident
pulses, one can enhance or suppress specific signal pathways,
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thereby isolating spectral features that might be obscured other-
wise [11]. Polarization control in 2DES thus enables interrogation
of transition dipole orientations, revealing the orientational rela-
tionship between coupled transitions, structural arrangement
between molecules, and rotational dynamics. One of the com-
monly used polarization schemes is the all-parallel configuration,
which provides maximum signal intensity on the diagonal and
captures all the third-order nonlinear optical response pathways;
and the so-called magic angle (MA) configuration, which sets the
relative angle between the pump and probe polarization to ~ 54.7°
and measures isotropic population dynamics. More sophisticated
schemes have also been introduced, such as the double-crossed
scheme that isolates coherence pathways [11-13], or the cross-
peak specific scheme that offers suppression of diagonal peaks
[14, 15]. Anisotropy, which can be obtained by combining signals
from the all-parallel and perpendicular polarization schemes, is
used to determine the change in molecular and exciton orientation
[16, 17]. Such advantages of polarization control have been repeat-
edly shown in various works using polarization-resolved 2D
experiments (either in visible or IR region) to suppress/enhance
specific signals [14, 15, 18-27], isolate beating patterns [13, 28],
and obtain anisotropy information [25, 29-32].

It is often the case where separate polarization-resolved 2DES
(p-2DES) experiments are needed to be performed to obtain
the necessary information. For example, to measure anisotropy,
one needs to collect both signals at parallel and perpendicular
pump-probe polarizations. Another example is in the cross-peak
specific schemes, where it is still necessary to obtain the diagonal
peak information to quantify the efficiency of signal suppression
followed by a thorough signal analysis [14, 15]. Separate meas-
urements of parallel and perpendicular polarized spectra can also
be done and postprocessed to suppress signals and reduce spec-
tral congestion [33-36]. However, not only do the multiple data
collection attempts cost more time and effort, the experimental
condition may also be inconsistent across the experiments due to
changes in laser power and spectra. These inconsistencies require
another step of normalizing the intensity and time axes of the
datasets [33]. Furthermore, in long duration experiments or
those involving sensitive samples, sample integrity becomes an
issue over multiple measurements.

In this work, we present an implementation of general p-2DES
based on the simultaneous acquisition of parallel and perpendic-
ular polarized spectra within a single measurement. Similar
implementations have been shown in fluorescence [37] and
2D infra-red (2DIR) spectroscopy [38]. However, to the best of
our knowledge, there has not been any report of such implemen-
tation in 2DES, nor has there been any systematic demonstration
of the full capability of this approach. This approach is general
since the collected datasets, being orthogonally polarized, can be
combined as desired, to produce 2DES spectra of various polari-
zation schemes that can highlight different spectral components
in the sample system. We provide a detailed description of the
scaling of signal intensities in different polarization schemes.
We focus our presentation on the pump-probe beam geometry,
although the same idea can be applied to other types of beam
geometries. We apply the approach in various sample systems
to demonstrate its versatility in obtaining p-2DES features, which
allows for the analysis of 2DES data with a wider perspective and
provides more insights into the underlying system properties.

2 | Principles and Methods
2.1 | Polarization Control of 2DES Signals

In 2DES, the signals can be described using the third-order per-
turbative expansion of the density matrix, arising from three
light-matter interactions between the optical laser pulses and the
system of interest. The signal strength is thus dependent on the
orientations of the transition dipoles and the laser electric field
polarizations. An orientational scaling factor F, indicative of the
signal strength, is related to the four-point orientational correla-
tion function containing contributions from the orientational
components [10]

F=((By-a) (B - a) (Bs - as) (B - a) ) )

Here, E, ...E, represent the electric field polarization vectors, and
a,...a, are the molecular transition dipole moments. The hat
notation denotes the unit vector of the corresponding quantities.
The first two laser fields are the pump pulses, the third comes
from the probe pulse, and a fourth pulse is introduced as the local
oscillator (LO) for heterodyne detection of the signals. In princi-
ple, the laser pulse polarizations can be independently adjusted.
In a pump-probe geometry setup, the pump pulses usually have
the same polarizations, and the probe acts as the LO, though this
LO polarization can be separately controlled by a polarizer placed
after the sample [39]. Equation (1) also takes into account the
ensemble average of the orientational distribution of the inter-
acted transitions.

Considering only the incoherent signal pathways (pathways with a
population state during the pump-probe delay time), the first two
interactions excite a transition (a, = a4, = @), and the last two inter-
actions detect or measure a transition (G; =a, = b). In general, the
excited and detected transitions are not necessarily the same and
can have a relative angle 6,, between the transitions. Using X and
Y as the orthogonal directions in the lab frame, an all-parallel
polarization scheme can be denoted as (XXXX), while a perpen-
dicular scheme as (XXYY). Assuming an isotropic distribution of
molecules in the sample, the general formula of the orientational
scaling factor F can be found in the work by Hochstrasser [16].
The orientational scaling factors for (XXXX) and (XXYY) are
shown in the first two rows of Table 1. They are expressed in terms
of the second-order Legendre polynomial of cos 8,, between the
excited and detected transitions. As we focus this work on the
pump-probe geometry, cross-polarized schemes ((XYYX) and
(XYXY)) are not considered, but possible uses of such schemes
will be discussed in section 4.

