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ABSTRACT

Two-dimensional electronic spectroscopy (2DES) is used to theoretically and experimentally study a minimal three level “V” system (3LVYS)
with one ground state and two excited states coupled to common displaced harmonic oscillator modes. The third order non-linear opti-
cal response functions with frequency fluctuation correlation functions and frequency fluctuation cross correlation functions were derived
using the displaced harmonic oscillator model to characterize the diagonal and cross-peaks. The two lowest vibronic transitions of a 6,13-
bis(triisopropylsilylethynyl)-pentacene (TIPS-Pn) molecule serve as a model system for the 3LVS considered above. TIPS-Pn’s 2DES spectra
were measured and analyzed using the center line slope (CLS) method. The CLSs of both the diagonal and cross-peaks consist of an expo-
nential decay and an underdamped mode oscillating at a frequency of 264 cm™", corresponding to the long axis breathing mode of the
pentacene moiety of TIPS-Pn. The CLS oscillations” amplitude and phase of both the diagonal and cross-peaks were measured to have a
specific relationship with each other, which is well predicted and simulated by our theory for the 3LVS of TIPS-Pn. We estimate an effective
Huang-Rhys factor of ~0.27, which quantifies the coupling of the two vibronic transitions to the long axis breathing mode of the pentacene
moiety of TIPS-Pn. We show that such simultaneous CLS analysis recovering the amplitudes and phase relationships between diagonal peaks
and cross-peaks measures the correlated vibrational coherences of different states. This can be used to quantify how different excited states or
multi-chromophoric states are coupled to common modes in more complex multistate systems.
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INTRODUCTION

Two-dimensional electronic spectroscopy (2DES) is a powerful
tool and has been used to study the transient dynamics of a variety
of complex systems.' " In 2DES, a sequence of three ultrafast pulses
interacts with a material system, generating a third-order nonlinear
optical signal, which is then measured, analyzed, and presented in a
two dimensional spectrum.”” One can view 2DES as an upgrade on
the conventional pump-probe or transient absorption spectroscopy
technique.” ” Excitation frequency resolution is not usually achieved
in a conventional broadband pump-probe or transient absorption

spectrum. In comparison, on a 2DES spectrum, excitation frequency
resolution is achieved. Apart from the “transient absorption” or
intensity vs detection axis, a 2DES spectrum has an additional axis
corresponding to the excitation frequency.

In a 2DES spectrum of a multi-level system, there will be diag-
onal and cross-peaks that correlate the excitation frequency to the
detection frequency for various processes. The shapes and ampli-
tudes of these peaks vary according to the time delay Ty of the
2DES experiment and contain a wealth of information about the
energy transfer dynamics, system-environment interactions, intra-
band electronic coherences, and vibrational coherences of complex
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systems containing multiple states and transitions. The time depen-
dent amplitudes of the diagonal and cross-peaks indicate the popu-
lation dynamics of the states,”'"'" whereas the peak shapes encode
the interaction of the system with the surrounding bath environment
at the molecular level.”'* Furthermore, studying the beating patterns
of the spectral features allows for information on intra-band elec-
tronic coherences and vibrational coherences in complex molecular
systems to be extracted.””

The 2DES peak shapes of molecular transitions are strongly
influenced by the coupling of electronic states to solvent and vibra-
tional modes.'”"” The peak shape can be modeled by various
methods.'”'**""** Using the well-established Kubo lineshape the-
ory,” the 2D spectral peak shape can be modeled by considering the
frequency fluctuations of individual transitions. On a 2DES spec-
trum, the diagonal peak corresponding to a transition to state |i)
with transition frequency w; is quantified by the frequency fluc-
tuation correlation function (FFCF), C;(t) = (Sw;(t)dw;(0)). The
angle bracket, (- --), represents the equilibrium ensemble average
of how a transition with energy gap w;(t) fluctuates or modulates
with time.

A microscopic description to model the FFCF is described
by coupling transitions to Displaced Harmonic Oscillator (DHO)**
modes, which effectively emulates the fluctuations in the electronic
transitions. These DHO modes can describe the coupling of elec-
tronic transitions to vibrational modes, and by extending the cou-
pling to a continuum of modes,”**” overdamped solvent modes can
be simulated. Typically, the overdamped mode results in an expo-
nential decay of the FFCF over the delay time Ty, whereas the
underdamped modes add oscillatory terms to the FECF.”*”® The
described effects manifest as spectral diffusion dynamics and the
oscillatory behavior of the spectral features, respectively.

The spectral diffusion contributions from overdamped oscilla-
tor modes are often connected to the librational motion or diffusive
dynamics of solvent molecules’” and are assigned timescales ranging
from hundreds of femtoseconds to a few picoseconds. In addi-
tion, structural inhomogeneity relates to correlation timescales on
the order of hundreds of picoseconds to a few nanoseconds.”*”’
Meanwhile, in the case of an underdamped oscillator, the coherent
modulation in the transition energies of system states at frequen-
cies corresponding to the coupled vibrational modes can arise either
from intra-chromophore vibrational motions or from external sol-
vent modes.”” Thus, the DHO theory allows the measured 2D
diagonal spectral features to be connected to the microscopic phys-
ical processes. Conversely, by measuring the FFCF, insights into
the microscopic processes at the molecular level can be obtained.
The centerline slope (CLS) analysis™ is regularly applied in 2DES to
measure the spectral diffusion dynamics of molecular systems.” **
Furthermore, it can also be used to characterize the vibrational
coherences in FFCFs.””"”

We can also extend the above analysis, that pertains to diago-
nal peaks, to cross peaks in 2DES spectra. A cross-peak feature on
a 2DES spectrum correlates two distinct transitions with frequen-
cies w; and wj. We can, therefore, also define a frequency fluctuation
cross correlation function (FXCF),”® C;j(t) = (dw;(t)dw;(0)), which
describes the shape of a cross-peak corresponding to excitation
at state |j) and detection at state |i). The FXCF is important for
multi-level systems such as multi-chromophoric, multi-excitonic
systems, or molecular systems with multiple electronic and vibronic
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transitions. This can be achieved by generalizing the coupling of
the two states to a common DHO mode.”” The FXCFs of the
Qx and Q transitions in phthalocyanine (H,Pc) dissolved in 1-
chloronaphthalene were measured recently,”® which has shown
how the different processes contribute to spectral diffusion. It also
showed certain degrees of freedom that are coupled in an anticor-
related manner.”*” The DHO theory can be extended to model
the peak shape of the cross-peaks on 2DES spectra. As in the case
of FECF, an oscillatory feature on the FXCF indicates correlated
periodic frequency modulations of two different states coupled to
a common underdamped mode. The amplitude of oscillation is
determined by the joint coupling strength of the states to the under-
damped mode. Although in the previous work, oscillations in the
CLS of the cross-peaks were observed, it proved to be too complex
to analyze and explain.*®

