Page 1 of 1

AFRL-AFOSR-JP-TR-2018-0061

Development of ultrafast Electronic-Raman 2D spectroscopy

Howe-Siang Tan

NANYANG TECHNOLOGICAL UNIVERSITY
50 NANYANG AVENUE

SINGAPORE, 639798

SG

0871472018
Final Report

DISTRIBUTION A: Distribution approved for public release.

Air Force Research Laboratory
Air Force Office of Scientific Research
Asian Office of Aerospace Research and Development
Unit 45002, APO AP 96338-5002

https://livelink.ebs.afrl.af.mil/livelink/Ilisapi.dll 8/14/2018



FORM SF 298 Page 1 of 1

REPORT DOCUMENTATION PAGE o A s

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing
data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or
any other aspect of this collection of information, including suggestions for reducing the burden, to Department of Defense, Executive Services, Directorate (0704-0188).
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information
if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE (DD-MM-YYYY) 2. REPORTTYPE 3. DATES COVERED (From - To)
14-08-2018 Final 22 Sep 2016 to 21 Sep 2017
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Development of ultrafast Electronic-Raman 2D spectroscopy

5b. GRANT NUMBER
FA2386-16-1-4081

5c. PROGRAM ELEMENT NUMBER
61102F

6. AUTHOR(S) 5d. PROJECT NUMBER
Howe-Siang Tan

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
NANYANG TECHNOLOGICAL UNIVERSITY REPORT NUMBER

50 NANYANG AVENUE
SINGAPORE, 639798 SG

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

AOARD AFRL/AFOSR IOA

UNIT 45002

APO AP 96338-5002 11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

AFRL-AFOSR-JP-TR-2018-0061

12. DISTRIBUTION/AVAILABILITY STATEMENT
A DISTRIBUTION UNLIMITED: PB Public Release

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The Pl has had good success at accomplishing their research objectives for this grant. They were able to combining the pulse shaper
assisted 2D spectroscopic method and FSRS to create 2DER spectroscopy that follows the dynamics of vibrational Raman modes of
chromophores and correlates them to the initial electronic excitation wavelength. This grant provided financial support for a
postdoc on the program. Two peer reviewed papers were a direct result of this grant award. Additionally, the Pl was able to present
this work at several optics conferences.

15. SUBJECT TERMS
2D Electronic-Raman spectroscopy, excited electronic and vibrational correlations, two-dimensional optical spectroscopy,
femtosecond stimulated Raman spectroscopy

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF [ 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
a. REPORT b. ABSTRACT | c. THIS PAGE ABSTRACT OF CHEN, JERMONT
PAGES
Unclassified | Unclassified | Unclassified SAR 19b. TELEPHONE NUMBER (Include area code)
315-227-7007

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. 739.18

https://livelink.ebs.afrl.af. mil/livelink/llisapi.dll 8/14/2018



Final Report for Project entitled:

Development of Ultrafast Electronic-Raman 2D Spectroscopy

Grant No. FA2386-16-1-4081

Principle Investigator: Howe-Siang Tan, Division of Chemistry and Biological Chemistry, School
of Physical and Mathematical Sciences, Nanyang Technological University, Singapore

Abstract

We have demonstrated a new nonlinear optical spectroscopic technique: Ultrafast Two Dimensional
Electronic-Raman spectroscopy (2DER), which is capable of measuring the correlation between
excited electronic states and their vibrational Raman spectral signature. In this technique, each of the
multiple excited electronic transitions in a complex system can be correlated with its low vibrational
frequency (Raman) spectrum. The 2DER spectrum presents the initial actinic excitation wavelength
with nanometer spectral resolution in the first axis, and the detected stimulated Raman spectra in the
second axis. This work has been published in a leading journal in optics: Optics Letters 43, 939
(2018). With this technique, we will be able to obtain an unprecedented picture of how the transient
structure mediates the functions and properties of important biological and chemical systems. We
present preliminary results on the application of 2DER on characterization of the dark state of
photosynthetic accessory pigment -carotene.

Introduction

Recent advances in coherent two-dimensional (2D) optical spectroscopy have substantially extended the
spectral correlation range of optical spectroscopies. Femtosecond time-resolved 2D correlation spectra with
excitation and detection windows from ultraviolet (UV) to mid-infrared (MIR) wavelengths have been
implemented [1-3]. This broad spectral range has enabled the direct visualization of correlations for various
ultrafast processes previously inaccessible to one-dimensional optical methods. However, the combination of
correlation wavelengths accessible in most current coherent multidimensional spectroscopies excites and
probes similar degrees of freedom.