The behaviors of the scaling factors are plotted as a function of
0. in Figure 1a. It can be seen that (XXXX) signal is reduced in
intensity with higher relative angle 0,,, while the (XXYY') signal
behaves in an opposite manner. For the signal pathways with
small 6,5, (XXXX) always results in higher signal intensities than
(XXYY). Signal intensity in (XXYY) becomes larger when 6,
approaches 90°. The scaling factors in Table 1 do not account
for depolarization effects, that is, changes in the transition dipole
orientations due to rotational motion during the pump-probe time
delay T, Depolarization effects can be described by multiplying
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TABLE 1 | Orientational scaling factors of 2D signals of various
polarization schemes, along with the combination of (XXXX) and
(XXYY) to obtain such schemes. Py(0,p) = (3c0s%0,,—1)/2, where 0y, is
the relative angle between the excited and detected transition. These
factors do not account for depolarization effects due to rotation diffusion.

Polarization scheme Scaling factor

All-parallel 4P5(0y) + 5

(XXXX) 45
Perpendicular 5—2Py(0ap)
(XXYY) 45
MA (magic angle) 1
1 2 9
JXXXX) + S(XXYY)
CP (cross-peak specific) sin? @,
1 9
- SXXXX) + (XXYY)

DP (diagonal-peak enhancing) cos? Gy,
2 1 9
JXXXX) — (XXYY)

Anisotropy 0.4P,(0ap)

(XXXX) — (XXYY)
(XXXX) + 2(XXYY)

Py(0,,) With an exponential decaying term D(Ty). This turns
the scaling factor for the (XXXX) scheme, for example, into
W. The effect of depolarization converges the scaling
factors of (XXXX) and (XXYY) to the same value, since the
excited transition dipoles become isotropic and can be seen in the
dashed curves in Figure 1a (see the figure caption for the detailed

parameters).

Because signal intensities in parallel and perpendicular polariza-
tion schemes depend differently on 6,,, (XXXX) and (XXYY)
can be linearly combined in several polarization schemes to
enhance or suppress certain 2DES spectral features

For example, polarization schemes to obtain isotropic signals
independent of ,, can be obtained with the linear combination
Fya = X(XXXX) + 2(XXYY) (third row of Table 1). Typically this
is achieved in the MA specific experiment where a relative polar-
ization angle of @ »~ 54.7° is set up between the pump and probe
pulses, to obtain (XXMM) = cos® O(XXXX) + sin? O(XXYY).
Another example combination is the cross-peak specific scheme,
termed CP, where the diagonal signals are effectively suppressed
by the combination Fcp = 3(XXYY) - (XXXX) [11, 14, 15, 22].
The fourth row of Table 1 provides the scaling factor for this
scheme. In this case, the diagonal peaks, which necessarily have
excitation and detection on the same transition, will have
6,, =0, thus minimizing Fcp. In contrast, cross-peaks produced
by nonparallel transition dipoles remain and are the strongest
when 6, = 90°.

In general, one can suppress a signal pathway with any relative
transition dipole angle 6, by combining (XXXX) and (XXYY)
in Equation (2) using coefficients A=[5-2P,(6;)] and B=
— [4P,(05) + 5]. Considering the normalization to better compare
with the entries in Table 1, the resulting scaling factor as a func-
tion of 0, is then described by

Fo, (0) = [5—2P,(6;)] <X)9(S);f(>9: £44}:52 ()0) HIXXYY)

cos? 0, — cos? b

9sgn (s —45°) @

As can be seen, Fyy_equals 0 when 6,;, = 0, hence suppressing the
signal pathways with relative transition dipole angle 6. In addi-
tion, Fy_varies monotonically with 6,;, and extremizes at ,;, = 0’
and 90°. The spread between the extrema of Fy, is1/9, equal to the
scaling factor in MA polarization. We apply a sign function
sgn(6, —45°), taking value of 1 for 45" < 6,<90° and —1 for
0" < 6, <45°tomakeF, o, positive for most values of ,,. A similar
expression was reported by Xu et al. [36] to derive the polarization-
associated spectra for arbitrary transition dipole relative angles,
which was applied in pump-probe spectroscopy to separate the

F=A(XXXX)+B(XXYY) (2)  spectral features of a donor-acceptor dyad.
a b c
( ) 0.2 ( ) 0.2 ( ) 04
| ——CP (6,=0°) —— Anisotropy
5 s ——DP (6,=90°) 03l ~ - - - -Anisotropy decay|
g g
2 2 0.2
] K]
@ @ 2 o
2 e >
i) ke]
s 3 0
8 0 3
o) 5 -0.1
-0.05 02
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0, (degrees)

0,, (degrees)
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FIGURE1 | (a)Orientational scaling factors of 2D signal intensities in the all-parallel (XXXX) (blue), perpendicular (XXYY) (red), and MA (yellow)
pump-probe polarization schemes, plotted as a function of the relative angle 6,, between the excited and detected transitions. (b) Similar to (a) but

comparing between the CP (blue), DP (red), MA (yellow) schemes, and the scheme that suppresses signals at 6,, = 40° (purple). (c) The variation of

anisotropy with 6,,. In all panels, the dashed curves illustrate the time evolution of the scaling factors by the depolarization term D(Ty,)=

exp(— Ty /7p). We use a depolarization timescale of 7, = 500 ps and simulate the scaling factors at Ty, =100 ps.
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A few example applications of this formula are given in Table 1
and visualized in Figure 1b. As discussed earlier, in the CP
scheme, we can suppress the diagonal peaks by using 6, =0°
and hence highlighting the cross-peak signals. In contrast, we
can suppress the orthogonal cross-peaks (6 = 90°), thus enhanc-
ing the diagonal peaks (DP scheme, fifth row in Table 1).