In this article, based on the third-order nonlinear optical
response theory framework,”"*""" we develop a theory using the
DHO model to account for the underdamped modulation and
spectral diffusion behavior that features on the 2DES spectra of
a multi-level system. We then perform a 2DES study on a sim-
ple molecular system to demonstrate and validate our theory. We
first present the theory applicable to a simple multi-state three level
“V” system (3LVS) consisting of one ground state and two excited
states, with both the excited state transitions coupled to a common
DHO. We use 6,13-bis(triisopropylsilylethynyl) (TIPS)-pentacene
(TIPS-Pn) as a model system for our 2DES study. The steady-state
absorption spectrum of TIPS-Pn can be described by a two level
system (TLS) coupled to a high-frequency vibrational mode, effec-
tively giving rise to two vibronic peaks corresponding to the 0-0 and
0-1 transitions, energetically separated by ~1340 cm™.*° This high
frequency vibration corresponds to the short-axis C-C stretching
vibration of TIPS-Pn having a strong Raman cross-section.*” Fur-
thermore, the system has a low frequency™ 264 cm™" mode that
couples strongly to the TLS. This mode corresponds to the long
axis breathing mode of the pentacene moiety of TIPS-Pn. We show
that this system effectively becomes a 3LVS, with equivalent cou-
pling strengths or Huang-Rhys factors based on the DHO model for
both the 0-0 and the 0-1 transitions. Using TIPS-Pn as a test system,
we performed 2DES and the CLS analysis on the diagonal and off-
diagonal cross-peaks to measure and quantify the time dependent
peak shape. The CLS analysis revealed spectral diffusion dynam-
ics in both the diagonal and cross-peaks arising from the solvent
relaxation dynamics of TIPS-Pn. In addition to spectral diffusion,
the CLSs of TIPS-Pn exhibit strong oscillations with a beating fre-
quency of ~264 cm™ on both the diagonal and cross-peaks. The
DHO model is able to quantitatively explain the observed behavior
in the 2D spectra. The Huang-Rhys factors are then estimated from
the diagonal and cross-peaks that quantify the coupling strengths
with an %nderdamped molecular vibrational mode of frequency
~264cm™ .

THEORY

We first consider a 3LVS, which comprises a common ground
state |g) and two excited states {i), |j)}. The 2DES spectrum of such
a system can be described by two diagonal peaks at (wjg,wig) and
(wjg-wjg) and two cross-peaks at (wig,wj,) and (wjg,wig), respec-
tively. To account for all the spectral features that contribute to
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the 2DES spectra of such a system, we enumerate all the rele-
vant Double-sided Feynman Diagrams (DSFDs).”"’ These DSFDs
schematically describe the feasible coherence transfer pathways
within the system, where the pathways contributing to the signal at
the diagonal peak position (wig,wig ) and at the cross-peak position at
(wjg,wi¢) are presented in Figs. 1(a) and 1(b), respectively. By swap-
ping indices i and j, the other two possible signal pathways can be
enumerated.

We label the
R (2,7, 1) (RS (1,0, 1) )
(rephasing) processes,
ng(r, Tw,t) (Ri'])(r, Tw t)) correspond to the rephasing (non-
rephasing) ground state bleach (GSB) processes. The analytical
expressions corresponding to the DSFDs, i.e., the response func-
tions, have been evaluated in our previous work®' by considering

the cumulants of the transition frequency fluctuations dw to second
order,”* resulting in

pathways as follows:*’

correspond to  non-rephasing

stimulated emission (SE) whereas,

Rgi}')(-[, Tw,t) = y]gg‘ufg x exp (—i(wjeT + wigt))
x exp (~gji(7) - &5 (Tw) — gi (1) + g (T + Tw)
+ g (Tw+t) —gi(T+Tw+t)), (1)

RV (7, T, ) = gt x exp (i(wyT - wigt))
X exp (—g;(T) +gij(Tw) _g:(t)
= 8 (1+ Tw) = gi(Tw +1) + g5 (1 + Tw+ 1)), (2)

R (7, T t) = igpiy x exp (i wyeT - wit))
x exp (~g5; (1) + g5 (Tw) — gi(1) -~ g (T + Tw)
= g (Tw+1) +gj(t+ Ty +1)), 3

R{D (2, Tows £) = pigpily x exp (=i(wjer + wigt))
x exp (~gjj(7) - gi(Tw) - gi(t) + (7 + T)
+ giji(Tw + 1) = gij(T+ Tw +1)). (4)

(a) R (z,T,, 0 R (z,T,,t)

<

(b) R(U) (z,T,,t)

1D
|';>'"z;|
'!? _____
(gl
|y> (gl

R(ij) T, Ty, b

-
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T T <l ) (gl T gl Iy (gl
. 0l 0l 19) (gl l9) (gl

. ) (gl l9) il lg) (il iy (gl
o l9) (gl l9) (gl lg) (gl lg) (gl

RY(z,T,,0

Tl (gl = ~q.
_______ i iy (gl
R liy (gl g
|_1_>_____'| lg) (gl lg) (gl

lg) Gl iy (gl
|g) (gl lg) (gl /|g) (gl
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The lineshape functions gg,(t) in the expressions above are
defined as

ga(t) = /0- dTATdT,Cﬂa(T,), (5)

where the states {|a), |8)} can represent either [i) or |j). gga(t) rep-
resents the auto-correlation lineshape function when « = 8 and the
cross correlation lineshape function when « # . As has been intro-
duced previously, the frequency-gap correlation function Cgq(t)
= (8wp(t)Sw.(0)) is known as the FFCF when « = 8 and the FXCF
when a # . When i #j, Eqs. (1) and (2) correspond to popula-
tion transfer SE processes along the cross-peaks, where the transfer
effects incorporated are approximate and are described by a set of
rules listed out in our previous work.”’

The lineshape functions gg,(t) in Eqs. (1)-(4) can be cast
as a sum of the individual vibrational gg,,(t) and overdamped
lineshapes ggop (1), i€ gpa(t) = oaw (£) + goap(t), which follows
from the relation corresponding to the frequency-gap correla-
tion function: Cpy(t) = Ca,y(t) + Cpap(t), Where Cgay (£) [Cpap(t)]
describes the underdamped [overdamped] frequency correlation
function in Eq. (5).

The DHO model”"”* is well used in providing the microscopic
description to model a TLS coupled to an oscillating mode. For an
undamped mode w,, the auto-correlation function corresponding to
state i), i.e., Ciiv(t), can be expressed as'’

Ciin(t) = wﬁS,-,-,v(G)v(T) cos (wyt) — i sin (wyt)), (6)

where ©,(T) = coth(zk T) Siiy = 3d; =

factor’"*” in which Aiiy quantifies the coupling strength to the vibra-
tional mode w, and the parameter d; is the dimensionless shift of the
minima of the excited state potential energy surface relative to the
ground state along the mode Q, (Fig. 2).

