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Excited-State Intramolecular Charge-Transfer Dynamics in
4-Dimethylamino-4'-cyanodiphenylacetylene: An Ultrafast
Raman Loss Spectroscopic Perspective

Arvind Barak,™™ Nishant Dhiman,” Floriane Sturm,® Florian Rauch,”
Yapamanu Adithya Lakshmanna,”” Karen S. Findlay,'” Andrew Beeby, Todd B. Marder,*"’

and Siva Umapathy*™ ®

Photo-initiated intramolecular charge transfer (ICT) processes
play a pivotal role in the excited state reaction dynamics in
donor-bridge-acceptor systems. The efficacy of such a process
can be improved by modifying the extent of m-conjugation,
relative orientation/twists of the donor/acceptor entities and
polarity of the environment. Herein, 4-dimethylamino-4'-cyano-
diphenylacetylene (DACN-DPA), a typical donor-m-bridge-ac-
ceptor system, was chosen to unravel the role of various
internal coordinates that govern the extent of photo-initiated
ICT dynamics. Transient absorption (TA) spectra of DACN-DPA

Introduction

Photoinduced charge transfer is a fundamental step in many
chemical and biological processes,'? including
photosynthesis,” in which a donor-acceptor pair enables direc-
tional electron transfer leading to a long-lived charge-separated
state. Photoinduced charge transfer in molecular systems,
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in n-hexane exhibit a lifetime of >2 ns indicating the formation
of a triplet state while, in acetonitrile, a short time-constant of
~2 ps indicates the formation of charge transferred species.
Ultrafast Raman loss spectroscopy (URLS) measurements show
distinct temporal and spectral dynamics of Raman bands
associated with C=C and C=C stretching vibrations. The
appearance of a new band at ~1492 cm™' in acetonitrile clearly
indicates structural modification during the ultrafast ICT proc-
ess. Furthermore, these observations are supported by TD-DFT
computations.

particularly in mt-conjugated donor-acceptor (DA) systems, is of
broad interest from the perspective of organic light-emitting
diodes,” organic semiconductor devices,”* fluorescent molec-
ular sensors,® and in the development of materials with large
second-order nonlinearities® due to the presence of low lying
charge transfer states. Upon photoexcitation of such molecules,
an intramolecular charge transfer (ICT) between the donor and
acceptor entities leads to a polar state.”

Upon  photoexcitation,  N,N-dimethylaminobenzonitrile
(DMABN), exhibits an ICT process from the N,N-dimethylamino
group to the cyano group.'"" Extensive research has been
carried out to understand the intricacies involved in the excited
state dynamics of DMABN.'*'® DMABN, in polar solvents,
exhibits a dual band fluorescence, in which the shorter wave-
length emission is due to a locally excited (LE) state and the
longer wavelength emission arises from the charge transfer
state. The charge transfer dynamics from LE to ICT states is
accompanied by structural changes and solvent reorganization.
The dynamic aspects associated with the charge transfer and
structure have been of interest from a theoretical
perspective.'”” The charge transfer process in DMABN is
typically described using a model based on twisted intra-
molecular charge transfer (TICT),?" wherein the dimethylamino
group (donor) undergoes a torsional motion while charge is
transferred to the benzonitrile moiety (acceptor) leading to a
perpendicular TICT state. As a consequence of such a TICT state
with a 90° twist of the dimethylamino group with respect to
the phenyl ring, electronic decoupling is pronounced between
the donor and the acceptor moieties along with a loss of
conjugation in the molecule that enables a complete charge
transfer between the entities. In the case of a planar ICT (PICT)
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model,”? the ICT state typically acquires a partially quinoidal
planar resonance structure. Over the past few decades, many
donor-ni-bridge-acceptor systems have been examined to
address various applications.”=" However, the efficacy of such
a charge transfer process relies on factors related to the nature
of donor, acceptor, bridge, and solvent environment.?*>"
Extended C=C triple bonded conjugated systems are linear and
maintain a high degree of conjugation,®® and have applications
in the field of molecular wires and opto-electronics.?**® A new
class of fluorometric and Raman probes for selective sensing of
DNA, RNA, and proteins has recently been developed.”*?
Several studies have been reported on the intricacies involved
during the ICT process in DA systems particularly associated
with extended polyene type bridges.**™ It was reported that
the charge recombination process is directly affected by the
type of DA bridge spacer.”® However, studies on ICT in DA
systems involving alkynyl bridges are less common. Herein, we
analyze the structural dynamics of a D-bridge-A system, 4-
dimethylamino-4'-cyanodiphenylacetylene  (DACN-DPA), in
which the bridge is a diphenylacetylene group. The molecular
structure of DACN-DPA is depicted in Figure 1. Excited state
properties of diphenylacetylene (DPA) have been reported in
detail.*~? The presence of a donor and acceptor on DPA alters
its excited state landscape.”**¥