The formula in Equation (3) neglects any depolarization dynam-
ics. We can also take the depolarization dynamics into account by
including the depolarization term D(T) into (XXXX) and
(XXYY). Equation (3) becomes

_ 2Py(0ap)D(Ty,) — 2P, (65)
ng (Qab’ TW) - 27sgr1(9s - 450) ¥

This leads to the suppression effect being degraded. The dashed
curves in Figure 1b illustrate the degradation compared to the
nondepolarized case (solid curves).

The suppression of signals with 6, other than 0° and 90° is also
possible. The signal intensity scales similar to, for example, the
purple curve in Figure 1b with s =40°. In this case, the disad-
vantage is that signals of the same type can have opposite signs
around 6. Furthermore, the gradient of the curve around 0 is
large, which makes the suppression less effective because slight
deviations of 8, from 6 easily cause the signals to appear again.
This is opposite to the cases of the CP and DP schemes, where the
suppression is more robust as variations of the curves around 0°
and 90° are less steep (Figure 1b).

Finally, anisotropy can be calculated to isolate the orientational
information, shown in the last row of Table 1. Anisotropy can be
used as a direct measurement of the relative orientation between
two transitions as well as the depolarization kinetics. Anisotropy
is unlike the other polarization schemes mentioned above.
Instead, it needs to be derived from two independent schemes
such as (XXXX) and (XXYY). The dependence of anisotropy
value with 0, is illustrated in Figure 1c, which extremizes at
0.4 when 6,, = 0° and —0.2 when 6, = 90°. In addition, as is well
known, anisotropy can be used to track depolarization dynamics
as its value with T, is directly proportional to the depolarization
term, "(Ty,) = 0.4P5(0,1)D(Ty,).

2.2 | Experimental p-2DES Setup

We now describe our p-2DES setup using the pump-probe beam
geometry. Laser pulses from a Ti:Sapphire amplifier (Legend,
Coherent), centered at 800 nm, 1-kHz repetition rate, are com-
pressed to 50 fs and focused to a home-built pressurized argon
gas tube at 2.7 bar absolute pressure. A wedged window is used
to split the white light continuum from the argon tube, in which
most of the power is transmitted and used as the pump, while
the reflected portion is used as the probe. For the pump beam,
a single-prism compressor is used for chirp compensation. The
pump beam is fed to a pulse shaper (Fastlite, Dazzler), which
shapes the input pump pulse into two with programmable delay
and phase difference. The pump beam polarization is cleaned
by a wire-grid polarizer and set parallel to the optical table.
The probe beam is compressed by a pair of chirped mirrors

(DCM9, Laser Quantum) and has its pathlength controlled by
a translational delay stage (Physik Instrumente). A half-wave
plate is used to rotate the probe beam polarization to an angle
© with respect to the pump beam (in practice, @ is usually set
to near 45°, but the exact angle is not important, as the eventual
(XXXX) and (XXYY) signals are automatically balanced—see
Appendix). A beam splitter is used to create a reference beam
from the probe. A polarizer is also placed afterwards to clean
the probe polarization. The pump, probe, and reference are then
focused on the sample space using an off-axis parabolic mirror.
At the focal point, the polarization contrast of the pump is 500:1,
and the probe is 50:1.

After the sample, a polarizing beamsplitting cube (PBC) splits the
probe beam into two polarized components: one parallel (probe 1)
and one perpendicular (probe 2) to the pump beam polarization.
Another wire-grid polarizer is used to clean the reflected path.
The probe 1, probe 2, and reference beams are dispersed
and recorded by a charge-coupled device (CCD) array (PIXIS,
Princeton Instrument). The CCD array is divided into three hori-
zontal zones, each used to collect one type of signal. The CCD trig-
ger is provided by the laser, and the frame rate is set to 1 kHz.

The transmitted probe beam through the PBC is polarized along
X, and the signal can be represented as

(XX (X cos@+Ysin@)X) = cos O(XXXX) + sin O(XXYX)

= cos O(XXXX) ©

where the term (XXYX) is essentially zero upon averaging in an
isotropic ensemble [10]. The detected signal from the transmitted
part through the PBC is equivalent to the (XXXX) polarization
scheme. A similar argument can be applied to the reflected part,
which results in the (XXYY) signal. Therefore, the recorded spec-
tra contain two 2D datasets: Sj(A, Ty,4) and S, (A, Ty, 4)
respectively the parallel and perpendicular p-2DES signals. A,
and A represent the excitation and detection wavelength axes,
respectively, and T, is the time delay of the probe from the second
pump pulse. These 2D spectra are considered as the basis spectra
for construction of other polarization schemes, as described above.

Figure 2 illustrates the essential schematic of our p-2DES setup.
In addition, the sample is contained in quartz cuvettes (Starna)
which are found to have minimal birefringent effect to the pump
and probe beams. This can be checked by confirming that the
probe spectra on the CCD are unchanged while rotating the sam-
ple cuvette.

