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Uncovering elusive ultrafast charge transfer-
driven structural changes in 4,4’-bis(9-carbazol-9-
yl)-1,1'-biphenyl, a paradigmatic molecular triad
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Organic semiconductors have attracted significant attention for their potential in flexible, lightweight,
and tunable optoelectronic applications. Among them, 4,4’-bis(9-carbazol-9-yl)-1,1’-biphenyl (CBP) is
one of the most widely employed host materials. However, despite its extensive applications, its intrinsic
excited-state dynamics and subsequent structural evolution remain underexplored. In this study,
we combined femtosecond transient absorption (fs-TA) spectroscopy and nonadiabatic molecular
dynamics (NAMD) simulations to investigate the excited-state dynamics of CBP. A comprehensive
analysis of fs-TA data obtained in solvents with varying polarity and viscosity, combined with NAMD
simulations, reveals a sequential progression of excited-state structural rearrangements. Specifically, we
find that intramolecular charge transfer from the carbazole to the biphenyl unit occurs on a sub-pico-
second timescale, followed sequentially by biphenyl planarization accompanied by a slower torsional
motion around the bond connecting the biphenyl and carbazole moieties. Notably, the vibrational
energy redistribution between torsional vibrational modes is identified as a key factor governing the
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stepwise structural evolution. These findings provide new insight into the excited-state dynamics of CBP
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Introduction

Organic electronic devices, such as organic light-emitting diodes
(OLEDs), organic photovoltaics (OPVs), and organic field-effect
transistors (OFETs), have emerged as key technologies in modern
optoelectronics." ™ Their tunable properties, mechanical flexibility,
and ability to operate without relying on scarce and expensive
metals make them particularly attractive. Achieving high perfor-
mance in these systems requires a comprehensive understand-
ing of the fundamental processes governing charge transport
within the devices, as they are closely linked to the excited-state
dynamics of the active materials. These processes unfold on
ultrafast timescales, ranging from femtoseconds to picoseconds,
including structural relaxation, radiative decay, and excimer
formation.>2° A detailed understanding of these excited-state
processes is therefore essential, as they directly impact charge
generation, recombination and transport. Therefore, clarifying
the interplay between excited-state processes and molecular
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and offer design guidelines for the development of next-generation OLED host materials.

structural evolution is essential to fully elucidate the mechan-
isms underlying charge transport in these systems.*'>*

In this context, 4,4’-bis(9-carbazol-9-yl)-1,1’-biphenyl (CBP)
has attracted considerable attention due to its well-balanced
hole/electron transport properties, high thermal stability, and
excellent compatibility with a wide range of guest emitters.>*™"
Its donor-acceptor-donor (D-A-D) architecture, comprising
two electron-donating carbazole units symmetrically linked to
a central electron-accepting biphenyl core, facilitates efficient
intramolecular charge transfer (ICT), enhancing charge mobi-
lity. Owing to these favorable characteristics, CBP has been
established as a benchmark host material in phosphorescent
OLEDs (PhOLEDs) and related optoelectronic applications
based on host-guest architectures, thus motivating extensive
investigations into its photophysical and charge transport
properties.

To better understand the relationship between molecular
structure, photophysical behavior, and charge transport in
organic electronic devices, several studies have employed mole-
cular engineering strategies, such as introducing functional
groups to restrict conformational flexibility. Previous studies,
including those by Kohler et al., have shown that CBP under-
goes excited-state planarization, leading to red-shifted emission
relative to more conformationally restricted analogues such as
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CDBP. This behavior has been attributed to its flexible molecular
structure, which promotes ICT upon excitation.**** While these
findings highlight the photophysical tunability of CBP, they fall
short of revealing how such structural relaxation dynamics impact
charge separation, transport, and recombination processes.
Recent transient absorption (TA) studies involving CBP and its
halogenated derivatives have revealed the variations in their
triplet-state lifetimes.** However, they did not address the funda-
mental sequence of excited-state structural dynamics of CBP itself.
Despite growing interest in organic electronic materials, the
excited-state dynamics associated with ICT-driven structural
changes—such as torsional planarization and the development
of quinoidal resonance in the biphenyl core—remain poorly
understood, particularly with respect to their spectroscopic sig-
natures. In addition, the precise temporal relationship between
electronic charge separation and subsequent structural reorgani-
zation has yet to be clarified. Gaining atomistic-level insight into
this structural evolution of CBP is therefore crucial for linking
molecular behavior to charge transport processes and ultimately
guiding the rational design of high-performance organic electro-
nic devices.