Earlier steady-state emission studies of DACN-DPA in polar
solvents established that an ICT process occurs with a typically
large Stokes-shifted emission.® Hirata and coworkers® dem-
onstrated, in their picosecond transient absorption and time-
resolved emission studies of DACN-DPA, that the excited state
lifetime and excited state relaxation pathways are significantly
dependent on the solvent polarity. In n-hexane (n-hex), a non-
polar solvent, the LE state decays with a time constant of
650 ps while forming a triplet state. In contrast, in acetonitrile
(MeCN), a polar environment, an ICT state forms within an
ultrafast timescale which subsequently decays back to the
ground state with a lifetime of 0.9 ns. However, the early time
dynamics related to the charge transfer process could not be
probed due to their experimental limitations. Later, Lim and
coworkers®® employed femtosecond time-resolved absorption
and emission methods to show that the ICT state in acetonitrile
is formed in an ultrashort time scale (<1 ps) from a locally
excited state. Such time-resolved absorption and emission
methods enable one to resolve the lifetimes of the LE and CT
states. However, the intricate structural dynamics of the solute
while evolving from the LE to the CT state in different polarity
environments could not be extracted from such time-resolved
absorption and emission studies. In the present study, we focus
on elucidating the early time structural modification in DACN-
DPA that eventually governs the excited-state charge transfer
dynamics upon photoexcitation.

CH,
- - /
CH,
Figure 1. Molecular structure of DACN-DPA.
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Lim and coworkers®*® carried out time-dependent density

functional (TD-DFT) and single excitation configuration inter-
action (CIS) calculations on the DPA system and showed that
there exist two close-lying excited s’ and dark mo™ states
having a shallow energy barrier. The presence of the electron-
withdrawing and electron-donating groups in DACN-DPA can
have a significant effect on the energy barrier. Initially, the state
switching process in the case of DACN-DPA was proposed to
occur from the excited planar i’ state to more polar o™ state
via a trans-bent form, and such switching was solvent polarity
dependent. Later, Lim and coworkers®® clearly showed the
formation of a TICT(0") state, wherein the electron-accepting
benzonitrile (BN) group is in a perpendicular orientation to the
electron-donating  4-(dimethylamino)-phenylethynyl (DMAB)
group and the overall geometry was confirmed to be in the
trans-bent form.

Furthermore, Amatatsu™ employed ab initio complete
active space self-consistent field (CASSCF) and its 2"-order
multireference Moller-Plesset perturbation (MRMP2) methods
to understand the photophysical behavior of DACN-DPA in
solution. It was proposed that, in a non-polar solvent, photo-
excited DACN-DPA relaxes to the ground state without any
twist and has a low probability to pass over the conical
intersection between CT and a diradical character state. Hence,
DACN-DPA is globally stabilized to a trans-bent geometry with
a diradical character. However, in polar solvents, electronically
excited DACN-DPA with an ICT character can be stabilized by
the twist of the dimethylanilino group instead of the less polar
trans-bent form which assists a charge separation geometri-
cally. However, Harriman and coworkers®” identified a twist
around the central alkynylene bond in the case of 4-cyano-(4'-
methylthio)diphenylacetylene in water as a polar medium using
quantum chemical calculations. In fact, these interpretations
are predominantly based on the time-resolved absorption and
emission studies and TD-DFT calculations.

Time-resolved infrared (TRIR) experiments have recently
been conducted to understand better the dynamics of photo-
induced charge transfer in alkyne-linked DA systems.*"*? An
allene-alkyne based photoisomerization has been experimen-
tally proposed by Vauthey and coworkers.”” Kubicki and
coworkers® employed an alkyne and a nitro group (electron
acceptor) as the vibrational markers to understand better the
ultrafast ICT process in D-m-A systems with DPA and
bis(phenylethynyl)benzene bridges. They also proposed the
independence of the m-bridge length on the charge transfer
process.