Pulse
shaper

Probe' 4?/

: >
“————> Coherence
Waiting time  time (1)
(Tw)
FIGURE 2 | Schematic of p-2DES setup collecting signals at (XXXX)
and (XXYY) polarization schemes simultaneously.
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Polarizing Parallel
beamsplitter signal

Sample Detector
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1
!
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The above-described p-2DES approach has a benefit for concur-
rent data collection of two orthogonally polarized 2D signals.
This ensures that the measurements are performed on the same
sample, with identical beam properties such as excitation power
and spectra, which results in a reliable consistency between the
two collected datasets. Furthermore, the collected polarized sig-
nals in our p-2DES setup are automatically balanced. This means
that the measured transient absorptions of the two orthogonally
polarized 2D signals can be used in the linear combination with-
out any further scaling or normalization (see Appendix).

3 | Applications to Model Systems

3.1 | Spectral Contributions of the Phthalocyanine
Q Bands

In this section, we show several experimental demonstrations
that utilize the presented implementation of p-2DES to obtain
a wide range of polarization-dependent information. Metal-free
phthalocyanine (H,Pc) is a member of the phthalocyanine fam-
ily, characterized by a planar macrocyclic ring composed of four
isoindole subunits (Figure 3a). These isoindoles are intercon-
nected via nitrogen bridges, forming a delocalized z-conjugated
system. Compared to porphyrins, which possess only four nitro-
gen atoms in the macrocycle, phthalocyanines exhibit stronger
low-energy Q bands due to the presence of eight nitrogen atoms
that helps stabilize the HOMO electron density. Owing to the D,y
symmetry of the molecule, H,Pc features two non-degenerate Q
bands, Q, and Q,, whose transition dipole moments are perpen-
dicular to each other [40].

The linear absorption spectrum of H,Pc in 1-chloronaphthalene is
presented in Figure 3a. All chemicals were purchased from Sigma-
Aldrich. The Q, and Q, absorption peaks center at 665 and 700 nm,
respectively, with their vibronic progressions extending to the
shorter wavelengths (e.g., 640 and 605 nm). In Figure 3b,c, we
show the p-2DES spectra at delay time Ty, = 0.1 ps taken with
(XXXX) and (XXYY) polarization schemes, respectively. In
2DES, negative features represent ground-state bleach (GSB) and
stimulated emission (SE) processes, while positive features repre-
sent excited-state absorption (ESA). Signal positions on a 2D spec-
trum are denoted by their excitation/detection (4,/4,) wavelengths.
The 2D spectra of H,Pc are dominated by four main negative fea-
tures: two diagonal peaks at 665/665 (termed S,,) and 700/700 nm
(S,y) corresponding to each of the Q bands; two main cross-peaks
at 665/700 (S,,) and 700/665nm (S,,); and several minor cross-
peaks connecting to the vibronic progressions.

The scaling differences between the polarization schemes can be
clearly observed. In the (XXXX) spectrum (Figure 3b), the diag-
onal peaks are much stronger than the cross-peaks, while the
(XXYY) spectrum (Figure 3c) appears less contrasted. This is
because the Q, and Q, transitions are perpendicular to each
other, so (XXXX) emphasizes the diagonal signals, while the
cross-peaks are more enhanced in (XXYY).

As shown in the previous section, the diagonal and cross-peaks can
be isolated with proper combinations of the (XXXX) and (XXYY)
spectra. We show in Figure 3d and e the 2DES spectra obtained
using the CP and DP schemes, respectively. In the CP 2D spectrum,
only the S, and S, cross-peaks remain. The signal intensity at S,
position is suppressed by > 50 times compared to the isotropic
intensity (not shown). Interestingly, small cross-peaks at 640/700

@, (b) © o v
- 0
630 630 A'ps 0
;
/ N A 640 20 640 0
g% N N 650 650
[®)
rY NH —~ 660 40 660
£ 02 4 _ E E 20
- NN £ 670 £ 670
k] N e 0 =
2 680 680 30
<01 690 80 690
700t 700 -40
-100
o 710
750 700 650 600 550 : : . -120 . b . -50
Wavelength (nm) 680 660 640 700 680 660 640
A, (nm) (f) A (nm)
. . - v 05
CP schemé QO e chemé 0
T, = E)/.ﬂ’ps O T E)/.:I’ps
, 1 P4 1] {-10
// //
7 %
< -20
w (] ‘0 -30 0

700 680 660 640 680

s L = 05
660 640 700 680 660 640

A, (nm) A, (nm) A, (nm)

FIGURE3 | p-2DES spectra of H,Pc in 1-chloronaphthalene. (a) Linear absorption and the molecular structure of H,Pc. The shaded area shows the
pump spectrum in the 2DES experiment. (b-e) The 2D spectra at Ty, = 0.1 ps in various polarization schemes, respectively (XXXX), (XXYY), CP, and
DP. Highlighted regions in panels d and e are later subjected to global lifetime analysis. (f) The 2D anisotropy map (2DREAM) at T, = 0.1 ps.
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and 700/640 nm persist in the CP 2D spectrum, indicating the cou-
pling between the Q, electronic transition and the vibronic pro-
gression of Q,. Conversely, in the DP 2D spectrum (Figure 3e), the
cross-peaks between Q. and Q, are largely suppressed, leaving only
the diagonal peaks. However, a small cross-peak at 665/700 nm
can still be seen in this spectrum, which likely originates from
the vibronic progression of Q, [40], which would share the same
transition dipole moment orientation. This cross-peak is termed
S,,1- The shape of S, is elongated parallel to the diagonal line,
implying a correlation in the energy fluctuations dynamics with
the Q, vibronic progression. The presence of S,,; would be over-
whelmed and nonobservable without proper suppression since its
amplitude is six times smaller than S,. This demonstrates the
advantage of p-2DES to reveal hidden spectral features.