To gain mechanistic insight into the excited-state structural
dynamics of CBP, we combined femtosecond transient absorp-
tion (fs-TA) spectroscopy, first-principles electronic structure
calculations, and nonadiabatic molecular dynamics (NAMD)
simulations. A variety of time-resolved techniques, including
transient absorption, infrared, and Raman spectroscopies,*>™*°
ultrafast electron diffraction (UED),*"™** and time-resolved
X-ray liquidography (TRXL),**"** have been employed to probe
photoinduced structural changes. Among these techniques, fs-
TA spectroscopy offers high temporal resolution and is highly
sensitive to changes in excited-state populations and electronic
configurations, making it particularly effective for capturing
the earliest stages of excited-state dynamics. To complement
our experimental analysis, we employed state-of-the-art NAMD
simulations, which explicitly model the coupling between
nuclear and electronic dynamics, providing direct atomistic
insight into the structural evolution of the system. This com-
bined approach enabled the identification of a sequence
of photoinduced molecular rearrangements that govern the
excited-state relaxation of CBP. Specifically: (i) following photo-
excitation, a sub-picosecond ICT occurs from the carbazole to
the biphenyl unit; (ii) this is followed by planarization of
the biphenyl core; (iii) finally, a torsional twisting between
the carbazole and biphenyl moieties takes place. These insights
reveal the key molecular motions that govern CBP’s excited
state behavior, offering a blueprint for engineering advanced
organic optoelectronic materials with enhanced performance
and tailored functionalities.

Results and discussions
Optical properties of CBP

Fig. 1 shows the molecular structure of CBP, highlighting the
two carbazole units and the biphenyl core. Typically, carbazole
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Fig. 1 Molecular structure of CBP in the ground state, shown from both
top and side views. The dihedral angle between the phenyl rings in the
biphenyl unit is denoted as ¢; (highlighted in red), and the dihedral angles
between the biphenyl and carbazoles are labeled as ¢, (highlighted in
blue). The black dotted line represents the C-C bond connecting the two
phenyl rings (r._c). These dihedral angles and distances represent the
relative rotational orientations of the aromatic rings, which play a crucial
role in the electronic and structural properties of CBP.

serves as a strong electron donor, while biphenyl acts as an
electron acceptor. To elucidate the photophysical properties of
CBP, we measured the steady-state UV-visible absorption
and emission spectra in various solvents: 2 solvents with low
polarity (hexane and ethyl ether) and 3 solvents with high
polarity (tetrahydrofuran (THF), dichloromethane (DCM) and
acetonitrile (MeCN)) (see Fig. 2(a)). Notably, two prominent
absorption peaks were observed at ~320 nm and ~290 nm,
regardless of solvent polarity, reflecting the weak solvatochro-
mic behavior of CBP.

To characterize the excited states associated with these two
peaks, TD-DFT calculations were carried out. As shown in Fig. S1,
TD-DFT calculations indicate that the broad absorption band at
~320 nm arises from electronic transitions to the S1 and S3
states, while the band at ~290 nm originates from transitions to
the S5 and S6 states. The character of the excited states was
investigated through natural transition orbital (NTO) analysis
(Fig. S2), where the dominant NTO pairs and corresponding
oscillator strengths for the bright states are presented. In parti-
cular, the NTOs corresponding to the S1 and S3 excitations mainly
show (m,m*) character transitions involving both the biphenyl core
and the carbazole units in CBP. In contrast, the transitions to the
S5 and S6 states predominantly show (r,n*) character, localized
on the carbazole moieties. To quantify the charge transfer (CT)
and local excitation (LE) character of these bright excited states,
the one-electron transition density matrix (1-TDM) analysis was
performed, and the results are depicted in Fig. S3. This analysis
reveals that the S1 and S3 transitions exhibit a hybrid LE-CT
character, with LE within the carbazole moieties as the major
component, CT from carbazole to the biphenyl core, and LE on
the biphenyl core. In contrast, the S5 and S6 transitions are
predominantly characterized by LE on the carbazole moieties,
accounting for more than 95% of the character of these excited
states. Taken together, the CT character of the low-lying excited
states (S1 and S3) suggests a favorable propensity for electron-
hole separation, supporting their potential role in charge trans-
port processes.

To further support this theoretical prediction, we investi-
gated the solvent-dependent photoluminescence behavior of
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Fig. 2 UV-visible absorption and emission spectra and fluorescence
decay profiles of CBP. (a) UV-visible absorption (solid lines) and emission
(dotted lines) spectra of CBP, measured in various solvents. (b) Fluores-
cence decay profiles of CBP monitored in the emission peak maximum
(Zex = 290 nm). The black solid lines are the fits with a single-exponential
function. Fluorescence lifetimes are summarized in Table S2.

