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ABSTRACT

TIPS-pentacene is a small-molecule organic semiconductor that is widely used in optoelectronic devices. It has been studied intensely owing
to its ability to undergo singlet fission. In this study, we aim to develop further understanding of the coupling between the electronic and
nuclear degrees of freedom of TIPS-pentacene (TIPS-Pn). We measured and analyzed the 2D electronic spectra of TIPS-Pn in solutions.
Using center line slope (CLS) analysis, we characterized the frequency-fluctuation correlation function of the 0-0 vibronic transition. Strong
oscillations in the CLS values were observed for up to 5 ps with a frequency of 264 cm ™', which are attributable to a large vibronic coupling
with the TIPS-Pn ring-breathing vibrational mode. In addition, detailed analysis of the CLS values allowed us to retrieve two spectral diffusion
lifetimes, which are attributed to the inertial and diffusive dynamics of solvent molecules. Amplitude beating analysis also uncovered couplings
with another vibrational mode at 1173 cm™". The experimental results can be described using the displaced harmonic oscillator model. By
comparing the CLS values of the simulated data with the experimental CLS values, we estimated a Huang-Rhys factor of 0.1 for the ring-
breathing vibrational mode. The results demonstrated how CLS analysis can be a useful method for characterizing the strength of vibronic
coupling.
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INTRODUCTION

Two-dimensional electronic spectroscopy (2DES) has con-
tributed much to the understanding of the structural and dynamic
characteristics of a variety of systems, including light harvesting
complexes, solid state materials, and nano-structured solar cells.'*
2DES experiments measure frequency-resolved heterodyne signals
of the stimulated photon echo and belong to the family of third-
order nonlinear optical spectroscopic methods. A typical 2DES
experiment consists of three ultrafast laser pulses. The first two
pulses resonate with the excitation gap of the system, and the third
pulse probes the evolution of the excited population over time.*

By Fourier transforming the coherence time, which is the time
separation between the first and second pulses, we can obtain an
additional frequency dimension associated with pump or excita-
tion frequencies. The additional dimension allows 2D electronic
spectra to express a wealth of information that is often unavail-
able from conventional transient absorption spectroscopy. Com-
plex physical and chemical processes involving multiple states in
the system, such as energy transfer,”® relaxation of different high-
energy states,”” coherence between multiple states,'"'! and system-
environment interactions,'>'* can be studied. In particular, due
to the presence of the diagonal and off-diagonal peaks, 2D elec-
tronic spectra offer insights into the behavior of excitonic levels,
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as well as the interactions between different energy states. The
dynamics of the diagonal and off-diagonal peaks offers signifi-
cant information regarding how different energy states couple with
each other and how one energy state behaves under experimental
conditions.'*"?

In addition, the effects of the surrounding environment can be
understood from the 2D peak shape of the excited state. The 2D
peak shape can inform the dynamics of the system at the molecu-
lar level.'®!” Multiple studies dedicated to this subject have provided
both qualitative explanations and mathematical descriptions of how
the 2D peak shape is related to the dynamics of the system and how
this information can be extracted from a 2D electronic spectrum.'® "
One way the interaction between the solvent and a molecule can be
quantified is through the frequency-fluctuation correlation function
(FFCF), Cii(t) = (dwi(t)dwi(0)). The FFCF represents the ensemble
average of how the frequency of a transition fluctuates with time.
It is a sensitive measure of the strength of the interaction between
the molecule and its surrounding environment.’’”! Nonlinear opti-
cal techniques, such as three-pulse photon echo peak shift spec-
troscopy, have been used to characterize the FFCF.”>** However,
the larger dataset measured by 2DES allows for higher sensitivity
and hence better precision when extracting the FFCF. There are sev-
eral methods to capture the system-environment dynamics from a
2D electronic spectrum.”* One analysis method that is commonly
used is the center line slope (CLS) analysis.”>”° CLS analysis of spec-
tral diffusion has been performed on several systems, such as pho-
tosynthetic pigments,””** quantum dots,”” biological molecules,*’
and reverse micelles,”" which provided crucial information regard-
ing how the environment interacts with these systems and affects
their spectroscopic properties. Apart from the FFCF decay, coherent
modulations of the transition can also be tracked using CLS analy-
sis. For example, if the transition is coupled to a harmonic oscillator,
the resultant CLS is shown to oscillate along the waiting time (7).
In 2DES, this phenomenon was first observed by Nemeth et al. in
the dye molecule PERY in toluene.’” Further examples of such CLS
beating were reported by Sanda et al.*

CLS analysis on molecular chromophores, including 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-Pn), can offer insight
into the coupling between the electronic and vibrational degrees of
freedom. TIPS-Pn is a widely used organic semiconducting mate-
rial that is intensely studied in the field of singlet fission (SF),**
an exciton multiplication process that is of interest due to its
potential to increase the efficiency of photovoltaic cells.”> During
SF, a molecule in a singlet excited state couples to a neighbor-
ing ground-state molecule, resulting in both molecules occupy-
ing a lower energy triplet state, as described below.”**” The pro-
cess occurs via the triplet pair intermediate, 1(TT), in which the
two triplets are strongly coupled, resulting in an overall singlet
character,

Si+S="(TT)=T,; +Ti.