For example, 2D infrared spectroscopy (2DIR) correlates vibrational couplings in order to resolve molecular
structures and dynamics of chemical and biological complexes [4-6], while 2D electronic spectroscopy
(2DES) correlates electronic states to elucidate energy transfer dynamics of biological systems [7, 8]. In
contrast, the correlation between initial electronic excitation and ultrafast structural changes in chromophores
is only in the nascent stage of development, due to challenges in implementing multiple femtosecond phase-
locked excitation pulses in combination with broadband probes over different spectral regions. These recent
developments include 2D electronic-vibrational spectroscopy [9] and 2D vibrational-electronic spectroscopy
[10]. The ability to correlate the initial excitation of electronic states to the evolution of vibrational modes is
important to explain dynamics not described in the framework of the Born-Oppenheimer approximation, such
as the nonradiative transfer pathways between electronic states [11].

Compared to ultrafast electronic and IR spectroscopy, femtosecond stimulated Raman spectroscopy (FSRS)
is a complementary technique that has the ability to interrogate ultrafast biological processes with high spectral
resolution, by measuring narrow linewidth vibrational spectra in the time domain with femtosecond resolution
[12, 13]. To obtain a FSRS spectrum, after initial electronic excitation from a visible broadband ultrafast actinic
pump pulse, a picosecond Raman pulse and a femtosecond supercontinuum probe pulse stimulate the
scattering of the molecular vibrational modes, and the resultant Raman scattering provides better signal
intensity with greatly improved time resolution compared to traditional time-resolved spontaneous Raman
spectroscopy [14]. While offering excellent temporal and vibrational spectral resolution to study excited-state
structural dynamics, FSRS reports with limited electronic spectral resolution due to the broad electronic
spectral line shape.
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Fig. 1. Simplified schematic of two-dimensional electronic-Raman spectroscopy (2DER). (a) Energy ladder diagram of a three-level system and the
2DER pulse timing. The first excitation pulse (1) promotes the system to be in superposition between the ground state (g) and excited state (e).
Dephasing of the electronic coherence is measured by step-wise increment (t) of the second excitation pulse (2), and the second interaction populates
the system to the excited/ground state. After a waiting time (Tw), near-infrared (NIR) probe (3) and Raman (4) pulses create a vibrational coherence on
the excited/ground state. Additional interaction with the long-duration NIR probe (5) results in the emission of a photon during the vibrational free-
induction decay in the direction of the NIR probe beam and is self-heterodyne detected. (b) Double-sided Feynman diagram describing the 2DER

processes of the excited state (top) and ground state (bottom) manifolds.

Here, we employ multidimensional spectroscopy techniques in combination with FSRS to achieve
frequency-resolved actinic excitation, which allows us to correlate the photoinitiated electronic excited state
with the subsequent evolution of the nuclear vibrational modes. As a result of this combination, we obtain two-
dimensional electronic-Raman (2DER) spectra with narrow-linewidth vibrational bands, nanometer electronic
excitation resolution and femtosecond time resolution. Figure 1a illustrates the pulse interaction scheme of
2DER. An interaction with the first visible actinic pump pulse creates a coherent superposition between the
ground state and the excited electronic state. The second interaction with a second visible actinic pump pulse
(at a delay 7 after the first pulse) converts the system from a coherence to a population state. After a waiting
time Ty, the Raman pump and probe pulses interrogate the vibrational state of the system, and the resultant
signal is emitted. In a pump-probe geometry, the signal travels in the same direction as the probe pulse and is
self-heterodyne detected. Figure 1b describes the 2DER experiment under the framework of the diagrammatic
perturbation theory used in nonlinear optical spectroscopy [15]. At a particular waiting time Tw, the experiment
is repeated over a series of actinic pump delays z. By Fourier transforming over z, the spectrum of the excitation
frequency can be resolved to obtain a two-dimensional spectrum that correlates the electronic excitation energy
levels with the Raman vibrational modes. Previous study followed a similar approach by combining 2DES
with a FSRS probe [16], but did not observe any Tw-dependent spectral shifts in the electronic excitation
wavelength and vibrational Raman modes. As a high-resolution correlation technique, 2DER can elucidate
the interaction pathways of various electronic states by obtaining spectral dynamics of Raman fingerprints
without sacrificing time or spectral resolution. We demonstrate the capabilities of 2DER in the study of energy
transfer processes by resolving the pathway of excited-state relaxation dynamics for p-carotene, a
photosynthetic pigment that has an electronically dark state (S: band) which undergoes vibrational cooling on
an ultrafast timescale [14].