We can adapt the DHO theory to model the associ-
ated FXCF (a=jB=1i) for the 3LVS (described in Fig. 2).
The detailed derivation is provided in the supplementary
material. The resulting FXCF takes a similar form as Eq. (6),

av s the Huang-Rhys

@y

Riﬁ) (z,T,,t)

-

FIG. 1. DSFDs representing the coher-
ence transfer pathways contributing to
the (a) diagonal peak at (wjy, wjg) and
(b) cross-peak at (wjg, wjg) in the 2DES
spectrum. Time runs upwards in the

RY @, 1,,0) :
diagrams.

Al
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FIG. 2. Schematic representation of the displaced harmonic oscillator representing
the coupling of the 3LVS to the harmonic mode Q, with frequency w,.

Cijw(t) = 03Sijv(©y(T) cos (wyt) — i sin (wyt)), with a cross-
Huang-Rhys factor, Sjjy = %d,-d]-, where d; and d; represent the
dimensionless displacements of the minima of the two excited state
potential energy relative to the ground state, along the vibrational
mode Q, (as shown in Fig. 2). Here, the cross-Huang-Rhys factor
determines the undamped oscillation amplitude of Cj;,(¢). We can
phenomenologically introduce damping into Cg,,(t) of a 3LVS
with both excited states coupled to the same DHO modes,

Cpa (1) = W2 Spar (®4(T) cos (wyt) — i sin (wyt)) exp (~Ypavt),
)
where y/};,v is a damping constant accounting for the correlation
timescale of the underdamped mode.

Similarly, we can model the overdamped contribution of the
correlation function, Cg,(t) for the 3LVS. We consider that the sys-
tem is coupled to a continuum of harmonic bath modes described by
the Drude spectral density,”"”’ C;a)h(w) = 2/\,;,,%, where yg; is

the correlation timescale corresponding to a particular overdamped
mode, and Ag, is the reorganization energy quantifying the strength
of coupling of the states to the mode. Ag, is obtained from the rela-
tionship Agy = ”‘%Tlﬂa. The corresponding frequency-gap correla-
tion function Cgq,(t) can be described under the high-temperature
limit as

Chap(£) = Apa exp (—=ypat), (8)

ARTICLE pubs.aip.org/aipl/jcp

where we ignore the imaginary component of Cg, (), assuming the
spectral linewidths to be much larger than observed Stokes shifts.”*
We note that, in principle, the theoretical basis of the overdamped
and underdamped correlations is similar. The overdamped contri-
bution can be viewed as coupling to a continuous distribution of
DHOs.”* As the later discussions will show, the underdamped part
of the correlation functions describes the vibronic coherent modu-
lations, while the overdamped part describes the spectral diffusion
process.

With the above models of underdamped and overdamped cor-
relation functions in Eqgs. (7) and (8), we carry out the double time
integral as described in Eq. (5) to obtain the corresponding lineshape
functions. The calculated lineshape functions take the following
forms:

G (t) = —iw0ySpayt + Spa[ Oy (1 — cos (wyt) exp (~Ypant))

+ i sin (wyt) exp (—yﬂa,vt)] ) )
Apar o —
8o (1) = Tpal + 3 (f’k)[e P gt =] (10)
k \ Ypak

Here, the index “k” represents the contribution of the kth over-
damped bath mode in the lineshape function with distinct rate
constant y,, ;. The above derivation is adapted to describe the cor-
relation dynamics of TIPS-Pn, where the system is coupled to an
underdamped vibrational mode and overdamped solvent modes.
The lineshape function gg,;(t) encodes the overdamped spectral
diffusion dynamics and causes the exponential decay of frequency
correlation functions, FFCF and FXCF. A homogeneous dephasing
rate, Tgy, is added to gg.y(t). As shown in our previous work,*
this parameter contributes to the lineshape only for the diagonal
peak and cancels out for the cross-peaks in the response func-
tion described in Egs. (1)-(4). Next, the lineshape function ggq,,(t)
accounts for the underdamped oscillation in the FFCF and FXCF.
The complete lineshape function, gga(t) = ggav(t) + pap (t), serves
as an input for Egs. (1)-(4).

Following the above discussion on the general 3LVS, we now
discuss the case of our model system, TIPS-Pn. As mentioned ear-
lier, the steady-state absorption of TIPS-Pn in the visible spectrum
consists of two vibronic peaks corresponding to the 0-0 and the 0-1
transitions separated by 1340 cm™". Furthermore, the transitions are
coupled to another 264 cm™" vibrational mode. This system of two
electronic states, ground and excited states coupled to two vibra-
tional modes, can be shown as an effective quasi-three-level system
akin to the 3LVS described above. We start with considering an elec-
tronic TLS with a ground state |¢) and an excited state |e) coupled to
two vibrational modes with frequencies w; and w; (w1 < wz). The
0-0 transition energy is wgg ) The vibrational modes are described
by the respective number states |n;) and |n). To describe the cou-
pling of a TLS to two modes, we make use of a 2D-DHO model with
dimensionless displacements of d; and d», as shown in Fig. 3(a).
The Hamiltonian of the ground and excited potential surfaces can
be described as

A= ") 2 (), )

- hoy (= = hwy (z0 5
H. = hwg) + Tl(Pf +(Q —dl)z) * Tz(Pg +(Qz2- dz)z()iz)
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(b)

lj) =le np = 1)

Y N

@) iy = le; n, = 0)
. - ﬁﬁ
v ! |l
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Ihwl FIG. 3. Schematic diagrams describing

(a) a TLS coupled to two vibrational

- modes having frequencies wy and w;

(w1 < wy), respectively. (b) The equiva-

lent 3LVS described by projecting the 2D

potential map in (a) onto the mode with
frequency w.

Q2

dy

where P, and Qy represent the dimensionless momentum and coor-
dinate operators of the mode with frequency wy, respectively. We
deﬁne the bosonic annihilation operator, 4y and creation operator,
ak, obeying commutator relation [ak,al] Oi. This allows us to
recast the momentum Pk and coordinate Qk operators in terms of
the bosonic operators as P = _T(ak -a ) and Q = (uk + a};)

respectively. Next, we calculate the expectation value of the excited
state energy for a given n; as

Fan, = (mfFlle) = hol) + "2 (B4 (@1 - 1))

+ %<nz|(’1§22 + (62 - dz)z)‘nz) = ha)gg)

h%( (Ql )2)+hw22d§
+ %<n2|(2’\;ﬁz + 1)‘1’12) = f"lwg;)
hwl

2 1
(P Q- d)) + hasy + hwz(nz + E) .13

From Eq. (13), we can calculate the energies corresponding to
ny = 0 and n, = 1, which are given by

(A)oeo = hld) + "1 (B

(Q1 d1)2)+%h(A)2+h(A)282, (14)
(H)empor = ho) + ™ SHE e @-a))+ %hwz +haSy. (15)