Recently, broadband pump-probe and 2DES studies have reported
that vibronic states may be involved in SF in crystalline TIPS-Pn.***
However, 2DES is yet to be used to investigate the coherence of the
singlet states of TIPS-Pn in the absence of SF. Here, we focus on
TIPS-Pn in solutions, whereby SF is inaccessible due to a sufficiently
low concentration.*’
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In this study, 2DES measurements were performed on TIPS-Pn
in dilute solutions. CLS analysis revealed spectral diffusion dynamics
in the diagonal peak arising from the solvent relaxation dynam-
ics of TIPS-Pn. The 2DES measurements also exhibit strong beat-
ing in the CLS. Although oscillations in CLS values have been
reported before,”>*>*1*> we present here experimental CLS oscil-
lation signals that are strong enough for clear analysis. We can
use a displaced harmonic oscillator model to quantitatively explain
the dynamics observed in the CLS analysis. The more conven-
tional amplitude beating data characterized using 2D Fourier maps
are shown to be consistent with the CLS analysis. The experi-
mental analysis and simulation are discussed, with focus on the
vibronic coupling between vibrational and electronic degree of
freedoms.

EXPERIMENTAL METHODS

Powdered 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-
Pn) was dissolved in toluene or freshly distilled tetrahydrofuran
(THF) to form a solution with the optical density of 0.25 OD
(toluene) or 0.70 OD (THF) at 15500 cm™! (corresponding to the
0-0 transition) in a 1-mm quartz cuvette. The absorption spectrum
of TIPS-Pn in toluene is shown in Fig. | and that in THF is presented
in Fig. S3 in the supplementary material.

2DES measurements were performed using two setups. Setup
I consisted of a femtosecond laser system with a partially collinear
pump-probe beam geometry.”*** Supercontinuum light was cre-
ated by focusing 1.8 W of the 800-nm output from a Ti:Sapphire
regenerative amplifier (Legend Elite, Coherent) into a home-built
1.2-m tube pressurized with 2.2 bars of argon gas. The resulting
supercontinuum from the optical filamentation process was split by
a UV-fused silica wedge window into two beams, which served as
the pump and probe pulses. The pump pulse was compressed by
a chirped mirror pair (DCM10, Laser Quantum) and then shaped
by an acousto-optic programmable pulse shaper (Dazzler, Fastlite)
into a phase-locked double pulse train. The interpulse delay time #;
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FIG. 1. Absorption spectrum of TIPS-Pn in toluene and the excitation spectra used
in setup | (red) and setup Il (green).
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between the two pump pulses was scanned from 0 to 100 fs with 4-fs
steps by the pulse shaper. The probe pulse was compressed by a simi-
lar chirped mirror pair. The cross-correlation between the pump and
probe pulses was measured in neat toluene, which gave a full-width
at half-maximum (FWHM) of 60 fs. The waiting time T,, was con-
trolled by a retroreflector attached on a motorized delay stage and
scanned from —300 fs to 5 ps with 20 fs time steps. The t;-dependent
transient absorption signal S(#1, T, w3 ) was resolved by utilizing a 1
x 2 phase cycling scheme with a partial rotating frame of reference,
and numerical discrete Fourier transformation was carried out over
t1 to obtain the final 2D electronic spectra S(w1, Ty, w3). In setup I,
the pump spectrum was centered at 15500 cm™" (645 nm), match-
ing the first vibronic transition energy of the TIPS-Pn molecule (red
spectrum in Fig. 1).