Method

In our experimental setup (Fig. 2), a home-built noncollinear optical parametric amplifier (NOPA)
was pumped by 40 fs pulses at 800 nm from a regenerative amplifier (Legend Elite, Coherent). The
NOPA converted 19 mW of the fundamental pump pulses into 3 mW visible actinic pump pulses
centered at 500 nm, corresponding to the S2 absorption band of 3-carotene. The actinic pump beam
was coupled into an acousto-optic programmable dispersive filter (AOPDF) pulse shaper (Dazzler,
Fastlite) which compresses the pulses to ~50 fs, with bandwidth from 10-16 nm at full-width half-
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maximum (FWHM) and pulse energy of 500 pJ. The compressed actinic pump was modulated by the
pulse shaper to obtain two 250 pJ pulses centered at 500 nm wavelength with controllable time delay
T from 0 to 160 fs in 4 fs steps, and relative phases of 0 and . The actinic pump pulses were then
directed to the sample using a 650 nm long-pass dichroic mirror (DMLP650, Thorlabs). A linear
positioning stage (LS-110, PI) was used to control the waiting time Tw of the actinic pump pulses
with femtosecond precision. Part of the fundamental pump beam from the amplifier was sent to a 4-
f grating filter that consist a pair of ruled diffraction gratings (1200 lines/mm) and a pair of f = -250
mm concave mirrors. The Raman pump pulse was generated by spectrally filtering the pump beam
to a narrow band spectral profile centered at 791 nm with a bandwidth of 1 nm at FWHM, and pulse
energy of 1 puJ.

Fig. 2. Schematic of the 2DER setup. From the output of the NOPA, the pulse shaper creates two
actinic pump pulses with variable delays and relative phases. The two collinearly aligned actinic and
Raman pump pulses together with the NIR region of a white-light continuum are focused on the same
spot of the sample in a pump-probe geometry.

The Raman pump beam was directed to the sample through the 650 nm long-pass dichroic mirror
collinearly with the actinic excitation beam. A small amount of fundamental light was focused with
a f =50 mm convex lens into a 2 mm thick sapphire plate to generate a white light continuum which
was collimated by a f = -50 mm silver parabolic mirror. The white light continuum was spectrally
filtered by an 850 nm long-pass filter (FELHO0850, Thorlabs) to obtain only the NIR wavelength
region for the probe, with pulse energy of 30 nJ. Using a translation stage, the Raman pump beam
was adjusted to be temporally overlapped with the probe beam to enable stimulated Raman scattering.
All three pump and probe beams were focused onto the sample in the 200 pum pathlength flow cell
that is mounted onto a motorized rotation stage (PRM1Z8, Thorlabs), at the same spot with a f = -
150 mm silver parabolic mirror in a pump-probe geometry. Estimated spot sizes of the actinic pump,
Raman pump and Raman probe on the sample are 90 pum, 70 um and 60 pm, respectively. The signal
is emitted in the same direction as the probe beam, which is collimated by an identical silver parabolic
mirror. The signal and probe beams were focused with a f = 50 mm convex lens into an imaging
spectrograph (ARC-SP-2356, Princeton Instruments) and detected with a digital charge-coupled
device (CCD) camera (P1X100F, Princeton Instruments).

The ability to control the relative phases of the actinic pump pulses with the pulse shaper allows
phase-cycling to be implemented to filter away unwanted lower-order signals, and enables data to be
collected in a rotating frame [17, 18]. The reference wavelength was set at 530 nm to collect the data
in a partial rotating frame, resulting in a Nyquist sampling limit of 12 fs. These phase-cycling and
reference frequency procedures are similar to the procedures for a pulse shaper assisted 2DES
experiment [17]. The actinic pump beam and Raman pump beam were chopped at a frequency of 250
Hz and 500 Hz, respectively, to produce pulse sequence that yielded different spectra [19]. The digital
CCD camera acquired spectral images of the transmitted probe beam at a frame rate of 1 kHz, which
matches the repetition rate of the laser in our experiment. To acquire a single 2DER spectrum with
the above parameters without averaging, 328 frames are required. Typically, ~12,000 spectra were
recorded to generate an averaged 2DER spectrum at one waiting time Tw. Recorded raw FSRS
spectra at all actinic pump delays 1 and relative phases were fitted with a broad baseline obtained
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from spline interpolation of points between Raman peaks and with straight lines under the peaks to
remove the background present from transient absorption of B-carotene at 791 nm [20]