CBP. Experimental measurements reveal a pronounced red
shift in the emission spectrum with increasing solvent polarity,
consistent with enhanced stabilization of the CT state in polar
environments. As shown in Fig. 2(a), increasing solvent polarity
induces a red shift, a reduction in peak intensity, and a loss of
vibronic structure. Additionally, the fluorescence lifetime of
CBP increases from 1.30 ns in hexane to 2.59 ns in MeCN
(Fig. 2(b) and Table S2), consistent with the progressive stabili-
zation of the CT state in more polar environments. Furthermore,
the Stokes shift varies significantly with respect to the solvent
polarities, ranging from 1240 cm ' in hexane to 3421 cm ' in
MeCN. In nonpolar solvents, CBP’s emission closely resembles
that of carbazole.>® In contrast, large Stokes shifts are observed in
highly polar solvents, suggesting that the red-shifted emission
originates from a CT state.

This interpretation is further supported by the observed
linear correlation between the Stokes shift and the solvent
orientation polarizability Af. Based on the slope obtained from
the Lippert-mataga plot, the difference dipole moment (Au) is
determined to be 6.06 Debye (see Lippert-Mataga plot section
in Fig. S4), indicating a substantial increase in dipole moment
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upon excitation, which is a common characteristic of CT
nature. Our fluorescence measurement and Lippert-Mataga
analyses reveal a nonzero dipole moment difference between
the ground and excited states, indicating that symmetry-
breaking charge transfer (SBCT) may occur in polar solvents,
where solvent polarity lifts the degeneracy of CT states and
induces symmetry-breaking CT. This observation finding is
particularly noteworthy because CBP is a centrosymmetric
molecule; if the delocalized CT state fully preserved this sym-
metry, the dipole moment difference would ideally vanish.>>>®
We therefore propose that, in polar solvents, SBCT from
the carbazole to the biphenyl moiety may occur preferentially
via a single carbazole unit, whereas in nonpolar environments
the excited state remains predominantly delocalized and
symmetric.

To track the structural evolution of CBP upon excitation, we
optimized its geometry in both the S, and S, states, with the key
geometrical parameters summarized in Table 1. Also, the
potential energy surfaces (PES) of the S, and S, states were
calculated, varying the ¢, torsion angle and the C-C bond
length (r...) between the two phenyl rings in biphenyl, as
defined in Fig. 1 and Fig. S5. At the stationary point of the S,
state, CBP exhibits significant torsional distortion, with dihe-
dral angles ¢, = 137.2° and ¢, = 125.4°, indicating a deviation
from planarity. Conversely, the optimized S; structure adopts
an almost planar biphenyl conformation, with ¢, = 174.4°.
In addition to ¢4, the ¢, torsion angle connecting the biphenyl
core to the carbazole unit also shows a notable difference of
more than 10° between the optimized geometries of the S, and
S, states, increasing from 125.4° to 136.5°. Additionally, in the
minimum of the S; state, the r.. is shortened by 0.07 A
compared to the minimum of the S, state, although it remains
longer (1.415 A) than the C-C double bond length in ethylene
(1.336 A),>” suggesting the onset of partial double-bond char-
acter. These results suggest that rotation of the ¢, and ¢,
torsion angles, coupled with the contraction in the .., drive
key structural changes occurring in the S; state. Having identi-
fied the key geometrical parameters driving the structural
evolution from S, state to S; state, we performed time-
resolved spectroscopy experiments and NAMD simulations,
which are discussed in the following sections.

Femtosecond transient absorption (fs-TA) spectroscopy

To elucidate the detailed excited-state relaxation dynamics of
CBP, we measured the fs-TA spectra in the same series of
solvents with varying polarity investigated with static UV-
visible absorption and emission measurements, upon excita-
tion at 340 nm. As shown in Fig. 3, the fs-TA spectra of CBP in

Table 1 Structural parameters of optimized geometries of CBP in the Sg
and S; states, calculated using (TD)-DFT with the CAM-B3LYP functional
and 6-31G(d,p) basis set

I'c—c I'c-N ?1 P2
So (min) 1.482 A 1.415 A 137.2° 125.4°
S, (min) 1.415 A 1.393 A 174.4° 136.5°
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Fig. 3 Time-resolved TA spectra for CBP. (a), (c) Contour plots of TA
spectra of CBP in n-hexane and MeCN, respectively. (b) Time profiles
monitored at selected wavelengths (red: 375 nm, orange: 485 nm, and
green: 595 nm) from the TA spectra measured in n-hexane. All decay
profiles were well-expressed by a tetra-exponential function (0.90 + 0.04
ps, 5.3+ 0.2 ps, 79 + 1 ps, and 1263 + 7 ps). Fit curves are shown in black
solid lines. (d) Time profiles monitored at selected wavelengths (red:
385 nm, orange: 450 nm, green: 475 nm, and blue: 550 nm) from the
TA spectra measured in MeCN. All decay profiles were well-expressed by a
tetra-exponential function (0.58 + 0.02 ps, 7.2 + 0.1 ps, 89 + 1 ps, and
2500 =+ 27 ps). Fit curves are shown in black solid lines.