Setup II was based on a non-collinear BOXCARS geometry and
was described previously.” The 100-fs output from a Ti:Sapphire
regenerative amplifier (Spitfire Pro XP 100F, Spectra-Physics) was
directed to a non-collinear optical parametric amplifier pumped at
400 nm, producing broadband pulses centered at 600 nm with a
FWHM bandwidth of 66 nm. The pulses were compressed by a
single-grating and single-prism compressor to 12-fs FWHM dura-
tion. The compressed pulses were split into four beams by a diffrac-
tive optic and collimated by a concave mirror into the BOXCARS
geometry. Two of the beams, k; and k,, were individually passed
through a pair of rotating optical flats, which served as the delay
lines for t; and T),. The third beam, k3, was passed through a glass
flat providing a constant time delay, and the fourth beam was passed
through a 4 OD neutral density filter and used as a local oscillator
(LO). The four beams were focused on the sample by another con-
cave mirror. The third-order signal was emitted collinearly with the
LO and detected by an imaging spectrograph and camera (Shamrock
SR303-I and Newton 970, Andor). To collect data in the nonrephas-
ing and rephasing phase-matching directions, t; was scanned from
—45 to 45 fs such that k; and k; were swapped when the sign of t;
was swapped. The w; axis was generated by Fourier transform over
t1, the w3 axis was generated by heterodyne detection, and T, was
scanned from 0 to 500 fs. The excitation pulse for setup II was broad
and able to cover the first and second vibronic transitions of TIPS-Pn
(green spectrum in Fig. 1).

Setup I, which scanned the waiting time up to hundreds of
ps, yielded ps timescale spectral diffusion and the lower frequency
vibrational dynamics. Setup II, which had a higher time resolu-
tion and a wider excitation spectral bandwidth, had a more lim-
ited T, range. The BOXCARS of setup II allowed access to the
nonrephasing and rephasing data. This setup was used to measure
the dynamics and “w;- and ws-dependence” the higher frequency
modes.

THEORY

In the time-dependent perturbation theory framework that
is commonly used to describe nonlinear optical spectroscopy,*®
such as 2DES, the nonlinear optical response functions are sum-
marized by enumerating the various coherence transfer pathways,
which are represented graphically by double-sided Feynman dia-
grams (DSFDs). These diagrams describe the 2DES spectral peaks
and can be expressed as the following third-order nonlinear optical
response functions:

ARTICLE scitation.org/journalljcp

Ri(t1, T, t3) = exp[—iweg (83 + t1) ] exp[—g(tl) -8 () -g"(Tw)
+g(t1 + TW) +g*(i’3 + TW) —g(t1 + 13+ TW)],
(1)

Ro(t1, Twr 13) = exp[—iweg(ts — 11)] exp[—g*(tl) -g"(t3) +g(Tw)
g (h+Tw)-g(ts+Tw) +g (i +t:+ T,
(2)

R3(t1, T, t3) = exp[—iweg (t3 — t1) ] exp[—g" (t1) — g(t3) + g (Tw)
g (i +Tw)-g (5+Tw) +g (L +13+ Tw)],
(3

Ry(t, Tw, t3) = exp[—iweg(ts + 1) ] exp[—g(t1) — g(t3) — g(Tw)
+g(ti+Tw)+g(ts+Tw) —g(hh +t3+ Ty)],
4)

where g(t) is the lineshape function and g* (¢) is the complex con-
jugated form of the lineshape function. In this system, we used a
complex function to describe g(t); therefore, its complex conjugated
form is involved in the equations. w,g is the energy difference in the
two-level system, ¢, is the time separation between the first and the
second interaction, and ts is the time between the third interaction
and detection of the signal.

A common way to model the lineshape function is to use a
system-bath model in which a two-level system is coupled to a series
of Brownian oscillators. In this system, we simulated the 2D elec-
tronic spectra by separating the Brownian oscillators into two parts.
The first part is a summation of overdamped harmonic oscillators,
representing the effects of an environmental bath labeled g, (t), and
the second part describes a single underdamped harmonic oscillator,
denoted as g, (), which usually arises from coupling with a specific
vibrational mode of the molecule. The lineshape function is thus
described as

() =g (1) + (1) (5)

Details of the derivation of g,(¢) and g,(¢) can be found in the
supplementary material (Sec. 1). The formula of the environmental
bath used in the simulation is

t A2
() = 7 + > —E[exp(-yit) + yit - 1], (6)
L % Yk

in which T is the homogeneous dephasing time. A summation over
k components is used to represent the remaining bath interactions
that arise from different solvent chromophore interactions over dif-
ferent timescales.””*” For each component k, Ay is the fluctuation
amplitude and y, is the inverse correlation time.

The expression for the underdamped harmonic oscillator is

E(T) -1
2

@) = —ilt + SV[E(T) - exp(fy,,t)( exp(iwnt)

+ % exp(—ia)vt))], ™)
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with E(T) = coth( 21‘:;) and S, = i—“v is the Huang-Rhys factor that
represents the strength of the vibronic coupling between electronic
and vibrational degree of freedom. A, is the reorganization energy,
y, is the damping rate, and w, is the frequency of the vibrational

mode.