800 nm, 40 fs

> af 50 PN —
filter | 500 Hz |:

NOPA Sample

Figure 2. Schematic of the 2DER setup. From the output of the NOPA, the pulse shaper creates two actinic pump pulses with variable
delays and relative phases. The two collinearly aligned actinic and Raman pump pulses together with the NIR region of a white-light
continuum are focused on the same spot of the sample in a pump-probe geometry.

In 2DER measurements, the vibrational Raman modes of -carotene molecules were driven in and
out of resonance as the time separation t between the two actinic pump pulses increased, while non-
resonant Raman signal such as solvent peaks led to non-responsive changes. Therefore, measuring
the rise and fall of the Raman bands as T changes remove contributions from solvent peaks, allowing
the identification of transient Raman peaks without having to examine the difference in the signal
obtained from the FSRS spectrum of B-carotene and pure solvent. Transient stimulated Raman signals
were phase-cycled to remove unwanted lower-order signals [17, 18]. The phase-cycled data were
Fourier transformed along the pump delay t axis to yield a 2DER spectrum.

Results

We performed 2DER spectroscopy to examine [-carotene (Sigma-Aldridge) that was dissolved in
cyclohexane solvent (OD500nm = 0.3). Several distinct stimulated Raman bands in the FSRS
spectrum were observed with high contrast after removal of the broad background with the vibrational
bands at 1005 cm-1, 1156 cm-1, 1523 cm-1 and 1770 cm-1 to 1800 cm-1 corresponding to methyl
rock, symmetric C—C stretch, terminal C=C stretch and central C=C stretch [20], respectively.

To present both the electronic and Raman vibrational spectral information of all measured vibrational
frequencies, we plotted the excitation wavelength for each transient stimulated Raman frequency, and
used colored contours to denote the measured stimulated Raman intensity of each vibrational mode
(Fig. 3a).

In the time-resolved 2DER spectra (Figs. 3a-c), the negative peaks are due to prominent ground state
bleach (GSB) signals from S0—S2 population transfer [21]. Positive peaks at the same excitation
wavelength are from excited state absorption (ESA) signals of the S1 state and imply a S2—S1
population transfer pathway. High electronic excitation spectral resolution was achieved for the
transient vibrational Raman modes, including ground-state bleaches of methyl rock, C—C stretch,
symmetric C=C stretch, and excited-state absorption of central C=C stretching mode. Furthermore,
we were able to observe relaxation dynamics of -carotene with femtosecond temporal resolution.
The narrowing and upshift of the S1 C=C peak from 1770 cm-1 to 1800 cm-1 (horizontal dotted lines
in Fig. 3d) is consistent with previous studies [14] and has been assigned to a vibrational cooling
process. As a consistency check, we integrated the 2DER spectrum over the actinic pump axis and
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retrieve a transient spectrum similar to that obtained from the difference between the FSRS and
ground-state Raman spectra. The strength of 2DER spectroscopy lies in its ability to resolve the
excitation degree of freedom. This capability is illustrated in our observation of the S1 ESA linewidth
broadening towards shorter actinic pump wavelengths as waiting time Tw increases (vertical dotted
lines in Fig. 4d). This linewidth broadening may be related to the coupling of vibronic levels in the
S2 and S1 states [22] and work is currently being undertaken to clarify the details. From the 2DER
spectra in Figure 4, it can also be seen that different electronic states represented by different narrow
Raman bands were also well resolved from each other. In comparison, 2DES achieves a lower
resolution when only electronic transitions are probed, as different electronic transitions have broad
overlapping line shapes [23, 24].
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Fig. 3. 2DER resolves initial electronic excitation wavelengths in time-resolved FSRS to correlate electronic transitions with vibrational
Raman frequencies of B-carotene. (a-c) Absorptive 2DER spectra of B-carotene taken at different waiting times Tw (bottom right).
Peaks with negative amplitude at 1005 cm-1, 1156 cm-1, and 1523 cm-1 are due to GSB signals, while peaks with positive amplitude
from 1770 cm-1 to 1800 cm-1 are due to excited state signals. Fourier transform of the 2D signal in Fig. 3c along the actinic pump
delay t is shown in a. (d) Close-up of the S1 ESA 2DER spectral shape in a-c. Full width at half maximum (FWHM) of the 2DER
spectra for actinic pump at 500 nm and Raman shift at 1798 cm-1 are plotted in horizontal and vertical dotted lines, respectively.
Spectral FWHM along the vibrational Raman axis narrows from 53 cm-1 (left) to 46 cm-1 (center) to 36 cm-1 (right). Spectral FWHM
along the actinic pump axis broadens from 6.5 nm (left) to 8.5 nm (center) to 9.7 nm (right).