Equations (14) and (15) are the energies correspondmg to 1D excited

surfaces in Fig. 3(b) and the Huang-Rhys factor, S = 7
This derivation transforms a TLS coupled to two vibrational
modes into a quasi-3LVS coupled to one vibrational mode, with

the two vibronic peaks originating from the 0-0 and the 0-1

Franck-Condon transitions along the 1340 cm™ (= w;) mode as
in TIPS-Pn. These vibronic peaks are the “excited” states. The low
frequency mode, having a frequency of 264 cm™ (= w,), is the
“common” mode that both the “excited” states are coupled. Hence,
we may treat TIPS-Pn as a special case of the general 3LVS, with
i) = |e; n2 =0) and |j) = |e; n2 = 1) (Fig. 3). This allows us to use
Egs. (1)-(10) to describe the 2DES spectra. We further note that
the shifts in the excited state potential minima of the two excited
states are the same, i.e., di = d; = di, as indicated in Fig. 3(b). This
will turn out to make TIPS-Pn a useful model to verify our theo-
retical considerations made above for the 3LVS. Figure 3(b) shows
the schematic diagrams of energy level along normal mode g, (= ¢q,)
and corresponding displacements for the 0-0 and the 0-1 vibronic
states of TIPS-Pn. From the above calculation and Fig. 3(b), it is evi-
dent that both d; and d; have the same sign and numerical value
of d;. 2DES spectra calculated using Eqgs. (1)-(4) can be utilized
to extract the FECF, C;i(t) = (dwi(#)dw;(0)), for the diagonal peak
and the FXCF, C;j(t) = (dwi(t)dw;(0)), for the cross-peak of TIPS-
Pn.*® We can also account for the periodic oscillatory features in
the FFCF and FXCF in addition to the background exponential
decay dynamics.

EXPERIMENTAL METHODS

Laser pulses (40 fs time duration, 1 kHz repetition rate, a cen-
tral wavelength of 790 nm) from a Ti:sapphire regenerative amplifier
(Legend Elite, Coherent) were focused into a pressurized argon tube
with a pressure of 2.6 bar to generate a white light supercontinuum.
This supercontinuum was then passed through a 750 nm short pass
filter. The white light supercontinuum then passed through a fused
silica wedged window and split into the pump and probe beams.
The transmitted pump beam was passed through a prism com-
pressor followed by a pulse shaper (Dazzler, Fastlite). The output
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beam contains compressed pulses with phase locked double-pulse
train for the 2DES experiment. The pulse shaper controls the inter
pulse delay 7 of this shaped double pulse train. The absorptive 2DES
experiment is carried out using a 1 x 2 phase cycling scheme with a
pump-probe beam geometry.** The inter pulse delay T was scanned
from 0 to 125 fs with 5 fs steps. The output pump pulse had a spec-
tral width of ~3000 cm™" [see Fig. 4(a)] and a pulse duration of 14 fs.
The probe beam, reflected from the front surface of the fused silica
wedge, was compressed by a pair of chirped mirrors. The probe pulse
was delayed by a computer-controlled delay stage (Physik Instru-
mente). The polarization of the probe beam was set to the magic
angle (54.7°) relative to the pump beam by a half wave plate. The
pump and probe beams were focused onto the sample cuvette by
an off-axis parabolic mirror. The transmitted probe beam was col-
limated by collection optics and then focused onto the entrance
of the spectrometer. The spectrum was detected by a CCD cam-
era (PIXIS) after being dispersed by a grating of 150 grooves/mm.
The transient absorption spectra AA(7, Tw, w;) were recorded for
a series of pump-pulse delays 7. The 2DES spectra for a given Ty,
s?P (wz, Tw, wt), was then obtained after a Fourier transform along
the pump-pulse delay (7-axis) and further signal processing.**
this experiment, Ty was scanned from —100 fs to 2 ps with 10 fs
step sizes.

6,13-Bis(triisopropylsilylethynyl) pentacene (TIPS-Pn) was
purchased from Sigma Aldrich (>99%) and used as is without
any further purification for the steady-state absorption as well
as the 2DES experiment. TIPS-Pn was dissolved in toluene to
form a solution with a maximum optical density (OD) of ~0.57
OD at its strongest peak, corresponding to the 0-0 transition in
a 1 mm quartz cuvette. The absorption spectrum is shown in
Fig. 4(a). The same solution was used to carry out the 2DES
measurements.

RESULTS

Figure 4(a) shows the steady-state absorption spectra of TIPS-
Pn dissolved in toluene in the visible spectral region. The lowest
energy absorption peak at 15552 cm™" is the 0-0 vibronic peak of
TIPS-Pn. There are several other vibronic peaks at higher energy:
0-1at 16890 cm ™" and 0-2 at 18 250 cm ™" followed by a low inten-
sity tail at energies greater than 19 000 cm™". The best fit of the peaks

with Gaussian lineshape functions yields a full width at half maxima
(FWHM) of ~460 + 60 and 820 + 60 cm™" for the two lowest energy
0-0 and 0-1 vibronic peaks, respectively. The broadband excitation
pump in our 2DES experiment has a bandwidth of ~3000 cm™ and
covers both the 0-0 and the 0-1 vibronic peaks of TIPS-Pn. The red
curve in Fig. 4(a) shows the spectrum of the excitation pump pulses
used in the 2DES study.

Figure 5 shows the representative plots of the absorptive 2DES
spectra of TIPS-Pn dissolved in toluene for different delay times
T.w. The vertical axis of each 2D plot shows the pump frequency,
whereas the horizontal axis shows the probe frequency. The dashed
line (black) in each plot is the diagonal line where the pump fre-
quency (w;) equals the probe frequency (w;). A negative signal
on the 2D spectrum comprises GSB and SE processes, whereas a
positive signal represents excited state absorption (ESA) processes.
Any point (w;, w;) on each 2DES plot shows the population at
the probe frequency w; after the excitation at the pump frequency
w;. The delay time dependent changes in the population at each
point can be tracked to reveal the transient excited state dynamics
of TIPS-Pn.