RESULTS

Figure 1 shows the absorption spectrum of TIPS-Pn in toluene.
The peak with the highest intensity at 15500 cm ™" belongs to the
transition between the ground vibrational state of the first and sec-
ond electronic states of the molecule (denoted as 0-0 transition).
The other peaks at 16 800 and 18200 cm™" are the vibronic tran-
sitions from the ground vibrational state of the first electronic state
to the first (denoted as 0-1 transition) and the second vibrational
states (denoted as 0-2 transition) in the second electronic state,
respectively. In this study, we used setup I to excite TIPS-Pn at
the first vibronic transition and observed the 2D electronic spec-
tra at the probe window of 14 500-16 800 cm™'. We further used
the displaced harmonic oscillator model mentioned in the The-
ory section to simulate the CLSws. We used setup II to excite
the molecule at both the first and the second vibronic transi-
tions and probe the dynamics between 15000 and 17000 cm™.
To understand the effect vibrational modes have in the 2D elec-
tronic spectrum, we measured the Raman spectrum of TIPS-Pn
and assigned the modes using DFT/B3LYP at 6-31G(d, p) cal-
culations. The results are listed in the supplementary material
(Sec. 6).

Excitation of the 0-0 transition (setup I)

In Fig. 2, we show the 2D electronic spectra of TIPS-Pn at
Ty = 0.1 ps and 3 ps measured using setup I. The amplitude of
the peak results from the ground state bleach (GSB) and stimulated
emission (SE). The peak shape shows a clear transition from a diag-
onally elongated shape to a more symmetric shape after 3 ps with
intense oscillations over T',.

To quantify the observed behavior in the peak shape of the
0-0 vibronic diagonal peak, we performed CLSws analysis, which
yielded the center lines shown as red lines in Fig. 2 (details about
the analysis can be found in Sec. 2 of the supplementary material).
The resultant CLSws vs Ty, dynamics are represented in Fig. 3(a).

>
>
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FIG. 2. 2D electronic spectra measured with setup | at 0.1 ps (a) and 3 ps (b)
overlaid with the CLSw3 analysis result. The center points are plotted as white
circles, and the fit center lines are dark red.
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FIG. 3. (a) CLSwj; as a function of T, obtained from the CLS analysis of 2D
electronic spectra shown in Fig. 2 and (b) the corresponding Fourier transformed
result.

The CLSws decays on a timescale of ~2 ps and has a prominent
oscillatory feature with a period of ~120 fs, corresponding to a fre-
quency of 264 + 8 cm™' [estimated FWHM from Fig. 3(b)]. From
published data of toluene,"**” we can rule out the possibility that
this frequency arises from the solvent, while it matches the ring-
breathing mode of the pentacene molecule (Fig. S7a).”” The 2D
electronic spectrum can also be subjected to an amplitude beat-
ing analysis.”!>* Kinetic traces near the diagonal and anti-diagonal
regions are taken as comparison and shown in Fig. 4. The traces
exhibit a strong oscillatory feature with the same frequency as the
CLS. The oscillatory phases of the traces are different, in which the
diagonal traces oscillate out-of-phase with the anti-diagonal traces
[Fig. 4(b)].

To better visualize the distribution of amplitude beating over
the whole 2D spectrum of the 0-0 vibronic diagonal peak, we per-
formed a Fourier transform of the beating residue extracted from the
2DES along T\, to obtain the 2D Fourier maps. The detailed work-
flow is depicted in the supplementary material (Sec. 3). Figure 5(a)
shows the absolute value of the 2D Fourier map at wr, = 264 cm™".
The spectrum is dominated by four peaks, and each peak represents
an intensity beating at the corresponding region of the 2D spectrum.
A clear demarcation into four peaks is an indication of the phase
difference among them, which is also observed in the kinetic traces
in Fig. 4. The pattern of the 2D Fourier maps [Fig. 5(a)] is consis-
tent with the nature of the CLS beating. The beating in CLS arises
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FIG. 4. (a) 2D spectrum at T,, = 0.1 ps of the 0-0 vibronic diagonal peak and (b)
kinetic traces at the diagonal (blue and red) and anti-diagonal (purple and green)
regimes.
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from periodic variation in the peak shape akin to a rocking boat.
This motion manifests itself as the points near the diagonal (blue
and red) oscillate out-of-phase with the points on the anti-diagonal
(purple and green) in Fig. 4(a). CLS analysis is a method of quanti-
fying the change in peak shape over time, and the oscillation of the
CLS value is associated with the amplitude beating.