hexane, a nonpolar solvent, are characterized by a negative
signal around ~360 nm due to the stimulated emission (SE)
and two positive signals around ~470 and ~600 nm corres-
ponding to the excited-state absorption (ESA). At early delay
times (<10 ps), both SE and ESA signals increase in intensity
without significant spectral shifts, followed by a gradual decay
of all signals at later times (>10 ps). To quantify the overall
kinetics of CBP in the excited state, the time evolution of the TA
spectra at specific wavelengths in hexane was analyzed and
well-expressed by tetra-exponential functions with shared time
constants of 0.9 + 0.1 ps, 5.3 + 0.2 ps, 79 = 1 ps, and 1263 +
7 ps. Similar spectral features and kinetic behavior were
observed in ethyl ether and DCM, and all decay profiles were
also well-described by a tetra-exponential function (Fig. S6 and
S7). In contrast, the fs-TA spectra measured in MeCN exhibit a
negative signal around 375 nm attributed to SE, along with two
positive signals around 450 and 550 nm corresponding to the
ESA. Unlike in hexane, early-time TA signals in MeCN show
significant red and blue shifts in the negative and positive
bands. Global fitting of the decay profiles across multiple
wavelengths of the TA spectra measured in MeCN yielded a
tetra-exponential model with shared time constants of 0.6 +
0.1 ps, 7.2 £ 0.1 ps, 89 + 1 ps, and 2500 £ 7 ps. In Table 2, we
list the time constants determined by global analysis of TA data
of CBP in various solvents.

Notably, in a highly polar solvent, such as MeCN, the ESA
band at early delay times is significantly blue shifted. This shift
correlates with the earliest kinetic component (7; in Table 2),
which shows an apparent dependence on solvent polarity,
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Table 2 Time constants obtained from fs-TA experiments. All time
constants are reported in picoseconds (ps) time scale

Hexane Ethyl ether DCM MeCN Triacetin

7, 090 £ 0.04 0.97 +0.10 0.75 £ 0.07 0.58 £ 0.02 0.92 £+ 0.05

7, 5.3+0.2 7.8+ 0.3 8.9 £ 0.1 7.2+01 20.5+0.9
T3 79+1 64 +1 104 £1 89 +1 241 £9
14 1263 £ 7 1718 £15 1836 £1 2500 £ 27 1571 £ 15

consistent with the behavior of many systems exhibiting
charge-transfer dynamics in the excited state, as described by
the following relationship:

-1
Aﬂ(jjj = T4

where k¢ is the CT rate constant and 7, is the time constant
associated with solvent reorganization.’®®® Notably, the 7, of
0.6 ps obtained from the fs-TA spectrum in MeCN is close to the
previously reported 7, value of MeCN (0.4-0.9 ps).®* Therefore,
we attribute 7, to a polarity-dependent CT process between the
carbazole and biphenyl units, resulting in relaxation into a
CT state.

Meanwhile, as shown in Table 2, 7, and 1; exhibit no
dependence on solvent polarity. It is worth recalling that our
TD-DFT calculations indicate that the twisted conformation of
CBP in the ground state undergoes planarization of the biphe-
nyl moiety in the excited state. Additionally, the CT process in
CBP results in a charge-separated excited state, in which the
biphenyl unit bears excess electronic density. The resulting
biphenyl radical anion (BP*") likely adopts a planar, quinoidal
geometry, in contrast to the twisted conformation of neutral
biphenyl in the ground state.®® Therefore, we propose that T,
and 73 are associated with the structural reorganization process
of CBP. Since such structural changes require a certain degree
of conformational flexibility, a critical assessment of this
assignment is to examine the behavior of these time constants
in solvents of varying viscosity, where increased viscosity is
expected to restrict molecular motion and thereby slow down or
hinder structural relaxation. To experimentally assess this
effect, we measured the fs-TA spectrum in triacetin, a solvent
with similar polarity and significantly higher viscosity than
DCM (17.4 cP for triacetin, 0.41 cP for DCM). As shown in
Table 2 and Fig. S8, the time constants 7, and 73, obtained in
triacetin, are significantly affected by the solvent viscosity,
while the spectral features remain similar to those observed
in DCM. Specifically, 7, and 7; measured in triacetin are 20.5 ps
and 241 ps, respectively, compared to 8.9 ps and 104 ps in
DCM. This clearly highlights the slower structural relaxation
resulting from increased solvent viscosity. The viscosity-
dependent dynamics of CBP strongly support the assignment
of these time constants (7, and 73) to structural relaxation
processes, such as the planarization of the ¢, angle and the
twisting of the ¢, angle. Therefore, we tentatively attribute 7, to
the planarization of the biphenyl moiety via rotation of the ¢,
angle, and 73 to the twisting between the carbazole and biphe-
nyl, through rotation of the ¢, angle, respectively. As we will
discuss later, this assignment is further supported by NAMD

This journal is © the Owner Societies 2025
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simulations, which reveal a sequential structural evolution
consistent with these processes.