UV-vis transient absorption®™ measurements essentially
describe the overall time-evolution of the excited state
population while the crucial structural modifications that might
have significant role in the excited-state charge transfer process
are not explicitly visualized. Elucidation of the structural
changes during the population dynamics from the initially
prepared Franck-Condon (FC) state enables understanding of
the transient species that play a crucial role in the subsequent
reaction dynamics. DACN-DPA possess various vibrational
modes such as C=C stretching, phenyl ring vibrations, etc. Here,
we demonstrate how these internal vibrational coordinates/

[59]

[63]
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molecular vibrations in DACN-DPA play a significant role or are
influenced during the ICT process. We employ ultrafast Raman
loss spectroscopy (URLS)®*® with high temporal and spectral
resolutions to unravel the structural dynamics of the transient
species during the ICT process.

Results and Discussion
Steady-state absorption, fluorescence and Raman spectra

The steady-state absorption and fluorescence spectra (at
350 nm excitation wavelength) of DACN-DPA in MeCN, di-
chloromethane (DCM) and n-hexane are shown in Figure 2. The
computed absorption spectra are shown in Figure S2, and the
corresponding oscillator strengths and the major contributions
are given in Table ST in the Supporting Information (SI). As
evident from Table S1, excitation at 320 nm has a contribution
of 88% from the HOMO to LUMO transition (Figure S1 (a,b)).
The associated electron density difference map (EDDM), shown
in Figure S1 (c), clearly indicates the formation of an ICT state.
The absorption and emission spectra presented herein are
consistent with the earlier reports. The absorption maximum of
the lowest energy transition is centered at ~365 nm in both
solvents, corresponding to the S;«S, (mt’) transition. However,
in non-polar n-hexane solvent, the absorption spectrum
exhibits a vibronic structure and the fluorescence spectrum
shows mirror image symmetry. This is a clear indication of an
insignificant interaction between n-hexane and DACN-DPA in
the excited state.

A very small Stokes shift of ~700 cm™ clearly indicates that
the emitting state is not very polar and lacks ICT character.
However, in the polar solvent MeCN, the fluorescence emission
is structureless along with a large Stokes shift of 8700 cm™'.
These features clearly indicate that the excited state is
significantly stabilized by the polar environment and, as a
result, formation of the ICT state is prominent. The emissions of
DACN-DPA in n-hexane and MeCN arise from a relatively less
stabilized ICT state and more stabilized polar ICT state,
respectively.

The steady-state Raman spectrum of DACN-DPA in MeCN
along with the computed Raman activity are shown in Figure 3.
The experimental (in n-hexane, solid-state) and theoretical
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0.6 —DCM g —Dom
nhexane | & n-hexane
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Figure 2. (a) UV-vis absorption and (b) fluorescence spectra at 350 nm of
DACN-DPA in MeCN (black), DCM (blue) and n-hexane (green). The violet
and red arrows represent the excitation wavelength and the Stokes shift of
the emission spectrum, respectively.
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Figure 3. Steady-state Raman spectrum of DACN-DPA in MeCN; experimental
(black, peaks marked with blue dashed lines) and computed Raman activity
(red). The star represents a negative amplitude that arises as consequence of
the subtraction error of the solvent’s C=N Raman band.

(vacuum) Raman spectra are shown in Figure S3, and the peak
positions and corresponding vibrations are given in Table S2.
The strong peaks at 2205 cm™, 1600 cm™' and 1132 cm™' are
assigned to the C=C stretch, phenyl ring C=C stretch and a
combination of vibrations of CC-C,, and phenyl rings,
respectively. The Raman band of the C=N stretch in DACN-DPA
appears at 2227 cm™' as a shoulder with a small amplitude,
which is also depicted in Figure S3.

Transient absorption (TA)

Femtosecond TA measurements of DACN-DPA were performed
in n-hexane and MeCN, exciting at 345 nm in order to under-
stand the effect of solvent polarity on the excited state
dynamics. The TA spectra were measured in the range of 375-
725 nm at various time delays that are shown in Figures 4 and
5 for both solvents. The corresponding 2D plots for both
solvents are shown in Figure S4 in the Supporting Information.