Figure 5(a) shows the 2DES signal of TIPS-Pn at the delay time
Tw = 0.1 ps. A strong diagonal peak P;; centered at (15552, 15 552)
cm™" appears, which is the combination of the GSB and SE signal
from the 0-0 vibronic peak. A weak but noticeable diagonal peak Pj;
centered at (16 890, 16 890) cm’l, represents the 0-1 vibronic peak.
Furthermore, a prominent cross-peak P; appearing on the upper
diagonal centered at (16 890, 15 552) cm™! is due to the combina-
tion of “downhill” population transfer from the 0-1 vibronic state
to the lower 0-0 vibronic state, which occurs on a timescale within
the pulse duration, and the sharing of common ground state by
the 0-0 and 0-1 vibronic states. A very weak lower cross-peak Pj;
appears for the probe frequency range w; = 16 500-17 000 cm™" with
the pump frequency w, = 15552 cm ™. A strong ESA signal appears
in the spectral region w; > 17000 cm™!, which interferes with the
spectral region w; ~ 16890 cm™'. The 2DES spectrum at a longer
delay time, Ty = 0.4 ps, is shown in Fig. 5(b). The lower cross-peak
becomes prominent (but is still too weak to be observed clearly) as
the intensity of the strong diagonal peak P;; decays. The upper cross-
peak becomes very prominent at delay time T\, = 0.4 ps. The shape
of the diagonal peak P;; changes from being diagonally elongated
at Ty = 0.1 ps to approaching circularity at Ty, = 0.4 ps, indicating
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FIG. 5. 2DES spectra for delay times Ty, = (a) 0.1 ps, (b) 0.4 ps, (c) 0.9 ps, and (d)
1.5 ps, with a diagonal peak P; appearing from the 0-0 vibronic peak and an off-
diagonal cross-peak P; appearing due to the combination of “downhill” population
transfer from the 0-1 to 00 vibronic state and the sharing of common ground
state by the 0-0 and 0-1 vibronic states. The pump and the probe frequencies
are plotted along the y- and x-axes, respectively. The black dashed line shows the
diagonal where the pump frequency equals the probe frequency. The contours are
spaced at 10% of the highest intensity of the color bar. The 2DES spectrum region
of the P; cross-peak is enhanced by a factor of 3 (red box) for more clarity. The
unenhanced 2DES spectra are presented in the supplementary material (Fig. S2).

spectral diffusion. Similar dynamics follow at the longer delay times
shown in Figs. 5(c) and 5(d). Owing to the low intensity of the upper
diagonal and the lower cross-peak, we henceforth will only focus on
the lower diagonal peak P;; and the upper cross-peak P;; for our fur-
ther analysis. A representative figure with enhanced amplitude for
the upper diagonal Pj; and the lower cross-peak P;j; is presented in
Fig. S5 of the supplementary material.

Figure 6(a) shows the time dependent intensity dynamics of
the diagonal and cross-peaks, extracted by integrating the inten-
sity of the spectral region (red-colored boxes on the 2DES of the
inset) of the 2DES signal. A strong oscillation with a period of ~126
+ 10 fs is observed with a slowly decaying background for the diag-
onal peak (red). The integrated intensity of the cross-peak rises at
early delay time (within the pulse width of the laser) and shows
little decay within 1 ps, followed by negligible change up to the
experimental delay time limit of T\ = 2 ps. An exponential func-
tion is employed to subtract the decaying amplitude and extract
the residual oscillatory feature. The corresponding oscillation fre-
quency of ~264 + 13 cm™" is obtained by the Fourier transform
of the residue. A clear oscillation with a similar frequency is also
observed for the cross-peak. The residual oscillatory modulation
is normalized by the background exponential decay amplitude to
quantify the intensity-normalized oscillation amplitude for both the
peaks, as shown in Fig. 6(b). This shows that the cross-peak has
a relatively lower oscillation amplitude compared to the diagonal.
Furthermore, as shown in the supplementary material (Fig. S3),
different points on the same peak have different phase relations
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FIG. 6. (a) The time dependent dynamics of the integrated intensities of the 2DES
spectra (red-colored boxes on the inset) at the diagonal P; (red) and the cross-
peak P (blue). (b) The intensity-normalized residual time-dependent oscillation
amplitude of the integrated intensities of (a).

for both the diagonal and cross-peaks. This is a noteworthy obser-
vation compared to the CLS of the diagonal and cross-peaks, as
shown in the following sections [Fig. 7(b)], which appear to oscillate
in phase.

Next, the diagonal peak P; and the cross-peak P;; of TIPS-Pn
are analyzed to study the time dependent changes in the peak shape
to provide the details of the frequency fluctuation correlation func-
tions, FFCF and FXCEF, respectively. The CLS method is employed
to extract the FFCF and FXCF from the 2DES data of TIPS-Pn.
The following procedure is used to extract the CLS. We take sev-
eral slices of the 2D spectrum at a given delay time T\, along the
probe axis around the 2DES peak for a series of pump frequen-
cies. We precisely identify the probe frequency corresponding to the
maximum absolute intensity from each of the slices, which is the
center point. A linear curve is fitted to the center points of all the
slices to get a slope. The inverse of this slope is the CLS for the
given delay time T\,. This procedure is repeated for all the delay
times to extract the time dependent CLS (Ty) function of TIPS-Pn.
Figure 7(a) shows the position of the center points (red and blue
curves on the diagonal and cross-peaks, respectively) for the delay
time Ty, = 1.5 ps.

Figure 7(b) shows the delay time dependent CLS (Ty) for the
diagonal peak P;; (red) and the cross-peak P;; (blue). Both the CLSs
show a prominent oscillation with a period of ~126 + 10 fs. The
CLS;i(Tyw) for the diagonal peak Pj; starts with a value of >0.3 and
shows an exponential decay together with an oscillatory pattern
that damps with delay time Ty. The significant oscillation ampli-
tude is observed even at the limit of our experimental delay time
of 2 ps, which indicates that the oscillation persists beyond 2 ps.
The CLS;;(Tw) for the cross-peak Pj; starts with a value near zero

J. Chem. Phys. 162, 164311 (2025); doi: 10.1063/5.0268218
Published under an exclusive license by AIP Publishing

162, 164311-7

20:2€:€0 G20T Jaquialdas 9z


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.7757987
https://doi.org/10.60893/figshare.jcp.c.7757987
https://doi.org/10.60893/figshare.jcp.c.7757987

The Journal
of Chemical Physics

x 10 1lc)
1.7 5
— £
‘7 o

8 Sos

«1.6 =
S
3 £
<

1.5

17 x10° ¢ 200 400
Wavenumber (cm™™)

0.4}

0.3f

0.2}

CLS

0.1}

0 0.5 1.0 1.5 20
Tu(ps)

FIG. 7. (a) The center points (red and blue curves for the diagonal and cross-
peak, respectively) on the 2DES spectrum at delay time Ty, = 1.5 ps. (b) The
delay time dependent CLS (Ty) for the diagonal peak (red) and the cross-
peak (blue). The black curves are the fit of the corresponding CLSs with an
appropriate oscillatory-exponential function. (c) The oscillation frequencies of the
corresponding peaks obtained by Fourier transforming the residue of the CLS after
subtracting the exponential background. The red (blue) curve is for the diagonal
peak (cross-peak).

and shows a damped oscillation. The CLSs of both the diagonal and
cross-peaks in Fig. 7(b) appear to oscillate in phase for the entire
experimental delay time of 2 ps and have comparable amplitudes.
The oscillation frequency is obtained by subtracting the CLS with
an appropriate exponential decay function, and the residual oscilla-
tion is Fourier transformed. Figure 7(c) shows the normalized plot
of the extracted frequencies, which peaks at ~264 cm ™" for both the
diagonal (red) and the cross-peaks (blue). We employ an oscillatory
function with an exponential decay function of the form CLS(Tw)
= ap + Spage Y + Zbme T cos [wnTw + K] to fit the CLS
of both peaks. The black curve in Fig. 7(b) shows the resultant best
fit. The value of the parameters for the fit is tabulated in Table 1.
The frequency of the oscillation in the fit is set to 264 cm™. Table

ARTICLE pubs.aip.org/aipl/jcp

shows the amplitude (parameter b;) of the oscillation for both the
diagonal and cross-peaks, which are comparable and have the same
sign. The phase (parameter K;) of the oscillation is similar within
the error limit at ~0.87 for both peaks. This indicates that both the
oscillations for the diagonal and cross-peaks are in phase during the
window of our experimental delay time [Fig. 7(b)].