Finally, as shown in Table 2 and Table S2, t, shows a strong
correlation with the fluorescence lifetime, and its relatively long
timescale further supports its assignment to radiative decay
from the structurally relaxed CT state back to the ground state.

Excited state molecular dynamics simulations

To investigate the structural dynamics of CBP upon excitation,
NAMD simulations based on the surface hopping framework
were performed. Initial conditions were generated from a
Wigner distribution around the ground-state minimum, and
excited states were stochastically selected to match the second
absorption band observed experimentally at ~290 nm (Fig. S9).
Full computational details are reported in the Nonadiabatic
molecular dynamics simulations section in computational
details. The resulting time-resolved adiabatic state populations
are shown in Fig. S10. Rapid internal conversion (IC) from
higher singlet states (S,) to the S, state occurred within 100 fs in
60% of the trajectories, and over 80% within 300 fs. Conse-
quently, the structural dynamics following photoexcitation are
expected to primarily evolve on the S; state PES, and our
analysis therefore focused on the processes taking place in
the S, state.

Fig. 4 presents the time-dependent changes of the ¢, and ¢,
torsion angles during the NAMD simulations. The ¢, angle,
which is approximately 140° in the Franck-Condon region,
gradually evolves toward a planar configuration (~180°) within
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Fig. 4 The time evolution of two representative dihedral angles, ¢; (red)
and ¢, (blue), up to 1 ps. The averaged values of each parameter (solid
lines) are shown along with +1¢ standard deviations (the shaded area). The
@, value was averaged for two ¢, angles.
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1 ps. Not only ¢4, but also the time evolution of the ¢, angle
shows oscillations with a period like that of ¢,, with different
amplitudes. Notably, at 1 ps, the averaged ¢, angle remains at
125°, deviating from the value observed in the fully relaxed
geometry (¢, = 136.5°) in the S; state, likely due to residual
vibrational energy along the ¢, torsional mode during S; state
dynamics. These results suggest that, following the initial
planarization of the biphenyl moiety, further structural relaxa-
tion involving twisting of the ¢, angles proceeds on a much
slower timescale. Additionally, as depicted in Fig. S11, the r._.
value exhibits notable variations. Initially, the C-C bond
lengths within each phenyl ring were 1.39 A, while the r._.
connecting the two phenyl rings measured 1.50 A. During the
simulations, the central C-C bond (R1) shortened, the adjacent
C-C bonds (R2) elongated, while the other C-C bonds (R3)
remained unchanged (see top panel of Fig. S11 for the defini-
tion of the C-C bond types). In the first 150 fs, R1 and R2 values
converged to nearly identical distances of 1.45 A, while R3 did
not show any alternation of bond length during 1 ps. Therefore,
conjugation between the two phenyl rings is established at an
early stage of the simulation, while full planarization of the
biphenyl unit, particularly involving the ¢, angle, proceeds
more gradually during the relaxation process, followed by the
slower relaxation of the ¢, angle. The NAMD simulations
support our interpretation that 7, and 73 are associated with
the planarization of the biphenyl moiety via rotation of the ¢,
angle and the twisting between the carbazole and biphenyl
units via rotation of the ¢, angles, respectively.

To further investigate the vibrational modes related to the
structural dynamics of CBP in the excited state, normal mode
analysis (NMA) was performed along the surface hopping
trajectories. Fig. 5 presents the activity of the dominant normal
modes (Rac), along with their corresponding normal mode
vectors. Notably, the v;4, and v;, modes, associated with torsion
along the ¢, angle, and the v; and v, modes, related to torsion
around the ¢, angles, were found to be active throughout the
simulations. At early times, the v;, and v,, modes exhibited
high R, values, whereas the v; and ve, modes showed low R,
values. As the simulation progressed, this behavior inverted,
with R, for v,4 and v, gradually decreasing and that for v; and
Ve4 increasing. This trend suggests a dynamic redistribution of
vibrational energy. Initially, torsional modes associated with
the ¢, angle are primarily activated, followed by a gradual
increase of the R, for vibrational modes related to ¢, twisting
as biphenyl planarization progresses, as discussed above.
Therefore, our NAMD simulation suggests that intramolecular
vibrational energy redistribution (IVR) between the v; and vy,
modes, occurring in the S; state, facilitates the further relaxa-
tion of the ¢, angles, occurring at a slower time scale than
planarization of biphenyl through the rotation of the ¢, angle.