In the case of n-hexane, post 200 fs of photoexcitation, an
intense transient absorption band appears at ~510 nm along
with a weaker shoulder at ~590 nm (Figure 4 (a)). The transient
band at ~510 nm is assigned to the absorption from the
Franck-Condon state to higher levels. Along with positive
transient absorption bands, a negative band at ~400 nm could
be attributed to the stimulated emission (SE) from the S, state.
For further time-delays of the probe beam, the intensity of the
transient absorption bands increases until 25 ps while the peak
positions remain the same. Such a feature is consistent with
the structural relaxation of the Franck-Condon (FC) state while
reaching a relaxed LE state similar to the observation in the
case of bis(phenylethynyl)benzene.'*""

At longer time delays, as shown in Figure 4b, the excited-
state absorption band exhibits a decrease in its amplitude
along with the rise of a broad band centered at ~550 nm. The
new band at ~550 nm does not show any decay even for a
time-delay of ~1.8ns, the maximum time delay in our
experimental set up. It is also evident that there exist two
isosbestic points at ~422 nm and ~542 nm, indicative of a
single excited species that is evolving into long-lived species.

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 4. Transient absorption (TA) spectra of DACN-DPA in n-hexane (a) at shorter time window, (b) at longer time window, (c) corresponding species
associated spectra (S in the insets stands for species), and (d) kinetic traces at selected wavelengths. The green arrow indicates the position of the Raman

pump in URLS.
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Figure 5. TA spectra of DACN-DPA in MeCN (a) at a shorter time window, (b) at a longer time window, (c) corresponding species associated spectra, and (d)
kinetic traces at selected wavelengths. The yellow arrow indicates the position of the Raman pump in URLS.

Such a long-lived absorption band at ~550 nm is attributed to
the T,«T, transition.

In the case of MeCN, a polar aprotic solvent, the TA spectra
exhibit a different trend in comparison with the non-polar

ChemPhotoChem 2022, 6, €202200146 (4 of 10)

solvent. At a time delay of 200 fs, an excited-state absorption
band appears at ~490 nm that corresponds to the Franck-
Condon state, which subsequently exhibits a blueshift to
~445 nm at a time delay of ~500 fs. Furthermore, TA develops

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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a negative band centered at ~535 nm that is attributed to
stimulated emission (SE), as the spectral features match well
with the steady-state emission spectrum. The new emissive
state that forms on the time scale of ~500 fs can be related to
the ICT state, as it exhibits a large Stokes shift ~8700 cm™' due
to a greater stabilization by the polar solvent. At longer time
delays, the transient absorption band at 445 nm exhibits a
decay in intensity along with a blue shift, which can be
correlated either to solvation or cooling process. The amplitude
of the SE band decays to zero and a new band at 630 nm
grows within a time scale of ~3 ps. We assign such a 3 ps time
scale to a structural distortion of the ICT state. Furthermore,
such a distorted ICT state survives for a much longer time
period and eventually decays back to the ground state on a
time scale of ~900 ps. These results are in good agreement
with previously reported data.”>*® We performed a global
analysis of the TA data and obtained the time constants that
are tabulated in Table 1. The experimental data can be well
reproduced with four components in n-hexane and with three
components in MeCN. The species associated spectra and the
decay kinetic fits for selected probe wavelengths are shown in
Figures 4 (c,d) and 5 (c,d), respectively. In the case of n-hexane
solvent, the T, component (< 150 fs) is within our instrument
resolution. 1, (13.4 ps) is assigned to structural relaxation or
vibrational cooling, while t; (614 ps) is assigned to the
intersystem crossing (ISC) process. In the case of MeCN solvent,
T, (~150fs) is within the instrument resolution. The T,
component (2.2 ps) is associated with the disappearance of the
SE features along with the formation of a broad absorption
feature from 400-650 nm. We assign this component to the
evolution of the ICT state towards a distorted-ICT-type dark
state, while the t; component (878 ps) is assigned to the

Table 1. TA kinetic parameters in n-hexane and MeCN obtained from
global analysis.

DACN-DPA T, T, T3 T4
n-hexane Ultrafast 134 ps 614 ps Long-lived
MeCN 150 fs 2.2 ps 878 ps -

2200 -2000 -1800 -1600 -1400 -1200
Raman shift (cm™)

lifetime of the dark distorted-ICT state rather than a ground
state intermediate as it is highly correlated with the radiative
lifetime of the large red-shifted emission in MeCN.®**® |t is not
immediately obvious how the structural changes take place
during the evolution of the ICT and distorted-ICT states from
the TA data analysis. We discuss these aspects in the next
section using our URLS data analysis.

Ultrafast Raman loss spectroscopy (URLS)

The broadband Raman probe (white light (WL)) possesses a
higher-frequency spectrum with respect to the Raman pump in
the case of URLS, while in femtosecond stimulated Raman
spectroscopy (FSRS), WL consists of lower-frequency compo-
nents. The Raman signals typically appear as loss (gain) features
in the WL spectrum in URLS (FSRS). We primarily focus on
elucidating the internal structural dynamics that occur within a
time scale of 3 ps during the evolution of the ICT state to the
distorted-ICT state. As there are several internal vibrational
coordinates in DACN-DPA, we analyze those exhibiting a strong
effect during the ICT to the distorted ICT state evolution using
URLS measurements with high temporal and spectral resolu-
tions.