SIMULATION

We simulated the 2DES spectra of TIPS-Pn utilizing the
response functions [Egs. (1)-(4)] outlined in the “Theory section”
and extracted the CLS of the diagonal peak P;; and the cross-peak P;;
from the spectra. The input parameters for the lineshape functions in
the response functions are generated from the experimental fit of the
CLS as tabulated in Table I, as well as the experimental absorption
spectrum of TIPS-Pn dissolved in toluene [Fig. 4(a)]. In the simu-
lations, we consider the diagonal peak P;; of TIPS-Pn centered at
(15552, 15552) cm™! and the cross-peak Pj centered at (16890,
15552) cm™ . The temperature for the simulation is set at T = 300 K.
In the simulation, the delay time Ty, is taken from 100 fs to 2 ps with
1 fs time steps.

To simulate the diagonal peak, P;;, we need to generate the
lineshape functions g;i(¢) in the response functions with its compo-
nents, giiv(¢) and g;; (¢) [Egs. (9) and (10)]. The parameters needed
in these functions are the square of the fluctuation amplitude, A;;,
the homogeneous rate constant, I';;, and the Huang-Rhys factor, S;i.
We start by introducing a scaling parameter Aj, which is used to
obtain the parameter for the amplitude A;;x in the lineshape func-
tion as Ay;x = a;;xAii. The parameters a;;; are obtained from the fit
(parameters ay) of the background exponential decay of CLS;;(T)
in Table I. The scaling parameter A; measures the square of the
fluctuation amplitude of the transition and can be estimated by
fitting the spectral linewidth of the absorption spectra of the transi-
tion. As indicated in Eq. (7), the Huang-Rhys factor determines the
oscillation amplitude. We assume the damping constant y; , = 0.54

ps™" [in Eq. (7)], which lies within the error range of the experi-
mentally measured damping constant y, of the oscillatory portion
of CLS;i(Ty) (we will discuss the choice of y,, below). By itera-
tively fitting the experimental CLS;i(Tyw) and the linear spectrum
of the 0-0 peak, we obtained the parameters A, i, and Sii, which
are presented in Table II. A detailed description of the simulation
routine is provided in Sec. 4 of the supplementary material. The
resultant simulated (black curve) CLS;i(Tw) for the diagonal peak P;;
is shown in Fig. 8(b), which matches well with the experimental (red
curve) CLS;i(Tw). The simulated absorption spectra for the 0-0 peak
overlaid with the experimental absorption spectra are presented in
the supplementary material (Fig. S4). The estimated homogeneous

TABLE I. List of values of the parameters for the best fit of the oscillatory and exponential decay function of the CLS in
Fig. 7(b). The frequency of the oscillation is set to the experimentally observed mean value, w; = 264 cm~".

Peak ao ai

#y (psil)

b 2 (ps™ K

P;; 0.088 £0.008 0.278 +0.027 2.512 £0.425 0.169 +£0.015 0.449 +0.096 0.784 £0.015

Pj; 0.033 +£0.007

0.189 £0.031 0.728 +0.203 0.820 £0.029
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TABLE II. Parameters for the simulation of the CLS for the diagonal and cross-
peaks of TIPS-Pn dissolved in toluene. The oscillation frequency for the simulation is
wy = 264 cm~", taken from the experimentally obtained value. The temperature for
the simulation is assumed to be 300 K.

Peaks g (psfl) Aga (psf2 ) Spa,v
Pii 25 614 0.27
P, s 48 0.27
P; 25 3412 0.27

CLS

-0.2

0 0.5 1.0 1.5 2.0
T (ps)

FIG. 8. Simulation of the CLS for the (a) cross-peak and (b) diagonal peak.
The black curves show the simulated results, whereas the red curves show the
experimental CLS. The parameters obtained from the simulation are tabulated in
Table II.

dephasing rate for the P;; peak is Tj; = 25 ps™*

is Ay = 614 ps 2.

Next, we simulate the CLS;;(Tw) of the cross-peak Pj;. To gen-
erate the CLS;j(Tw) of the cross-peak utilizing Eqs. (1)-(4), the
auto-correlated lineshape functions g;;(¢) and gj;(t) and the cross-
correlated lineshape function g;; (¢) are required. We assume that the
population transfer from the 0-1 to 0-0 vibronic states is instanta-
neous and, hence, include both GSB and SE signals in the simulation
for all Ty,. The auto-correlated lineshape function g;;(t) is available
from the procedure outlined in the previous paragraph. However,
the other auto-correlated lineshape function gj;(¢), which should
be obtained by the analysis of the Pj diagonal peak, is not read-
ily available since the peak signal is too weak for any reasonable
CLS;j(Tw) measurement to be carried out. Instead, we will approx-
imate the lineshape function gj;(t) by assuming Cj;;,(t) to have
similar decay constants as C;; (), and the homogeneous dephasing
rate I'jj to also be similar to I';;. We, therefore, obtain the parameters
for the lineshape function [Eqs. (9) and (10)] as Ajjx = ajixAjj with
amplitudes ajjx to be the same as a;;;x used to simulate P; above.
In the simulation, the parameter Aj is varied to obtain a best fit

, and the scaling factor
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to the experimental FWHM of the 0-1 steady-state absorption peak
of TIPS-Pn. We fix the parameters for the oscillation to the same
values as the P;; peak in accordance with the theory described ear-
lier (Fig. 3), which predicts both the Huang-Rhys factors, Sii, and
Sjiv» for both the diagonal peaks to be the same. The simulated
absorption spectra for the 0-1 peak overlaid with the experimen-
tal absorption spectra are presented in the supplementary material
(Fig. S4). For further details and clarification about the simula-
tion, readers are referred to Sec. 4 of the supplementary material.
The estimated homogeneous dephasing rate for the Pj peak is I';
=25 ps”', and the scaling factor is Aj = 3412 ps?, as tabulated
in Table II.