Finally, it is worth noting that no transitions from the S, to
the S, state were observed in any trajectory throughout the
NAMD simulations, suggesting that radiative decay may be
preferred over non-radiative decay. To further confirm this, the
radiative rate constant (k;) and non-radiative decay rate (k,,) were
calculated using the Adiabatic Hessian (AH) approximation within
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Fig. 5 Normal mode activity (R,ct) Of selected vibrational modes shown at
100 fs intervals. Among all normal modes of CBP in the S; state, only those
exhibiting R, values exceeding 0.3 at least once within these intervals
were shown. The corresponding normal mode displacement vectors are
also illustrated.

the Fermi’s Golden Rule framework, as detailed in the Calculation
of rate constants section. Our calculations yielded the &, value of
6.92 x 10® s~ " and k,, value of 5.74 x 10° s~ . The k, value, greater
than calculated k,,, value over 100 times, confirms that relaxation
to the ground state occurs predominantly via radiative decay. This
result implies that the conical intersection between the S, and S;
states lies in a high-energy region that is most likely inaccessible
under our experimental conditions. These observations align with
the high emission quantum yield of CBP (see Table S2), further
supporting the dominance of radiative decay pathways.

TA spectra analysis with a kinetic model

To further elucidate the structural dynamics induced by CT, we
carried out the kinetic analysis of the fs-TA spectra of CBP using
a sequential kinetic model. Based on the assignment of the
time constants in the Femtosecond transient absorption (fs-TA)
spectroscopy section, we carried out a kinetic analysis using the
following sequential reaction scheme:

hy 7] T 13 T4
SO —_— ST — CT — CTPlanar — CTTwist — SO

CT refers to a CT state without geometrical relaxation, CTpjanar
denotes a CT state planarized along the ¢, angle, and CTrwist
corresponds to a twisted CT state involving the twisting of the
¢, angles. As a result, we found that the sequential kinetic
model well describes the excited-state dynamics of CBP in both
non-polar and highly polar solvents. Fig. 6 shows the evolution-
associated spectra (EAS) and the relative population of the
respective species, S}, CT, CTpjanar, aNd CTrwise- As shown in
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Fig. 6 Kinetic model analysis for TA spectra of CBP. (a) TA spectra of CBP
measured in MeCN. (b) Evolution-associated spectra (EAS) corresponding
to S}, CT, CTpianar, and CTryis: States. (c) Population changes for four states,
Si. CT, CTpianar. and CTwist, for CBP in MeCN. (d) Spectral relaxation for
CBP measured in MeCN. The spectral relaxation is satisfactorily fitted by a
biexponential function with two time constants of 1.0 + 0.1 ps and 7.2 +
0.6 ps. The fitting curve is shown as a red solid line.

Fig. 6(b), the CT process in MeCN, occurring with a time
constant of 0.6 ps, induces a blue shift of the ESA from 475
to 458 nm.

Also, planarization of the biphenyl moiety, occurring with a
time constant of 7.1 ps, further contributes to a blue shift of
ESA from 458 to 445 nm. In contrast, twisting of the ¢, angles
between the carbazole and biphenyl units, which takes place on
a slower timescale of 90 ps, does not result in any spectral shift.
These observations suggest that the spectral shifts observed in
the TA spectra primarily arise from the solvent reorganization
associated with CT and the planarization of the biphenyl
moiety. The absence of a spectral shift due to twisting between
the carbazole and biphenyl moieties via rotation of the ¢,
angles is likely due to the relatively small and slow torsional
motion between these carbazole and biphenyl moieties. In fact,
in the S, state, the calculated frequency of the v; mode is
significantly lower than that of the v;, mode (see Table S1).
Since lower-frequency modes correspond to slower vibrational
motions, our calculations indicate that the carbazole-biphenyl
twisting through relaxation of the ¢, angles proceeds more
slowly than the planarization of the biphenyl unit.

Additionally, the maximum wavelength of the fs-TA spectra
for CBP, measured in MeCN, was plotted as a function of delay
time in Fig. 6(d). The spectral relaxation is well described by a
biexponential fit with two time constants: 1.0 + 0.1 ps and
7.2 £ 0.6 ps. Notably, as shown in Fig. 6, CBP in MeCN exhibits
a relatively slow spectral relaxation component (~1.0 ps),
which is notably longer than the ~0.6 ps timescale typically
associated with dipolar solvent relaxation in CT processes. This
difference suggests the presence of an additional relaxation
mechanism beyond simple solvation. As discussed above, our
NAMD simulations indicate that relaxation to the S; state
occurs more rapidly than the establishment of conjugation
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Fig. 7 Schematic representation of the excited-state dynamics of the
CBP molecule. Following photoexcitation, a CT from the carbazole to the
biphenyl moiety occurs with a time constant ;. This is followed by
planarization of the biphenyl unit, which facilitates relaxation into the
CTpanar State, occurring with a time constant 7,. Subsequent twisting
around the ¢, angles leads to the formation of the CTryst With a time
constant tz. Finally, the system relaxes back to the ground state with a time
constant t4. Table 2 summarizes the time constants measured across a
diverse range of solvents.