Based on the measured CLSw3;, we obtained the normalized
FFCEF of the 0-0 vibronic diagonal peak. The CLSwj3 kinetics can be
fit well with a function that consists of two exponential decays and
one damped oscillatory function as follows:

Ty
T2 )

T,
+a, exp(f—w) cos(wy Ty + nm).
Ty

CLSws(Tyw) = a1 exp(—?) +a; exp(—
1
(8)

The results of the fit are presented in Fig. 5(b) and Table 1. In this fit,
71 and 7, can be interpreted as the correlation times of the bath, and
T, is the coherence time of the vibrational mode w,.

Based on the displaced harmonic oscillator model presented
in the Theory section, we simulate the CLSw3 values of the 0-0
vibronic transition. We used Egs. (1)-(4) to calculate the response
functions of the nonrephasing and rephasing processes and to gener-
ate the absorptive 2D electronic spectra in the impulsive limit.'® The
lineshape function used is discussed in the section Theory as contri-
butions from a bath and a vibration mode representing the oscilla-
tions [Egs. (5)-(7)]. The parameters used to calculate the lineshape
function are presented in Table II.

TABLE . The fitting result for the CLSw3.

From the simulated 2D electronic spectra, CLSw3 analysis was
performed [Figs. 6(a) and 6(b)] and the result is plotted in com-
parison with the experimental data [Fig. 6(c)]. The parameters in
Table IT are chosen according to the following reasons. For the bath
components, the inverse correlation time y, in Table II are taken as
the inverse of the value of 7 (k = 1, 2) in Table I. For the vibrational
component, the frequency w, and the damping rate y, in Table II
are used based on w, and 7, in Table I, respectively. The fluctua-
tion amplitudes A, are scaled up from the a; values, with a factor
that takes into consideration, together with a homogeneous dephas-
ing time T, to fit the linear spectrum and the decay dynamics of
the measured CLSws. This is done while keeping the relative values
of Ay the same as the relative values of a;. The temperature used in
the simulation is 300 K. From Figs. S2a and S2b, it can be seen that
the calculated absorption spectrum and the CLSw3 decay dynam-
ics fit well with the experimental data. Finally, the reorganization
energy of the vibrational mode A, is then adjusted to fit the oscilla-
tion amplitude of the CLSw3 value. Adding an extra high frequency
mode, such as the ~1300 cm™! mode, into the simulation introduces
only a minimal change in the calculated absorption spectrum and
2D peak shape of the 0-0 vibronic transition. Details are available in
the supplementary material (Sec. 4).

Excitation of the 0-1 transition (setup Il)

2DES data were also collected for solution of TIPS-Pn with
higher T, resolution and larger bandwidth using setup II. Data
were initially collected in toluene. However, it was found that strong

ai a ay T1 (psfl) Tz(psfl) T,,(psfl) wv(cmfl) n
0.34 + 0.06 0.18 £ 0.03 0.16 + 0.04 0.18 £ 0.05 3.00 £ 041 2.24 £ 0.02 257.9 £ 0.1 0.68 + 0.07
TABLE II. The parameters of the lineshape function g(¢) used in the simulation.
T2(ps) 8% (ps™) 83 (ps™) n(ps) y(ps) w (em™) y(ps™) A(em™)
0.05 468.6 243.7 5.55 0.33 257.9 0.455 26
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FIG. 6. The simulated 2D electronic spectra at T, = 0.1 ps (a) and 3 ps (b) pre-
sented in the same fashion as Fig. 2. (c) The experimental CLSw3 of the diagonal
peak (blue) in comparison with the CLSw3 calculated from the simulation (red).

coherent signals attributed to toluene around 800 and 1050 cm™!

obscured potential TIPS-Pn coherence. THF was chosen as the
alternative solvent because the frequencies of its coherent sig-
nal were found to overlap minimally with those of TIPS-Pn.
Distilling the THF prior to use reduces the concentration of
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dissolved oxygen and hence reduces degradation of the TIPS-Pn by
photooxidation.™

The larger bandwidth allowed observation of the diagonal
peaks corresponding to GSB and SE of both the 0-1 transition and
partially the 0-0 transition [Fig. 7(a)], respectively. The off-diagonal
peak, which corresponds to the excitation of the 0-1 transition
and detection at the 0-0 transition frequency, is strong, indicat-
ing rapid relaxation from the first to the ground vibrational state
during the waiting time. At w3 = 17300 cm ™', the observed excited-
state absorption (ESA) signals are attributed to absorbance from the
first excited singlet state to higher singlet states.”” Over the waiting
time, this broad pattern of signals persists at similar intensity up to
500 fs [Fig. 7(b)], indicating that the population of singlet TIPS-
Pn is unchanged. This result is consistent with the relatively long
singlet lifetime (~13 ns) and lack of SF in a dilute solution. In addi-
tion, the data exhibit complex and long-lived oscillation at multiple
frequencies [Fig. 7(b)].