DACN-DPA in a non-polar environment: Excited-state
URLS spectra of DACN-DPA in n-hexane were measured by
employing an actinic pump at 345 nm (t—ut* transition), and a
ps-Raman pump centered at 520 nm, which is in resonance
with the TA band. The raw data from the URLS spectra were
corrected by background subtraction and the processed
spectra are presented in Figure 6. It is clear from Figure 6(a)
that only two bands are apparent in this spectral region, i.e., an
intense positive band centered at ~2078 cm™' and a weak and
dispersive band centered at ~1600 cm™'. The positive and
dispersive nature of the URLS peaks arises due to a complex
resonance effect with the TA band. If the position (e.g.,
~2100 cm™") of the Raman loss band is around the absorption
maximum (TA, i.e., ~470 nm), such a band appears as a positive
instead of a negative band. The reason for such a change in the
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W W 40 ps
g o ¥ P T ps
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T Vo g P, ittty reagaiinimredan 10 ps
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Figure 6. URLS spectra of DACN-DPA in (a) n-hexane, and (b) MeCN at different delay times.
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Raman lineshape upon various Raman pump excitations is
discussed in an earlier report.”"’? Briefly, the Raman pump at
520 nm (19230cm™") and 1923042100 cm™' corresponds to
ca. 469 nm. The Raman band associated with the C=N
stretching mode in the excited state is not apparent due to its
weaker Raman cross-section although it was observed in the
ground state Raman spectrum (~2227 cm™') as shown in
Figure 3. The tentative assignments for the URLS modes are
presented in Table 2 based on DFT calculations and comparison
with the ground state Raman spectrum.

The 2078 cm™'" band is assigned to the C=C stretch and the
1600 cm ™' band is attributed to C=C stretching mode of the
phenyl rings. The transient Raman band at 2078 cm™ is red
shifted by ~127 cm™ when compared to the ground state
frequency at ~2205 cm ™', reflecting the reduced bond order of
the central C=C bond. Interestingly, the C=C stretching
frequency does not alter significantly from its ground state
frequency. These two modes possess essential information
about the molecular structure. The intensity ratio of the C=C
and C=C modes in the excited state is reversed with respect to
the ground state for which the C=C mode is more intense.
Upon resonant excitation, the relative displacement of the
modes significantly influences the Raman intensity, i.e., the
higher the displacement, the higher will be the Raman
intensity. Furthermore, the totally symmetric modes exhibit
significant enhancement upon resonant excitation. A relatively
lower intensity of the C=C mode (phenyl ring stretch), possibly
indicates that this mode undergoes very little structural
distortion upon photoexcitation. This is supported by the fact
that there is no formation of a charge transfer state in n-

hexane, i.e., the electron density on the phenyl rings remains
unaffected by the photoexcitation.

The kinetics of the integrated peak area and the peak
position of the Raman band at 2078 cm™' are shown in
Figures 7(a) and 7(b), respectively. The peak area kinetics
exhibits a rapid decay in the ultrafast time scale followed by a
growth in the amplitude for a time delay of ~30 ps. For further
time delays, the amplitude exhibits a slow decay with a single
exponential. On the other hand, the peak position of the C=C
stretch exhibits a rapid red shift on the ultrafast time scale
followed by a blue shift with fast and slow components at
~20 ps and ~600 ps, respectively. We fitted the data by fixing
the long-time component at ~600 ps to avoid the large error
limit due to the overall time-window of the experiment i.e.,
~1.80 ns. In order to comprehend the excited-state dynamics,
we performed theoretical calculations on the ground-state by
scanning the dihedral angle for the phenyl ring twist of DACN-
DPA from 0-180° in steps of 20° as depicted in Figure S6. At
room temperature, conformers with a twist angle of up to ~45°
are accessible as shown in Figure S7. Therefore, all rotamers up
to ~45° twists can be electronically excited with the pump
wavelength at 345 nm. The intensity rise that occurs within
~30 ps and, therefore, is tentatively assigned to the combined
effect of vibrational cooling and planarization processes. The
kinetic plot of the amplitude of the Raman mode at 2078 cm™'
is shown in Figure 7(a). The plot is the best fit with a tri-
exponential fit yielding time constants of t;,=350+30fs, 1,=
2942 ps, and 1;=435430 ps. The ultrafast decay component
T, is attributed to the formation of an electronically delocalized,
relaxed non-planar, non-equilibrated state from the initially
formed FC state. Subsequent to such relaxation, the population

Table 2. Peak assignments of the experimental Raman bands for the ground and the excited states in n-hexane/MeCN.