between the two phenyl rings (biphenyl planarization).
This suggests that the discrepancy between the spectral shift
analysis and the kinetic analysis of the TA spectra likely arises
from a discrepancy in timescales, where an initial change in
electronic structure driven by CT occurs earlier than the biphe-
nyl planarization in the excited state. Recently, Yoneda et al.
showed that upon photoexcitation, cyclooctatetraene (COT)
derivatives undergo an initial change in electronic structure,
leading to excited-state aromatization that in turn triggers
conformational reorganization.®® In this respect, we suggest
that the spectral relaxation dynamics occurring on the ~1 ps
timescale are associated with the formation of a quinoidal
structure, which is a resonance form of the biphenyl moiety,
induced by rapid CT. Finally, we note that our current approach
cannot directly resolve SBCT dynamics under polar conditions.
Future studies employing time-resolved infrared (TR-IR) or
time-resolved fluorescence spectroscopy could provide deeper
insights into the conformational dynamics, the evolution of
quinoidal character in the excited state, and any associated
SBCT processes.

Conclusions

The present study provides a comprehensive picture of the
excited-state dynamics in CBP, achieved by synergistically inte-
grating fs-TA spectroscopy with NAMD simulations. First,
employing steady-state UV-visible, emission, and TCSPC mea-
surements, together with electronic structure calculations, we
explored the detailed properties of the excited states. To further
investigate the structural relaxation dynamics of CBP in the
excited state, we conducted fs-TA experiments in a variety of
solvents with different polarities and viscosities. As shown in
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Fig. 7, our findings show that photoinduced CT in CBP serves
as a structural trigger, initiating a cascade of electronic con-
jugation in the biphenyl moiety and conformational relaxation
via rotation of ¢, and ¢, angles. Specifically, following CT from
the carbazole donor to the biphenyl acceptor, the biphenyl
undergoes planarization through rotation of ¢,, with a time
constant of ~7 ps. The subsequent twisting motion between
the carbazole and biphenyl units, mediated by rotation around
(,, occurs on a much slower timescale of ~90 ps. The sequence
of structural motions is further supported by NAMD simula-
tions, which clearly show that biphenyl planarization occurs
much faster than the twisting between the carbazole and
biphenyl units. Additionally, we confirmed that IVR between
normal modes associated with the two torsional angles drives
the relaxation dynamics of CBP. These insights uncover the
critical molecular motions that dictate CBP’s excited-state
behavior, providing a foundation for the rational design of
advanced organic optoelectronic materials with improved per-
formance and customized functionalities. In conclusion, judi-
cious substitution at the biphenyl core or the carbazole units,
aimed at controlling the excited-state evolution of dihedral
angles, could serve as an effective strategy to modulate
excited-state lifetimes, enhance radiative quantum yields, opti-
mize electron-hole separation, and improve charge transport
properties.

Experimental details
Sample details

The 4,4’-bis(N-carbazolyl)-1,1"-biphenyl (CBP) was purchased
from Tokyo Chemical Industry (TCI) Co., Ltd, and n-hexane,
ethyl ether, dichloromethane, triacetin, and acetonitrile were
purchased from Sigma-Aldrich. All chemicals were used with-
out further purification.

Steady-state spectroscopy

Steady-state absorption and emission spectra were measured
using a UV-Vis-NIR scanning spectrophotometer (Agilent Tech-
nologies, Cary 5000) and a fluorescence spectrophotometer
(Horiba, FluoroMax), respectively. Time-correlated single
photon counting (TCSPC) experiments were conducted using
a Fluorescence lifetime spectrometer (Hamamatsu Photonics,
Quantaurus-Tau). All steady-state spectroscopy measurements
were conducted under concentrations of 10 puM.

Femtosecond transient absorption spectroscopy

Femtosecond transient absorption (fs-TA) spectra of CBP in
various solvents were measured using a TA spectroscopy system
(Ultrafast Systems, Helios) coupled with a Ti:sapphire femtose-
cond laser system. The output pulses at a wavelength of 800 nm
from a Ti:sapphire amplified laser (Coherent, Astrella, 34 fs,
1 kHz) were split to generate the pump and probe pulses. The
wavelength of laser pulses in the pump arm was converted to
340 nm using an optical parametric amplifier (Light Conver-
sion, TOPAS prime). The other part of the fundamental laser
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pulses was directed to a CaF, window to generate a white light
continuum for the probe beam. This white light passed through
a 2-mm pathlength sample cell, and the transmitted light
was collected by a CCD detector integrated into the transient
absorption system. The pump pulse was modulated by a
mechanical chopper synchronized to one-half (500 Hz) of the
laser repetition rate, resulting in a pair of spectra with and
without the pump, from which an absorption change induced
by the pump pulse was quantified. The pump pulse intensity
was adjusted to 47.8 pJ mm > using a continuously variable
neutral density filter. The optical delay between pump and
probe beams was precisely controlled to achieve the desired
time delay. Fs-TA experiments were conducted at a concen-
tration of 250 puM, where no aggregation was observed
(see Fig. S12).