Discussions and Conclusions

By combining the pulse shaper assisted 2D spectroscopic method and FSRS, we have achieved 2DER
spectroscopy that follows the dynamics of vibrational Raman modes of chromophores and correlates them to
the initial electronic excitation wavelength. Two-dimensional electronic-vibrational spectroscopy [9] and two-
dimensional vibrational-electronic spectroscopy [10] have generally low time resolution (~200 fs) that is
limited by the narrow IR spectral bandwidth (~200 cm™), and it is challenging to access a wide infrared spectral
range. Although a wide spectral detection range has been reported using an octave-spanning broadband MIR
probe pulse [25], the stimulated Raman-based system we reported here is simpler to implement in a
straightforward adaptation of a pump-probe geometry 2DES experiment [17, 26] by adding a narrowband
Raman pump that can be obtained with a grating or narrowband filter. With our setup, a 2DER spectrum and
a 2DES spectrum with NIR probe can be simultaneously obtained by chopping the Raman pump beam.
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Our 2DER results exemplify the sensitivity and spectral resolution of 2DER, enabling the characterization
of energy relaxation pathways and other spectral dynamics that are obscure to other methods. The application
of 2DER to natural and artificial photosynthetic light-harvesting complexes is particularly useful because the
elucidation of energy transfer pathways often requires knowledge of molecular structure of the chromophores
and their relative orientations. A combination of 2DER with plasmonic materials designed to enhance Raman
scattering can further expand the applicability of 2DER and poses exciting prospects.

Future outlook

Carotenoid plays crucial roles in light-harvesting and photo-protection during photosynthesis [27,28].
In plants, carotenoids are essential for the absorption of light in the wavelength regions that is
inaccessible to chlorophylls, increasing spectral cross-section, driving photosynthesis. Despite its
importance, our understanding of carotenoid excited-state manifold remains incomplete. Transient
absorption spectroscopy has described carotenoids by a three-level system , in which the light is
absorbed by the S state before rapidly decaying in a few hundreds of femtoseconds to the “dark” S;
state, which then decays back to the grounds state (So) on the picosecond time scale [29]. The Sp to
S: state transition is symmetry forbidden [30]. However, it remains unclear about the presence of
additional intermediate electronic state involved in the relaxation process [31]. These intermediate
electronic states were predicted to be dark states between S; and S; states, although previous works
have reported a transition dipole moment for the intermediate electronic state [32,33]. Hence, the
challenge of resolving the energetic organization of the electronic states in carotenoids requires
spectroscopic tools with both high temporal and frequency resolution. We have acquired some
preliminary results as reported in the earlier parts of this report. Our immediate plan is to deploy the
new 2DER technique to resolve this long standing puzzle in carotenoid studies.

Achievements
The grant has provided manpower support for a year for one Postdoctoral Fellow, Dr. Zhengyang
Zhang.

The results achieved from this research project has been published in a leading journal of optics:
“Two-dimensional electronic-Raman spectroscopy’, Optics Letters 43, 939 (2018).

We also used the setup to study the dynamics of phycocyanobilin in a glass forming liquid. This is
published in ‘Glass formation of a DMSO-water mixture probed with a photosynthetic pigment’,
Phys. Chem. Chem. Phys. 20, 17552-17556 (2018).

An invited presentation entitled “Two-Dimensional Electronic-Raman Spectroscopy* will also be
presented at the leading conference for Raman spectroscopy, 26" International Conference on
Raman Spectroscopy, 26™-31 June 2018. Jeju, South Korea. http://www.icors2018.org/invited.php

Presentations of the work have also been made at the

1. Contributed talk: The 6™ Asian Spectroscopy Conference (ASC6), 1-4 Sep. 2017, National
Tsing Hua University, Hsinchu, Taiwan

2. Poster: The 9" International Conference on Coherent Multidimensional Spectroscopy
(CMDS2018), 25-29 June 2018, Seoul, S. Korea
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