As with the previous data from setup I, we analyzed these oscil-
latory features by Fourier transforming the 2D electronic spectrum
over Ty, generating the third axis, wr,. By integrating the resultant
2D Fourier maps over w; and w3, oscillatory features with frequen-
cies of 313, 940, and 1173 cm™! are present, with additional weaker
signals around 500 and 800 cm™'. Because of the limit in the wait-
ing time range, the error bar of the integrated value calculated from
the 2D Fourier map is 80 cm™! [estimated FWHM from Fig. 7(0)],
and it is likely that these peaks are broadened due to this error
bar. The integrated value of the Fourier transformed 2D spectra is
somewhat noisy due to this relatively low spectral resolution and the
presence of multiple signals with closely spaced frequencies. The 2D
Fourier maps at 313 and 1173 cm ! (Figs. 8 and 9), however, have
a clear and distinct w;- and ws3-dependence, indicating that these

(b)
20
E o 3
- A
3
2 20 %
: 2
A FIG. 7. (a) 2D electronic spectrum at
-60 Tw = 120 fs measured with setup Il and
15 16 17 18 x10

(b) kinetic traces at the diagonal (red
and green) and the anti-diagonal (yellow)
regimes. (c) The integrated values of the
Fourier transformed 2D spectra of TIPS-
Pn (blue) and the solvent THF (red). The
values presented are absolute values.
The dashed lines indicate the relevant
vibrational modes: +313, +788, +940,
and 1173 cm=".
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signals are distinguishable from noise and are likely to result from
real coherence within the sample. Apart from the 940 cm™" vibra-
tion, the frequencies are consistent with the Raman spectrum of
TIPS-Pn (Fig. S5)°***>> and are likely to result from coherence
within the vibronic states of TIPS-Pn. The 940 cm™" signal is con-
sistent with a strong Raman mode of the solvent, THF."® To con-
firm this assignment, we collected data for a sample of THF without
TIPS-Pn and found a strong coherent signal at 940 cm™. The 2D
Fourier maps for this mode are similar in the presence and absence
of TIPS-Pn (Figs. S3 and S4), indicating that this mode is attributed
to a non-resonant response of the solvent THF.

To investigate the modes attributed to TIPS-Pn in more
detail, we present the 2D Fourier maps at wy, = 313 and
+1173 cm™" in Figs. 8 and 9, respectively. The BOXCARS geom-
etry of setup II allows separation of the 2D Fourier maps into
nonrephasing and rephasing maps and by the sign of wr,, result-
ing in four distinct 2D Fourier maps. Since different subsets of
DSFDs are contained in the four 2D Fourier maps, separating
them can aid the characterization and assignment of the vibronic
coherences.””**

The absolute value of the four 2D Fourier maps for the low
frequency mode wr, = +313 cm™ is given in Fig. 8. Due to the
low resolution of wr,, these maps are likely to originate from the
264 cm™! mode, which has been discussed in the section titled Exci-
tation of the 0-0 transition (setup I). Each map has a distinct pattern
of four signals, arranged in a square formation with the side length
equal to the energy difference between the first and second vibronic
states (~1300 cm™'). Although the four 2D Fourier maps appear
to be very similar, closer inspection reveals that for the nonrephas-
ing maps, the diagonal peaks are localized directly on the diagonal,
while the corresponding peaks in the rephasing maps are shifted
above and below the diagonal, for the negative and positive wr,
maps, respectively, by an amount corresponding to a coherence fre-
quency of 313 cm™'. Additionally, some peaks in the 2D Fourier
maps have a diffuse, somewhat square shape [Fig. 8(b)], indicating
the presence of multiple coherence pathways with slightly different
w1 and w3. In addition to the observed 313 cm™" mode, we observed
high-frequency coherences at wr, = +788 and +1173 cm™". The 2D
Fourier maps for the 788 cm™" mode are particularly noisy and dif-
fuse, prohibiting confident assignment by DSFDs. The 2D Fourier
maps for the higher frequency mode, +1173 cm™, have stronger
signals (Fig. 9) and can be analyzed more easily. DSFDs can be
used to rationalize the appearance of the 2D Fourier maps at fre-
quency +313 and £1173 cm ™" and will be provided in the Discussion
section.