Computational details
Electronic structure calculations

To begin, we optimized the geometry of CBP in its ground
singlet state (S,) using the CAM-B3LYP/6-31G(d,p) level of
theory,®”®° incorporating the conductor-like polarizable con-
tinuum model (C-PCM) to account for the solvent effect of
acetonitrile.”® The optimized structure showed no imaginary
frequencies, confirming that it corresponds to a stationary
point on the S, surface. Using this geometry as a reference,
excitation energies, natural transition orbitals (NTOs), and
oscillator strengths for each excited state were calculated using
time-dependent density functional theory (TD-DFT) with the
Tamm-Dancoff approximation (TDA).”* To quantitatively eval-
uate the CT and LE characters between the carbazole and
biphenyl moieties, one-electron transition density matrix
(1-TDM) analysis was performed. The CBP molecule was parti-
tioned into two fragments: the biphenyl core and the two
carbazole units. Based on this partitioning, a 2 x 2 Q matrix
was constructed, where the diagonal elements represent LE
contributions within each fragment, and the off-diagonal ele-
ments correspond to CT contributions between fragments.
Additionally, two-dimensional PES scans were performed for
the Sy and S; states with respect to the ¢, angle and the r._.
between the two phenyl rings, as shown in Fig. S5. All DFT and
TD-DFT calculations were performed using the ORCA 5.0.4
program,”>”® and the 1-TDM analysis was conducted using
the TheoDORE 3.0 package.”*”®

Nonadiabatic molecular dynamics simulations

To investigate the detailed structural dynamics of CBP in the
excited state, we performed NAMD simulations using a trajec-
tory surface hopping framework. The simulations employed the
CAM-B3LYP functional and the 6-31G(d,p) basis set, and the
polar environment of acetonitrile was modeled using C-PCM
with an equilibrium solvent model, in which the solvent
responds to the excited-state charge distribution. While this
approach captures the overall solvent stabilization, it does
not explicitly account for anisotropic solvent effects that can
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influence SBCT, which is a known limitation of the C-PCM
framework. For the initial conditions, 200 geometries were
sampled from a harmonic Wigner distribution, using the
ground-state optimized geometry and its harmonic frequen-
cies. Initial excited states were then stochastically selected
based on calculated excitation energies and oscillator strengths
within the 4.15-4.55 eV range, corresponding to the second
absorption peak observed at ~290 nm (4.25 eV) in the experi-
mental spectrum. These trajectories were launched from the
selected excited states and propagated using the velocity-Verlet
algorithm with a time step of 0.5 fs for a total duration of 1 ps.
We note that all trajectories successfully propagated to 1 ps
without premature termination. To mitigate the well-known
overcoherence problem in surface hopping simulation, an
energy-difference-based decoherence correction (EDC) was
applied using a decoherence parameter of 0.1 Hartree, as
proposed by Granucci et al.”® Hopping probabilities between
electronic states were calculated using the local diabatization
scheme, where non-adiabatic coupling vectors are approxi-
mated via overlap matrices.”” Upon electronic transitions,
nuclear velocities were rescaled along the direction of the
velocity vector to preserve the total energy. Normal mode
analysis (NMA) was conducted using a built-in Python script
implemented in the SHARC code.”® All NAMD simulations were
performed using the SHARC 3.0/ORCA 5.0.4 interface.”**°

Calculation of rate constants

The radiative rate constant (k;) and non-radiative rate constant
(kqr) were calculated using the Adiabatic Hessian (AH) approach.
Briefly, the AH approach expands the minima of the PES for the S,
and S; states within harmonic approximation, based on the
calculated normal mode information at the stationary points of
both states.®" We chose the AH approach over vertical methods
due to the significant structural distortions in the excited state. To
calculate k;, we integrated the calculated emission spectrum for
the energy. Non-radiative rate constants (k. were calculated
based on Fermi’s Golden Rule (FGR) framework, using the non-
adiabatic coupling matrix element (NACME) and the vertical
energy gap between the two electronic states, both evaluated at
the stationary point of the S; state. For the rate constant calcula-
tions, the FCCLASSES 3.0 package was employed.®*
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