Finally, we proceed to obtain the cross-correlated lineshape
function g;;(t). The parameters Ajix, which enter into g;(t) [see
Eq. (10)] can be estimated’* by its relationship to A and Ajjaccord-
ing to the non-oscillatory part of CLS;j(Ty) at zero time delay
(Tw = 0). In this case, this will be ao from Table T and C;(0)

= CLS;(0) = \/11:]7/\” ~ 0.033. This results in A; = 48 ps~?, which
goes as the input parameter for the A in the lineshape function
of Eq. (10) (in this case, there is only one A;;; for the cross-peak).
The homogeneous dephasing rate I'; does not appear in the response
function as described in Ref. 38. We set S; to be the same value
as Si; or Sjj, as the theory predicts that the cross-Huang-Rhys fac-
tors and Huang-Rhys factors should have the same numerical value.
Furthermore, the damping constant Viiw [in Eq. (7)] will also be
held to be the same as that of y, . This constraint arises from
the approximation mentioned earlier that the oscillation parameters
used in gjj,,(t) are similar to gi;,(t). This approximation also leads
to the equality of all the damping factors y; ,y; , and y; . The

choice of y;, = y;, = 0.54 ps™! is made since the value simultane-
ously lies within the error range of the fitted damping constants
y, for the oscillations in both CLS;;(Ty) and CLS;;(Tw). The para-
meters to describe the peak Pj; are tabulated in Table II, and the
resultant simulated (black curve) CLS;j(Tw) for the cross-peak is
shown in Fig. 8(a), as compared with the experimentally (red curve)
obtained CLS.

DISCUSSION

We have presented above, in the “Theory section,” a frame-
work to understand the spectral features of a 2D spectrum of a
basic multistate system, namely, a 3LVS system with a ground state
and two excited states coupled to a common vibrational mode. In
this regard, the key results of this work are depicted in Fig. 7(b),
where we have the CLS analysis of both the diagonal and cross-peaks.
These CLSs can be decomposed into a linear combination of expo-
nential decay and oscillatory terms with the fit parameters listed in
Table I. The important observations to note are that for the oscilla-
tory terms’ fit parameters, there are definite and meaningful phase
and amplitude relationships between the oscillation in the CLS of
the diagonal peak P;; and the cross-peaks Pj;. In contrast, observing
just the 2DES peak intensity oscillation, or the oscillation amplitude
of various points on the 2DES spectra, yields complicated ampli-
tude and phase relations (Figs. 6 and S3). The definite phase and
intensity of the CLS oscillations at frequency 264 cm™" observed are
corroborated in the “Simulation section.” As tabulated in Table I, it
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can be observed that both the oscillations in the CLS of the diago-
nal and cross-peaks have comparable amplitudes and similar phases
(~0.8m) over the 2 ps delay time window of our experiment. It will
be discussed further as to why these observations and results are
significant.

In our 3LVS coupled to a common DHO model presented in
the “Theory section” [Figs. 2 and 3 and Egs. (14) and (15)], the
resulting FFCF and FXCF include oscillatory terms at the DHO fre-
quency w; as described by Eq. (7). The amplitudes of the FFCF
and FXCF depend on the Huang-Rhys factor Siiy = %d,z and the
cross-Huang-Rhys factor Sy, = %didj, respectively. The parameters
d; and d; are the shifts of the minima of the potential energy sur-
faces [Fig. 3(b)] of two excited states that the cross-peak connects
[Eq. (S5) of the supplementary material]. Furthermore, in the case
of our present model molecule, TIPS-Pn, with a two-level elec-
tronic system coupled to two vibrational modes, w; = 264 cm ™! and
w; = 1340 cm™!, this system can be shown to behave like a quasi-
3LVS system with one ground state and two vibronic levels (sepa-
rated by @, = 1340 cm™") having the same shift of potential minima,
d; = d; [Fig. 3(b) and Egs. (13)-(15)], for the vibrational manifold
with w; = 264 cm™!. This entails that the resulting numerical values
of both the Huang-Rhys factors and the cross-Huang-Rhys factor
of the FFCFs and FXCFs are the same.

The FFCF and FXCF are connected to the measurable CLS
analysis of the diagonal and cross-peaks. Simulations were carried
out to emulate the time dependent CLS;;/;;(Tw) for both the diag-
onal and cross-peaks by utilizing response functions [Eqgs. (1)-(4)]
described in the “Theory section.” By assuming d; = d; and, hence,
the equality of the Huang-Rhys factors, Si;y = S, and the cross-
Huang-Rhys factor, Si, = Sjiv, the iterative fits recover an input
parameter value of ~0.27 in our simulation. Figure 8 shows that
the results obtained from the theoretical model used in the sim-
ulations corroborate reasonably well with the experimental CLS.
The amplitudes have slight mismatches, especially for cross-peak P;;.
This may be due to our simplification of assuming that Cj;;,(¢) and
Tjj to be similar to C;;,(t) and Iy, as described in the “Simulation
section,” which is due to the lack of a good measurement of the
diagonal peak Pj;. For other systems, better fits to the amplitudes
can be made if we have measurements of all the relevant diago-
nal peaks, which is lacking in the system used in this study. On
the other hand, the phases present a good match. We note that the
inputs for the simulations include only the parameters from the fits
in Table I and the lineshape parameters obtained from fitting the
linear spectrum. The temperature for the simulations is assumed to
be T = 300 K. There are therefore no “floating” parameters used
for the simulations to “fix” the phase between the experiment and
the simulation. Thus, it is significant that the phases of the oscilla-
tions between the simulation and the experiments match up well.
This suggests the validity of the general DHO model of the coupling
of multi-electronic states (Figs. 2 and 3) to a common vibrational
mode. Future simulation analysis will be carried out to understand
the temperature dependence of the oscillation amplitude and the
phase.

In general, for a 3LVS, the displacements of the potential min-
ima for the two excited states with respect to the ground state will
not be equal, i.e., d; # d;. Hence, converse to our present model sys-
tem, the measurement of the CLSs’ relative oscillating amplitude and
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phase can recover how strongly different electronic states or transi-
tions are coupled to the common vibrational modes. It is possible
that d; and d; may bear different signs, and the resulting CLS oscil-
lations will be 7-radians out-of-phase. By studying a general 3LVS
using the 2DES, the Huang-Rhys factors for the diagonal peaks
and the cross-Huang-Rhys factors for various cross-peaks can be
extracted. This procedure will help quantify the relative shifts of the
excited state potential minima with respect to the ground state d;
for more complex systems, such as in our earlier study of H,Pc.*®
In the case of H,Pc, the electronic states may be coupled to many
vibrational modes simultaneously, producing complex beating pat-
terns in the diagonal and cross-peaks, as shown in our earlier study.
We note that in our TIPS-Pn study, the intensity of the cross-peak
is quite low compared to the diagonal peak (Figs. 5 and S2). How-
ever, the noise or the low intensity of the cross-peak, which is due
to smaller transition dipole moments or the spectral shape of the
interacting pulses, does not, in principle, change the amplitude and
the phase of the CLS oscillations. It is, of course, better to have
cross-peaks with good intensity for a better estimate of the cross-
Huang-Rhys factor. This low intensity increases the noise level to
the extracted CLS;; (T ) for the cross-peak and complicates the anal-
ysis, which results in the measured CLS amplitude having a higher
degree of error.