Figure 3f shows a 2D relaxation of electronic anisotropy map
(2DREAM) at Ty, = 0.1 ps, illustrating the anisotropy value
between every pair of excitation-detection wavelengths. We note
that the depolarization process due to rotational diffusion has not
occurred at this time delay, therefore, the anisotropy values can
reflect directly with the angular difference between the excited
and detected states. An averaged anisotropy is obtained at regions
where multiple signals overlap. The anisotropy at the diagonal
peak Sy, is close to 0.4, while at Sy, it is 0.33. The cross-peaks
have anisotropies of —0.12 for S,, and —0.24 for S,,. Ideally
the anisotropy of signals excited and detected from two orthogo-
nal orientations (6,, = 90°) should be —0.2. The anisotropy of Sy,
is less extreme due to interference with the vibronic feature S,;.
For S,,, the reason for the anisotropy exceeding the theoretical
limit might be due to contributions from ESA features [41, 42].

3.2 | Signal Suppression during Depolarization

As can be seen from Equation (5), the suppression of certain 2D
signals becomes less effective at late T, due to depolarization
processes which modifies the scaling factors [15]. However, by
extracting the depolarization term D(Ty,) via the anisotropy decay
(already available from the measurement), we can use it to com-
pensate for the effect of depolarization and still be able to main-
tain the desired signal suppression. This can be done by including
the orientational decay term D(T,,), once measured, in Equation
(3) and result in the Ty,-dependent scaling factor

Fgrhanced(g,, Ty )
_ [5=2P,(05)D(Ty, )| (XXXX) — [4P,(65)D(Ty) + 5] (XXYY)
B 9sgn (6, — 45°)

D(Ty)

cos? 6, — cos? 0

9sgn(fs — 45°) @

which will always ensure the suppression of signal pathways
with 0,, = 6; at any T,,. We demonstrate this by removing the
diagonal peaks in the CP 2D spectra of H,Pc at T, = 500 ps
(Figure 4). We call this the time-dependent CP (tCP) polarization
scheme. Figure 4a shows that the 2D spectrum is still diagonal-
peak free even though at this T, molecular orientational relax-
ation has occurred as we measure an anisotropy decay of 400 ps
lifetime. Figure 4b compares the intensity of the S,, diagonal

“tcP sc'hemf/ _ 0
T.= 50/0/ps |
. {-2
1144
b -6
i -8
-10
-6
N _5
047 ,/
> ’ |
80.3 | |—S,, anisotropy ’ 13 %
§ - -8, ?ntensity (CP) §
‘C 0.2} [——S, intensity (tCP) 12 =
<
{-1
0.1F
0
. 1
0 : 10 100 1000

T, (ps)

FIGURE 4 | (a) The 2D spectrum at Ty, = 500 ps using the tCP
schemes, showing that it can suppress diagonal signals at late T,.
(b) The anisotropy decay kinetics (blue) at the S,, diagonal peak, and
the intensities of the same peak under CP (dashed red) and tCP (solid
red) scheme.

peak using the CP and tCP schemes. It can be seen that the
tCP scheme has the diagonal peak intensity remain around zero.
This scheme can be useful when one needs to observe the cross-
peak dynamics, especially the peakshape evolution, with a con-
sistent suppression of diagonal peaks.

The downside to this method is that the surviving signals will
also decay with D(Ty,) as can be seen in Equation (8). This
can be understood as at the end of the depolarization process,
there are no longer any differences between the (XXXX) and
(XXYY) spectra, and the separation of signal pathways becomes
impossible. Furthermore, compared to the CP scheme, the noise
level in the tCP scheme is also expected to vary with Ty, because
the coefficients in Equation (8) are T,,-dependent. Assuming that
the noise levels of the (XXXX) and (XXYY) signals are compa-
rable, the resulting noise in the combined spectrum scales as
A « [5—2P,(05)D(Ty,)] + [4P,(65)D(T,,) + 5]. For the tCP condi-
tion, P,(6;) =1, giving A « 2D(T,) + 10, indicating that the noise
level decreases slightly as the depolarization process proceeds.
Nevertheless, the signal amplitude itself decays with D(T), as
mentioned above, and therefore the signal-to-noise ratio decreases
at long waiting times.
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3.3 | Polarization-Dependent Global Lifetime
Analysis

To better isolate the kinetics of the spectral components, we sub-
ject the 2D data of H,Pc to global lifetime analysis (GLA). GLA
provides a powerful tool for interpreting the time-resolved
dynamics in 2D spectra, yielding a set of characteristic lifetimes
that describe the dominant spectral evolution processes [43].
Each lifetime corresponds to a 2D decay-associated spectrum
(DAS), which reveals the spectral features contributing to that
timescale. Here, we use GLA with a parallel kinetic scheme
[43] and incorporate it to fit together the CP, DP, and MA 2D
spectra of H,Pc. The fit model can be represented as:

Sce(4 Ty) Dcpi(4)
Spp(4 Tyw) | = 2N | Dppi(4) | exp( =Ty /7) ®
SMA(/L TW) DMAI(/I)

Here, 1 represents the wavelength coordinates on the 2D spectra,
N is the number of GLA decay components, 7; is the decay lifetime
of the i-th component, and Dcp;/ppi/mai(4) is the corresponding
polarization-dependent 2D DAS. The relationship between the
polarization-dependent 2D DAS can be inferred from Table 1
as Dcp;i(4) = sin®[0,(4)]Dyiai(4) and Dpp; = c08* [0y (2)]Dyiai(4)-
Therefore, by taking the amplitude ratio between the resulting
DAS, such as Dcp; and Dyya;, the angle 8, of the underlying signal
at coordinate A can be obtained. For simplicity, we have ignored the
dependence of the orientational scaling factor on T, so the depo-
larization dynamics will appear as an additional GLA component.

We focus on the excitation region of Q, (1, = 650-680 nm),
highlighted in Figure 3d and e. In Figure 5a,b, we show the first
2D DAS, resolved at 140-fs lifetime, from the CP and DP 2D spec-
tra, respectively. Since the original 2D signals are mostly nega-
tive, a negative/positive amplitudes of the 2D DAS represent a
decay/growth in signal intensity. This 140-fs lifetime shows
the contrasting difference between the two polarized spectra.
Here, the 2D DAS for the CP scheme (Figure 5a) shows a growth
of the S, cross-peak, while in the DP scheme (Figure 5b) it shows
the decay of the S, diagonal signal. The growth/decay of the S,/
S.c pair represents the internal conversion from the Q, to Qy
potential energy surface in H,Pc [7]. The 2D DAS for the DP
spectra also exhibits a particular ‘butterfly’ shape at the S,
and Sy, positions, with negative amplitudes elongated along
the diagonal line and positive amplitudes on two sides. This fea-
ture indicates spectral diffusion processes, in which the initially
nonequilibrium excited state energies relax to an equilibrium,
causing the 2D peakshape to change from an slanted-elliptical
to a more straight-circular shape [44, 45]. Another observation
is that the kinetics of S, in Figure 5b does not exhibit any
growth. The dynamical differences between S, and S,,, further
emphasize their different origins. Finally, the 2D DAS at MA
polarization yields a similar amplitude as the CP polarization
for Sy (Figure 5¢). As the signals in CP polarization scheme scale
as sin? @,, relative to MA polarization, this confirms the relative
transition dipole angle between the Q, and Q, transitions in H,Pc
to be 90°. The complementary use of GLA on p-2DES data high-
lights the ability to quantify orientational information based on
distinguishing kinetics between the polarized 2D signals despite
their significant spectral overlap.

(a)
655 10
T 660
£ 665 5
<" 670 0
675
(b) DP sch
655 scheme | 0
T 660 7=0.14 ps |
-5
£ 665 ]
<" 670 E 10
675 1
. -15
640
(c) : :
—cp| |
—pP
mA| |
(0]
e
E 4
2
[ =
0
2 4
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4 4
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1 1 1 1
720 700 680 660 640 620
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FIGURES5 | (ab)The 140-fs 2D DAS component of the CP and DP 2D
spectra, respectively, obtained from GLA. (c) Comparison of the A, -inte-
grated amplitudes of the 2D DAS in (a,b), and 2D DAS obtained at the
same lifetime for the MA spectra.

3.4 | Elucidating Congested Energy Transfer
Steps: A Photosynthetic Light-Harvesting Complex
Example

Light-harvesting complex II (LHCII) is the most abundant
pigment-protein complex found in the thylakoid membrane of
higher plants [46]. LHCII is responsible for the light-harvesting
processes as well as photoprotection in plant photosynthesis [47].
Within an LHCII trimer, photoexcitation of a chlorophyll (Chl)
molecule can migrate among neighboring Chl sites via excitonic
energy transfer (EET) processes. EET in LHCII occurs in a vast
network of Chl with timescales ranging from several hundred fem-
toseconds to a few picoseconds, making LHCII a good represen-
tative system for 2DES studies of energy transfer pathways [48].

In Figure 6a, we show the linear absorption spectrum alongside
a structural illustration of the LHCII protein surface with the
embedded Chl pigments. The LHCII sample was extracted from
Arabidopsis thaliana as reported previously [49]. The spectrum of
LHCII in this wavelength region is congested with signals from
42 Chl Q-band transitions [50]. Figure 6b and c present the 2DES
spectra of the trimeric LHCII at T, = 0.2 ps, obtained with the
MA and CP polarization schemes, respectively. In the MA 2D
spectrum (Figure 6b), initial pigment excitations appear as diago-
nal peaks spanning from 650 to 680 nm. EET processes redistrib-
ute excitation from higher- to lower-energy states, resulting in the
decays of most diagonal peaks and concurrent growths of cross-
peaks [51, 52]. In reality, there are various cross-peaks extending
within this region due to heavy spectral congestion. Figure 6¢c dem-
onstrates how the CP polarization scheme effectively suppresses
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FIGURE6 | (a)The linear absorption spectrum and protein surface structure of LHCII with embedded Chl molecules (Chl a in green, Chl b in blue).
The shaded area shows the pump spectrum. (b,c) 2D spectra at T, = 0.2 ps with MA and CP polarization scheme, respectively. (d—f) The first-lifetime 2D
DAS of the LHCII 2D spectra with MA, CP, and DP polarization scheme, respectively.

diagonal signals in the LHCII spectra. Two discernible cross-
peaks are observed at approximately 675/680 and 655/675 nm.
In addition, we observe the appearances of cross-peaks on the
lower-diagonal side, which reflect the uphill EET processes [51].