Ground state experimental Raman frequency [cm™'] Excited state experimental Raman frequency [cm™"] Tentative assignments

2228/2227 -
2209/2205 2078/2131
2162/2160 2058
1599/1599 1600/1600
1498/1500 1492
1132/1132 -

C=N stretch

C=C stretch

First overtone of 1132 cm™ mode

C=C Ring stretching

Coh—CN +C,,—CC+ C;,—NMe, stretching motion
Ring breathing + C,;—CC stretching

Taecay ~ 346 = 30fs o CC triple bond
1., =29:2ps — fit

=435+ 30 ps_o

—
)
o
o
-
[,

Integrated peak area (a.u.)
(=]
[=]
(4]
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Figure 7. Kinetics of the excited state C=C stretch of DACN-DPA in n-hexane. (a) Kinetics of integrated peak area of C=C stretch, and (b) kinetics of the peak
position of C=C stretch. (Blue dots: experimental data; red line: fit curve). Insets in the Figures represent the corresponding kinetics at the early time window.
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evolves towards a more stable planar geometry while under-
going vibrational cooling with a time constant of t,. The longer
time constant T; is attributed to the ISC process along with
cooling process from the equilibrated LE state to the hot triplet
state.

During the formation of the electronically delocalized state,
the C=C stretch exhibits a red shift of ~2 cm™ in the ultrafast
time-scale as shown in Figure 7(b). Upon reaching a value of
~2076 cm™, it undergoes a blue shift of ca. 10cm™" with a
time scale of ~20 ps. Such a time scale matches well with the
time constant obtained from the global analysis of the TA data.
Interestingly, the Raman band of the C=C stretch exhibits a
further slow blue shift which could be attributed to the
formation of the triplet state and vibrational cooling of the hot
excited triplet state.

DACN-DPA in a polar environment: Excited-state URLS
spectra of DACN-DPA in MeCN were measured by employing
an actinic pump at 345 nm and a Raman pump at 630 nm that
is in resonance with the TA band as shown in Figure 5(a,b). The
choice of the Raman pump at this region is motivated by the
fact that we wish to unravel the structural changes associated
with the evolution of a charge separation event. The URLS
spectra at selected time-delays in MeCN are presented in
Figure 6(b). The transient URLS spectrum at 200 fs is charac-
terized by two strong vibrational modes at ~2131 cm™' and
~1600 cm™' along with two weaker bands at ~2058 cm™' and
~1183 cm™'. We assign the 2131 cm™ and 1600 cm™' bands to
the C=C stretch and to the C=C stretch of the phenyl rings,
respectively. The intensity of the C=C and C=C bands exhibit a
rapid decay on a time scale of 5 ps. The formation of two new

1

« CC triple bond
— fit

=1.47+0.09 ps

(a)

0.044

Tdecay

o
o
b

e
o
=)

Integrated peak area (a.u.)

2 4 6 8 10
Time delay (ps)

o

« CC double bond

(b)

3
B,
E 0.06 —fit
1]
< 0.041 Taecay = 1.36:0.05 ps
8
E 0.024
E
2 0.00
£ T T T T T
0 2 4 6 8 10
Time delay (ps)

long-lived modes at ~1492cm™ and ~1385cm™ is very
apparent, clearly reflecting the formation of a new state.
Comparison of these bands with the ground-state Raman
bands and their tentative assignments are presented in Table 2.
It is interesting to note that the C=C stretch is the strongest
Raman band in the excited state in the case of MeCN, which is
in contrast to the case of n-hexane. This is also consistent with
the assumption that significant bond displacement is associ-
ated with phenyl ring stretches as a consequence of a
prominent charge transfer process in polar solvents.