DISCUSSION

Setup I revealed much information regarding the lineshape
function of the 0-0 vibronic transition. The most striking fea-
ture observed in the 2D electronic spectrum of TIPS-Pn is the
intense oscillation observed in both the CLSw3 and the amplitude
of the diagonal peak. All the observed beating has a frequency of
264 + 8 cm™'. The published vibrational spectrum of pentacene,
a molecule similar to TIPS-Pn with its five-benzene ring skeleton,
shows a band at 264 cm™", which was assigned to the ring-breathing
mode of the molecule.”” The Raman spectrum of TIPS-Pn (Fig.
$6) and DFT calculation (Fig. S7a) also shows a peak at 264 cm™
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and similar assignment on the motion of the vibration. In view
of the assignment, we can rationalize the strong coupling between
the vibrational and electronic degrees of freedom (parameterized by
the Huang-Rhys factor). In a 7-conjugated system, there is often a
strong coupling between the geometric and electronic structure.”
When a vibrational mode strongly affects the geometry of the 7-
conjugated system, it modulates the HOMO-LUMO energy gaps. In
this case, the mode is the ring-breathing mode, which stretches the
TIPS-Pn molecule in the horizontal direction along the conjugated
system (Fig. S7a). The sinusoidal modulation of the HOMO-LUMO
energy gap manifests itself as a beating observed in the normalized
FFCF and the 2D signal amplitude.

Another feature obtained from CLS analysis is the spectral dif-
fusion dynamics. By fitting the CLSws with a sum of exponential
decays and a damped oscillatory function [see Eq. (8) and Fig. 5(b)],
we resolved two spectral diffusion lifetimes. The first lifetime, 7;
of 180 fs, can be assigned to the inertial component of solvation
arising from the librational motion of the solvent molecules.”” The
second lifetime, 7, of 3 ps, can be assigned to diffusive dynam-
ics of solvent molecules.”” Numerous studies performed on vari-
ous solvents uncovered both the fast dynamics in the time range
of sub-ps®”*"! and the slow dynamics in the range of several to
tens of ps dynamics.*>** We also note that we did not observe any
substantial dynamics at T,, > 10 ps timescale, which are usually
ascribed to various intermolecular interactions.””**** Some molecu-
lar systems exhibit spectral diffusion dynamics at this slow timescale
(tens to hundreds of ps) due to stronger interactions with the
solvents. Examples include chlorophyll-like systems that undergo
hydrogen-bonding’”** or ligation dynamics between nucleophilic
solvent molecules and the metal center of chlorophylls.”” In the case
of TIPS-Pn, the absence of a lifetime longer than 10 ps suggests that
the optical transition of the molecule is likely insensitive to solvation
dynamics of nonpolar solvents. In our study, there is also no con-
stant offset or ns timescale decay, suggesting that there is negligible
structural inhomogeneity in the system.®® Structural inhomogene-
ity is often due to the chromophores having long chains, result-
ing in multiple possible conformers in the solvent environment.
In the present case, TIPS-Pn, having a rigid fused five-membered
aromatic ring structure, is not expected to exhibit multiple
conformers.

Simulations were performed with the parameters obtained
from the experimental CLSws (see Table II), such as beating fre-
quency, phase, decay lifetime, and amplitude. To obtain a reasonable
fit to the observed oscillation amplitude [Fig. 6(c)], we used a vibra-
tional reorganization energy of value A, = 26 cm™" (which gives the
Huang-Rhys factor a value of S, = % =0.1). The Huang-Rhys fac-
tor measures the strength of coupling between the vibrational and
electronic degree of freedom*® and has been calculated for multiple
systems using various methods.” %’ Our qualitative measure of the
amplitude of the Huang-Rhys factor is comparable to those calcu-
lated from synthetic dye molecules.”’~"> Further refinement of the
simulation can be carried out by more sophisticated fits, by, for
example, including finite laser pulse effects,”””> and may allow us
to obtain reliably the experimental values of the Huang-Rhys factor
for the vibronic couplings.