In Figure 6d-f, we present the first-lifetime 2D DAS (approxi-
mately at 300 fs) obtained from GLA of the LHCII 2D data under
MA, CP, and DP polarization schemes. The 2D DAS derived from
MA 2D spectra (Figure 6d) includes contributions from all signal
pathways. It exhibits the decays of diagonal peaks near 650, 670,
and 680 nm, accompanied by pronounced cross-peak growth at
650/675 nm and weaker growths connecting the 670- and 680-nm
levels [52]. In the CP and DP 2D spectra, the 2D DAS (Figure 6e,f,
respectively) highlight the cross-peak growth dynamics in the CP
case, while decays of the diagonal peaks are more prominent in
the DP results. The 2D DAS for the CP scheme (Figure 6¢) shows
two strong growing cross-peaks, equivalent to those observed in
the MA data (Figure 6d). In addition, at 670/680 nm, the cross-
peak grows with a stronger amplitude than in the MA spectra.
This enhancement arises because of the absence of the diagonal
decay at 670 nm, which would overlap and cancel out in the spec-
tra using MA polarization. Along the diagonal in Figure 6e, small
positive features spread across 650-680 nm. These growths of sig-
nals reflect EET processes between energetically proximate states,
visible only when diagonal contributions are suppressed. Such
rapid energy transfer typically occurs within strongly-coupled
Chl domains (e.g. b601-608-609, a604-b605-606-607) [53, 54].

For the DP 2D spectra (Figure 6f), the 2D DAS mainly reflects diag-
onal peak dynamics, with weaker contributions from cross-peaks

that involve EET between similarly oriented exciton transitions.
The dominant features are the strong decays of diagonal signals,
resembling the MA data but with more pronounced amplitudes,
for example, at 670/670 nm. The cross-peak growths in Figure 6f
appear at similar positions to those in Figure 6d for the MA spec-
tra. Interestingly, there are instances of cross-peak growths at
around 650/680 nm in both CP and DP spectra (Figure 6e.f),
which could be used to determine the relative orientation between
the donor and acceptor transition dipoles by comparing the DAS
amplitudes, as described above. Overall, these results demonstrate
that analyzing the p-2DES signals of LHCII under multiple polar-
ization conditions provides complementary perspectives on the
system’s kinetics, offering new insights into its dynamic processes,
spectral components, and structural organization.

4 | Discussion and Conclusion

We have demonstrated the versatility of a p-2DES implementa-
tion to obtain polarization-dependent 2D data. The implementa-
tion can be designed as a modular component to the detector arm
of an existing 2D or pump-probe setup, and makes it easy to
switch back to the conventional method if necessary. Inherent
to the properties of 2DES, the reconstructed 2D signals retain
the frequency and time resolution of the original spectra. This
is especially significant in the calculation of anisotropy, whose
value can be very sensitive to small errors in the spectral inten-
sities. With this method, a 2D anisotropy map can provide a com-
plete mapping of anisotropy kinetics between broad bandwidths
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of excitation and detection wavelengths and fs time resolution,
while also ensuring its reliability. This allows for anisotropic
information at ultrashort timescales, in our case at Ty, = 50 fs,
much shorter than the intrinsically lower time resolution (hun-
dreds of fs to several ps) in the pump-probe technique [55].

In this implementation, a probable source of angular error may
come from the misalignment between the pump polarization and
the PBC transmission axis. As mentioned in the experimental
setup, these two axes must be parallel to each other in order
to obtain pure polarized signals after the PBC. In the case that
a small deviation occurs, that is, an angular error of Aa between
these two axes, the transmitted signal in the first line of Equation
(7) becomes

(XX (cos @X + sin@Y)(cos AaX + sin AaY))

= cos @ cos Aa(XXXX) + sin @ sin Aa(XXYY) ©
We can see that the transmitted signal is now mixed with
(XXYY). The relative strength of this contaminant scales by a
factor of SROSILAC & Agtan @ (if A is small). Similarly, in the
reflected signals, the contamination to (XXYY) is scaled with
Aacot @. Since we set @ =45°, the contaminants only scale with
Aaq, indicating that the amount of unwanted signals in the trans-
mitted and reflected parts scale directly with the misaligned
angle between the pump polarization and the PBC axis. For
example, a misalignment of 1° results in a signal contamination
of 1.75%. Therefore, accurate alignment of the pump polarization
with respect to the PBC axis should be taken carefully.

In most cases, depolarization effects due to molecular rotation
observed in 2DES can be neglected at timescales shorter than
10 ps. This is because the optical transitions are often associated
with relatively large molecules, whose rotational relaxation times
are typically on the order of hundreds of ps or longer. For exam-
ple, the rotational diffusion time measured in H,Pc is around 400
ps (Figure 4). This contrasts with infrared spectroscopies such as
2DIR, where vibrational transitions observed in small molecules
can exhibit rotational motion with timescales of few ps [16, 56, 57].