The kinetics of integrated peak area and peak position for a
few Raman modes are shown in Figure 8. The kinetics of the
integrated peak area for both the C=C and C=C modes are best
fitted with a mono-exponential decay, while the 1492 cm™
mode is best fitted with a mono-exponential rise time
component. The time constants are observed to be within
1.5 ps. Interestingly, the values of these time constants are in
agreement with our TA results. Based on these observations,
such a time constant is essentially attributed to the formation
of a distorted-ICT state. Interestingly, during such an ultrafast
time-scale, the C=C and C=C modes show an increase in their
peak area amplitudes and a red shift in their corresponding
peak positions. The initial increase in the intensity occurs due
to a charge transfer process and, during the charge separation
process, the bond order is expected to decrease; as a
consequence, it leads to a red shift in the vibrational band
positions. However, in the next ~2 ps time delay, both peaks
show a rapid decay in their peak intensities while the peak
positions show an interesting trend.

u.)

Cc) s 1492 cm-1 peak
()%0.008- . 14 cm-1 pea e

@ — pL3 n °

]

=

= 0.004

[= 3

T

8

]
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Figure 8. Kinetics of the excited state Raman modes of DACN-DPA in MeCN (blue dots: experimental data and red line: corresponding fit). Kinetics of the
integrated peak area of (a) C=C mode, (b) C=C, (c) 1492 cm™', and (d) comparison of the kinetics of the peak positions of the C=C (black) and C=C bands (red)

in the early time window.
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The kinetics of the peak position of the 2131 cm™ and

1600 cm ™' bands are shown in Figure 8(d). The 2131 cm™' band
is red shifted by 74 cm™' in comparison with the corresponding
ground state peak position at 2205 cm™', while the C=C band
appears to be a little blue shifted with respect to the ground
state Raman band. This indicates that the zzr* transition has a
significant effect on the C=C stretch; as the electron shifts to
the anti-bonding orbital, it leads to a decrease in the bond
order while the C=C frequency exhibits little change. In the
time period of 1 ps, the C=C and C=C stretches exhibit a red-
shift of ~2cm™ and ~5cm™', respectively, clearly indicating
the charge transfer process occurring on such timescale. In the
next ~3 ps period, the C=C stretch exhibits a blue shift, while
the C=C stretch exhibits a negligible shift in its peak position.
These features clearly demonstrate that the response of the
phenyl rings towards the distortion in the structure is different
from that of the C=C stretch. The initial blue shift in the peak
position is due to the rotation of one of the phenyl rings
attached to the C=C entity to produce a planar structure.

Upon completion of the charge transfer process, the central
CC—C,, unit acquires an ‘allene character’ as proposed by

Figure 9. Optimized geometries with bond lengths (A) of DACN-DPA in
MeCN in (a) the ground state and (b) the excited state with increased (green)
and decreased (red) bond lengths.

Table 3. Comparison of the calculated bond lengths (A) of the optimized
geometries of DACN-DPA in MeCN for the ground and excited states.

Bonds Ground state [A] Excited state [A]
c1-C2 1.216 1.250
c2-C3 1.428 1.377
-4 1.406 1.442
c3-C5 1.406 1.442
C4—C6 1.385 1.369
c6—C10 1.401 1.423
c8-C10 1.401 1.423
C1-C13 1.427 1.375
C13-C14 1.405 1.438
C13-C15 1.405 1.438
C14-C16 1.383 1.366
C16—C20 1416 1.432
C18—C20 1416 1.432
Cc10-C23 1.436 1.417
C23—N24 1.158 1.166
C20-N25 1.368 1.352

ChemPhotoChem 2022, 6, €202200146 (8 of 10)

Vauthey and coworkers,”®” with the appearance of new peaks.

Upon formation, such a hot TICT state undergoes vibrational
cooling and leads to a further, slower blue shift of the C=C
stretch. However, our TD-DFT calculations predict the formation
of a planar structure after the charge separation, as shown in
Figure 9. Furthermore, a comparison of the bond lengths in
both the ground and the excited-states, as given in Table 3,
indicates that the C=C and (=N bond along with C3—C4,
C3-C5, C6—C10, C8-C10, C13—-C14, C13-C15 C16—C20,
C18—C20 bond lengths increase in the excited state while the
other bond lengths decrease. This clearly indicates that the
migration of charge from the donor to the acceptor has a
significant effect on the bond lengths and their strengths. Such
dynamics are also well-supported by our URLS results.