Further studies by exciting and detecting at the 0-0 and
0-1 transition using setup II provided information regarding the
coherence of different vibronic states as the pump pulse covered
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a wider frequency range. We obtain the 2D Fourier maps at fre-
quency wr, = +313 cm™", which within the uncertainty of +80 cm™
(due to the limited range of the T, window) can be assigned to the
264 cm™! mode. We can use DSFDs to assign the coherence, assum-
ing the vibrational mode is located in both the ground and first sin-
glet excited states. Both GSB and SE diagrams can contribute to the
observed coherence. For SE pathways, we assumed a minimal Stokes
shift, as has been reported previously.”® As an example, the DSFDs
for the rephasing 2D Fourier map at wr, = +313 cm™" are given in
Figs. 8(e) and 8(f); the diagrams for the remaining maps are analo-
gous. Initially, we found that the beating maps are reasonably well
predicted by pathways utilizing transition from gy to eo, e1, and e313.
However, these pathways fail to account for the high energy coher-
ence observed at region (w1, w3) = (17200, 17 200) cm L. To account
for these signals, we note that TIPS-Pn has a high frequency Raman
mode at 1627 cm™" (Fig. $6), which is 253 cm™ above the strong
1374 cm™" mode.”® Coherence between these two states would give
rise to an oscillation with frequency wr, = 313 + 80 cm ™" and hence
appear on this low frequency beating map. Including pathways with
coherence between these two states leads to better agreement with
the beating maps. There may also be an additional contribution from
ESA pathways in these 2D Fourier maps, indicated by the weak sig-
nal at w3 = 17300 cm ™', the energy of transition to higher singlet
states. Similar assignments are done with the dominant rephasing
2D Fourier maps at wr, = +1173 cm™! [Fig. 9(b)]. Due to the low
resolution of the wr, axis, these maps likely contain contributions
from both the 1158 and 1195 cm™! modes (Fig. S6). The 1158 cm™!
mode is the C-H bending of the outer rings, and the 1195 mode is
the C-H bending with the ring twisting (Figs. S7c and S7d). Both
GSB and SE pathways were found to match the observed coherence,
indicating that this mode may be present in both the ground and first
singlet excited states. Overall, analysis of the coherence of TIPS-Pn
measured using setup II reveals vibrational coherence at frequen-
cies consistent with the Raman modes of TIPS-Pn. Assignment by
DSFDs found that both GSB and SE pathways are consistent with
the w;- and ws-dependence of the coherence, indicating that the
vibronic structure of the first singlet state is likely to be the same
as the ground state.

The modes analyzed above are consistent with those observed
by Musser et al.*® and Bakulin et al.”’ for thin films of polycrys-
talline TIPS-Pn, where SF is rapid and hence the system has a
significant population of triplet excited states. Bakulin et al.”” also
highlighted the existence of a 264 cm™" vibronic state in the triplet
pair manifold; this state is nearly in resonance with the lowest
excited singlet state and maybe involved in ultrafast SF in TIPS-
Pn. The coherence reported here of TIPS-Pn in diluted solution in
the absence of SF serves as an important control study for 2DES
experiment on crystalline TIPS-Pn and aids with disentangling
vibronic coherence associated with the singlet and triplet states of
TIPS-Pn.

CONCLUSIONS

In summary, we measured and analyzed 2D electronic spectra
of TIPS-Pn in solution. Using setup I, we obtained 2DES data for
the 0-0 vibronic transition. Detailed analyses of these data revealed
for the first time an intense oscillatory feature of CLSws over the
waiting time with a frequency of 264 + 8 cm™. Furthermore, the
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amplitude beating of 2D spectra showed similar oscillation fre-
quency with the beating pattern consistent with the nature of the
CLS beating. Based on previous studies, this mode has been assigned
to the pentacene ring-breathing vibrational mode. We concluded
that the beating observed in both the spectral amplitude and the
CLS value is due to the strong modulation this vibrational mode
exerts on the HOMO-LUMO gap of TIPS-Pn through the geomet-
ric change. In addition, the CLS data allowed us to extract solvation
dynamics, as well as the beating dynamics. We used the displaced
harmonic oscillator model to simulate the 2D electronic spectra
and CLSws value. A Huang-Rhys factor of 0.1 was used to gener-
ate the 2D electronic spectrum, and the subsequent analysis pro-
vided strong concurrence with our experimental data, which indi-
cates the validity of this model. The assignment of this mode as
the ring-breathing vibrational mode, which is expected to have a
periodic perturbation on the transition frequency, is also consis-
tent with the observation. From setup II, we obtained information
regarding the coherence between different vibrational modes of the
molecule. The vibration around 264 cm™ was again observed in
diagonal and cross peaks near the 0-0 and 0-1 transitions of TIPS-
Pn. The appearance of the 2D Fourier maps for this mode were
rationalized by DSFDs assignment, with the 264 cm™' mode pre-
sente in both the ground and first excited singlet states. Additional
higher frequency vibrations consistent with the Raman modes of
TIPS-Pn belonging to C-H bending of the outer rings and the C-H
bending with the ring twisting were also observed, indicating that in
the absence of SF, TIPS-Pn displays strong vibrational and vibronic
coherence within the singlet states.

SUPPLEMENTARY MATERIAL

The supplementary material contains details on (1) lineshape
function derivation based on the displaced harmonic oscillator
model; (2) CLS analysis of the diagonal peak; (3) global analysis and
beating map retrieval; (4) simulation of 2DES and CLS value, and 2D
Fourier maps of THF in the presence and absence of TIPS-Pn; and
(5) Raman spectrum and Raman mode assignment of TIPS-Pn.
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