There have been many studies using 2DES to study the oscil-
lations of amplitudes of the peaks.”” "’ The amplitude oscillation
arises due to the coupling between the vibrational and the elec-
tronic degrees of freedom of the molecule. A coherence created by
the pump pulse in the vibrational mode can modulate the elec-
tronic state with the period of oscillation of the vibrational mode.
The oscillation period of the amplitude of the 2DES peak encodes
this periodic modulation of the electronic state by the vibrational
mode. Figure 6(a) in our study depicts the oscillations in the inte-
grated intensity of the diagonal and cross-peaks. In Fig. 6(b), we
depict the intensity-normalized residual oscillation of the integrated
signal for a better comparison of the phases and the amplitudes
of the signal oscillations. It is observed in that both the phases
and the amplitudes are not similar. Figure S3 of the supplementary
material shows the time dependent intensity of various points on
the 2DES of the diagonal and cross-peaks. A clear difference in
the phase and the amplitude is observed for different points on
2D spectra. Hence, integrating over the peak signal will, in gen-
eral, give a “random” phase and amplitude depending on the extent
of the integration box. In other words, the analysis of the oscilla-
tions simply from the peak signal amplitudes, be it single points
or integrated over a larger area, may yield no meaningful inter-
pretation of the phase and the amplitude relationships between
different peaks. This is to be contrasted with our present analy-
sis using CLS, where there is meaningful information that can be
gathered from the definite phases recovered from the oscillations in
the CLSs. These phase and amplitude relationships can be traced
back to the molecular potential energy surface in terms of shifts
of the potential minima of the excited state with respect to the
ground state.

We now discuss the non-oscillatory overdamped contributions
to the CLS. From Table I, the diagonal peak P; has one overdamped
exponential component with a decay rate constant of ~2.512 ps™"
and another, non-decaying overdamped component within our
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experimental time window, having an amplitude of 0.088. The ultra-
fast overdamped component with a rate constant of 2.512 ps~' can
be assigned as the inertial solvation arising from the librational
motion of the solvent molecules.”” The second component can be
assigned to the diffusive dynamics of the solvent if it decays over sev-
eral picoseconds”” or to the structural inhomogeneity of the solute
for decay over hundreds of picoseconds to nanoseconds .”**’ The
present set of data concurs with our previous study on TIPS-Pn,*
where an inertial solvation component was observed with a rate
constant in the range ~2.590-3.410 ps™", which is comparable with
our first decay rate constant of ~2.512 ps™' in this study. In our
present work, the study of spectral diffusion processes is limited to
the delay time window of 2 ps, as we mainly focus on the study of
underdamped oscillation of the cross-peak, which lasts about 2 ps.
Hence, the non-decaying overdamped component measured here
within the experimental time window having an amplitude of 0.088
can be compared with the second component with a mean rate con-
stant of ~0.180 ps™' as measured in our previous study” for the
diagonal peak. We now discuss the non-oscillatory component of
the CLS;;(Tw) of the cross-peak Pjj. Within the delay window of
2 ps, it has an almost constant background with negligible expo-
nential decay with an amplitude of ~0.033, which is very small
compared to that of the diagonal P, which has a non-oscillatory
initial CLS;;(Tw ~ 0) of 0.366. This translates to a low effective
total covariance’”" of A;; = 4.8 ps™> compared to the square of the
fluctuation amplitude A;; = 614 ps72 of the diagonal peak P;;. The
total covariance describing the cross-peak can be expressed in the
form of frequency fluctuation correlation of two transitions® as
Ajj = (0wi(0)0w;j(0)) = (dwi(t)dw;(t)). It represents the degree of
initial correlation between the 0-0 and the 0-1 transition frequen-
cies at the instant when the system converts from the first excited
vibrational state to the ground vibrational state for the 1340 cm™
mode. The low covariance Aj;; entails that there is a minimal ini-
tial correlation. This can happen when the first excited vibrational
state and the ground vibrational state for the 1340 cm™' mode are
coupled to different sets of underdamped baths that fluctuate inde-
pendently. A detailed theoretical study will need to be performed for
TIPS-Pn or more complex systems to fully understand the effect on
such systems.

CONCLUSION

We theoretically and experimentally studied the delay time
dependent peak shape of the 2DES spectra for a model 3LVS,
a minimal example of a multi-level system. The molecular sys-
tem experimentally considered is the spectrally distinct 0-0 and
0-1 vibronic transitions of TIPS-Pn dissolved in toluene, which
are separated by 1340 cm™, corresponding to the short-axis C-C
stretching vibration of pentacene. Furthermore, the electronic tran-
sition is coupled to a 264 cm™ mode corresponding to the long
axis breathing mode of the pentacene moiety in TIPS-Pn. This
coupling shows up as oscillations in the CLS measurement in the
delay time dependent 2DES spectra. The theoretical model and the
resulting simulation corroborate well with the experimentally mea-
sured amplitude and the phase of the CLS of the diagonal peak
Pii, corresponding to the 0-0 vibronic state, and the cross-peak Py,
corresponding to the combination of “downhill” population trans-
fer from the 0-1 vibronic state to the lower vibronic state 0-0 and
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the sharing of common ground state by the 0-0 and 0-1 vibronic
states. With this proof-of-principle study, using similar approaches
of analyzing the CLS of the diagonal and cross-peaks of the 2DES
spectra, we estimated quantities such as the cross-Huang Rhys fac-
tor, which quantifies how strongly two different transitions are
coupled to the common mode. This work complements a related
earlier study of the cross-correlated spectral diffusion dynamics of
a multi-level system.’® Furthermore, a more complete picture of the
associated FFCF and FXCF of the transitions is recovered, detail-
ing the underdamped and overdamped couplings to the internal
molecular modes and external environmental modes. This tech-
nique can be a powerful tool to estimate the (cross-) Huang-Rhys
factors for various oscillating modes in a complex system by means
of the CLS measurement of the 2DES peak, circumventing dif-
ficulties of the usual wavelength dependent intensity oscillation
across a peak.

SUPPLEMENTARY MATERIAL

The supplementary material contains details on the following:
(1) the theoretical calculation of the Huang-Rhys factor for the
cross-peak, (2) unscaled 2DES data of TIPS-Pn dissolved in toluene,
(3) intensity oscillation of selected points on 2DES of TIPS-Pn, (4) a
detailed simulation procedure and the simulated absorption spec-
tra overlaid with the experimental steady-state absorption spectra
of TIPS-Pn in toluene, and (5) scaled 2DES spectra for the upper
diagonal Pj; and the lower cross-peak P;;.
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