Up to this point, we only consider the incoherent signal pathways
that incur a population state during T,. There are also coherent
pathways where the two pump pulses interact with different
transitions, and the signal intensity during T, exhibits oscilla-
tions corresponding to the energy gap between the states.
Coherent pathways can be observed in systems where the excited
states are strongly correlated by vibronic or electronic coupling,
which allow the coherence between them to be strong and last
long enough to be observable in experiments [10]. In principle,
for oscillating signals due to vibrational coherence, as long as the
Condon approximation holds, their orientational scaling factors
are identical to the diagonal signals and can be suppressed in the
CP polarization scheme. For electronic coherences, the scaling fac-
tors can also be derived [10], though not discussed here, and the
coherences can be suppressed as long as the relative orientation
between the two coupled electronic transition dipoles is known.

More polarization schemes can be implemented if their polariza-
tions can be arbitrarily adjusted, for example, by a boxCARS
geometry or using polarization pulse shaping [58]. Perhaps the

most useful situation is when the two pump pulse polarizations
are orthogonal to each other (one in X and one in Y), and the
probe pulse is polarized 45° between them. This will allow us to
collect (XYXY) and (XYYX), which can be subtracted from each
other and leave only signals of the coherent signal pathways,
while all incoherent pathways are suppressed (diagonal or
cross-peaks). This scheme is equivalent to the double-cross polar-
ization setup [11].

In summary, the use of polarization control offers many selective
enhancements and suppression to the signals appearing in 2DES
spectra, allowing us to isolate and reveal spectral features and
kinetics that would be obscured otherwise. We highlight an effi-
cient implementation of the p-2DES setup, enabling polarized 2D
spectra to be collected simultaneously. We have demonstrated
the general use of this implementation to obtain a set of spectra
with various useful polarization schemes to enhance cross-peak
signals (CP), diagonal signals (DP), isotropic signal (MA), and
anisotropy. We also show that suppression of any cross-peaks
with known relative transition orientation is possible. The appli-
cations of the approach are demonstrated through measurements
in H,Pc and LHCII, where various spectral and dynamical infor-
mation are revealed that would be hidden otherwise. The method
also produces polarized signals whose amplitudes are automati-
cally balanced, and the results offer many possibilities of recon-
structing polarized 2D spectra that would otherwise take a lot
more time to collect separately. This method presents a simple
implementation addition to existing 2D setups, and offers more
versatility to the 2DES technique.
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Appendix

Automatic Balancing Between the Parallel and Perpendicular
Signals

The collected polarized signals in our p-2DES setup are automatically bal-
anced. The essential component in (XXXX) and (XXYY) are the response
functions R and R}, respectively. If we can measure both R and R, simi-
larly (up to a same proportional constant), then the measurement is
deemed balanced. Let us first consider the signal dataset which measures
(XXXX). The resulting signal field E; scales as

Ey =k ESE,EnR, (A1)

where E;, and Ej,; are the pump and probe electric field amplitudes inter-
acting with the sample. The kj factor accounts for the reduction of cos @
in Equation (7) when we project the probe beam to the parallel compo-
nent, and also the efficiency of the subsequent optical elements through-
put, including the PBC, reflective optics, spectrometer diffraction grating
and CCD detector. The probe beam which travels collinearly with the
signal is, likewise, scaled by the same factor

Ep, =k|Epe A2)

In general, the factors k|, and analogously k, for the (XXYY) measure-
ment, are different, as the perpendicular component of the probe beam
may not be the same amplitude as the parallel (i.e. @ # 45°), and will also
traverse through different optics after the PBC. On the surface, it may
seem that the measured (XXXX) and (XXYY) will therefore not be bal-
anced, and hence some kind of normalization or referencing will be
needed. It will be shown here that in fact, the measurement and data
processing procedure will eliminate the kj and k, factors.

Considering the (XXXX) channel again, the signal and probe fields at
detection follow the square law

SonH = ‘Epru +Es‘ ‘2 (A3)

% B [+ 2Re(Ege Ey ) (A4)

Py Pr|

where the term \ES‘ |2 is dropped as it is usually much smaller than the

other two terms. The “on” denotes “pump on”. We also detect the probe
field with “pump off”, that is, without signal

Soff‘ = IEer ‘2 (A.5)

The collected spectra are then processed by taking

ChemPhysChem, 2026

log Sony _ log |Eqpr, > +2Re <E;§'rH ESH> A6)
Soff‘ |Eer IZ '
=log |1+ ;Re (E;rHESO (A7)
|Epr, 2
2k3Re(EjEyE EpR))
I prptptpr Y|
=log |1+ (A.8)
{ KRB
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= log[1+2Re(E}E,R))] (A9)
N 2Re(E3E,R)) (A10)
In10 ’
Son)

Crucially, the measured (XXXX) = log— signal is independent of the

Soff
factor k. The same argument applies to the (XXYY) channel where the

) 2Re(E}E,R,) . . I .
processed signal % is obtained, likewise without the k; factor.

With R and R, collected with the same multiplying constant, and hence
balanced, they can be linearly combined directly to yield the desired
polarization schemes.
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