Conclusion

In summary, we used fs-TA and time-resolved URLS methods to
examine the excited state ICT process in DACN-DPA in n-
hexane and acetonitrile environments. The fs-TA measurements
in n-hexane exhibits an ESA band at ~520nm with a
predominantly longer lifetime (> 2 ns), while in acetonitrile ESA
occurs at ~630 nm with a shorter lifetime (~1.5 ps), clearly
demonstrating distinct excited state dynamics in these solvents.
The fs-URLS measurements in n-hexane show Raman bands at
~2076 cm™' (C=C stretch) and a weak dispersive mode at
1600 cm™' (C=C stretch) that decay with a time constant of
~500 ps. In the case of acetonitrile, Raman modes appear at
2131 cm™ (C=C stretch) and 1600 cm™' (C=C stretch) with a
lifetime of ~ 1.5 ps along with growth of a new Raman band at
~1492 cm™ on a similar time scale, a clear indication of a
prominent structural modification associated with the intra-
molecular charge transfer. A thorough analysis of the TD-DFT
data also corroborates the experimentally observed structural
changes that arise as a consequence of the intramolecular
charge transfer and predicts a planar excited-state structure
after charge transfer, rather than a TICT state. URLS measure-
ments in synergy with other ultrafast studies enabled the
unravelling of the underlying intricate structural dynamics that
govern the efficacy and extent of the intramolecular charge
transfer dynamics in DACN-DPA, a donor-m-bridge-acceptor
system.

Experimental Section

DACN-DPA, a light yellow powder, was synthesized according to a
literature procedure” and the purity of the sample was confirmed
by 'H-NMR and "“C-NMR spectroscopy (see Supporting Informa-
tion). The MeCN, DCM and n-hexane solvents used for the
experiments were of HPLC grade obtained from Sigma Aldrich.

Computational methods. All calculations reported herein were
performed using the Gaussian 09 (G09)"* suite. The ground state
DFT optimization at the C, geometry and frequency calculations
were performed using the CAM-B3LYP/cc-pVDZ functional and
basis set”*”” The CAM-B3LYP functional is a range-separated
hybrid that includes a distance-dependent mixing Hartree-Fock

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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exchange and Becke 1988 exchange with the hybrid B3LYP
exchange-correlation functional to provide an improved descrip-
tion of CT transitions and states.””’® Solvent effects were included
in the DFT and TD-DFT calculations using integral equation
formalism-polarizable continuum solvent model as employed in
the G09 suite.””*" No negative frequencies were obtained for the
ground state optimization indicating that optimized geometries
correspond to local minima. The excited-state structure of DACN-
DPA was optimized using TD-DFT with the same method as
employed for the ground state. TD-DFT calculations using the
CAM-B3LYP functional were performed to obtain the vertical
excitation energies and electron density difference map
(EDDM).B28 The computed vibrational spectra were plotted using
GaussSum v2.2.6 software®™ and scaled with a factor of 0.962.°
The structural depiction and molecular orbitals were generated by
using the GaussView 6.0 visualization program.

Experimental methods. Steady-state absorption measurements
were performed using a Shimadzu UV-2600 absorption spectropho-
tometer. Fluorescence measurements were carried out with a
Horiba Fluoromax-4 spectrofluorometer. Steady-state Raman spec-
tra were measured using a Renishaw micro-Raman spectrometer,
exciting at 785 nm.

Femtosecond transient absorption (TA) and Ultrafast Raman Loss
Spectroscopy (URLS) measurements were performed using a
home-built experimental set up. Briefly, the regenerative amplifier
(Spitfire Pro, Spectra Physics) produces ultrashort laser pulses with
a pulse width of ~100 fs, centered at ~780 nm, a pulse energy of
~2mJ and a repetition rate of 1 kHz. The output is split into two
equal parts. One part is used to pump an OPA (Spectra-Physics) to
generate laser pulses centered at ~630nm (~40 ) and at
~520 nm (~70 W), which are further converted into a ~ ps pulse (~
20 cm™') by a spectral filter assembly for Raman pump excitation.
The other 1 mJ portion is further split 95:5, where 95% is used to
pump a TOPAS—C (Light conversion, Spectra-Physics) laser to
produce pulses in the UV- range for actinic pump excitation. A
small portion of remaining 5% of the energy is allowed to pass
through a CaF, crystal and a sapphire crystal to generate essentially
white-light supercontinuum pulses for fs-TA and URLS experiments.
The white-light continuum is further split into two parts to be used
as the probe and reference beams.

The concentration of the sample solution was 200 uM. We
employed a flow-cell with a pathlength of 0.5 mm for the time-
resolved Raman experiments with Raman pump energies of
~400 nJ (520 nm) and ~300 nJ (630 nm) per pulse. TA measure-
ments were performed using a magic angle geometry between the
pump and probe beam polarizations, while for URLS measure-
ments, the pump and probe were maintained at the same
polarization.
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