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ABSTRACT: Formation of benzene excimer following UV excitation of the
neat liquid is monitored with femtosecond spectroscopy. A prompt rise
component in excimer transient absorption, which contradicts the classical
scenario of gradual reorientation and pairing of the excited monomers, is
observed. Three-pulse experiments in which the population of evolving
excimers is depleted by a secondary dump pulse demonstrate that the
excimer absorption band is polarized along the interfragment axis. The
experiments furthermore prove that the subsequent 4-fold increase in
excimer absorption over ∼50 ps is primarily due to an increase in the
transition dipole of pairs which are formed early on, and not to excited
monomers forming excimers in a delayed fashion due to unfavorable initial
geometry. Results are analyzed in light of recent studies of local structure in
the liquid benzene combined with advanced electronic structure calculations.
The prompt absorption rise is ascribed to excited states delocalized over
nearby benzene molecules, which are suﬃciently close and nearly parallel in the pure liquid. Such low-symmetry structures, which
diﬀer considerably from the optimized structures of isolated benzene dimer and solid benzene, are suﬃciently abundant in liquid
benzene. Electronic structure calculations conﬁrm the orientation of transition dipoles of the excimers along the interparticle axis
and demonstrate how slow reﬁnement of the intermolecular geometry leads to a signiﬁcant increase in the excimer absorption
strength.

1. INTRODUCTION
Excimers (or exciplexes1) formed by association of an
electronically excited aromatic molecule with an identical (or
diﬀerent) one in its ground electronic state have intrigued
photochemists for decades.2−5 They are important reactive
intermediates in photochemical transformations.5−10 Excimers
are involved in the dissipation of electronic excitation in DNA
oligomers by base pair exciplex formation, serving to protect
our genome from radiation damage.11−15 Excimer formation in
photovoltaic materials may lead to exciton trapping, interfering
with the generation of photocurrent in solar energy harvesting.16,17 Excimers can also promote desired excited-state
processes, such as endothermic singlet ﬁssion.16,18
Full stabilization of an excimer is achieved at a speciﬁc
intermolecular geometry (sandwich-like) and large changes in
absorption and emission spectra accompany association. This
connection between excimers’ structure and the spectra can be
exploited to probe orientation and transport in various
microenvironments by time-resolving excimer formation
through pulsed photoexcitation.19−23
As the simplest excimer, the benzene excimer (BE) serves as
a model for such complexes.3 Electronically, BE correlates with
S0 and S1 monomers. It forms readily upon photoexcitation in
the neat liquid and in solutions, ﬂuoresces weakly,24 but is easily
detected by its intense broad absorption in the midvisible.25−28
© 2017 American Chemical Society

Classic studies conducted in the mid-20th century determined a
bond strength of ∼0.3 eV (8.1 kcal/mol) for BE.29,30 The
nature of bonding in BE is explained by molecular-orbital
(MO) theory. In the ground state, the highest occupied MOs of
the two benzene molecules form a bonding and an antibonding
orbital, both of them doubly occupied, leading to zero bond
order and, consequently, weak interaction (∼2.6 kcal/mol)
between the two moieties.31 The promotion of an electron
from the antibonding orbital to higher MOs reduces the
antibonding interactions resulting in partially covalent bonding.
Because the splitting between the bonding and antibonding
MOs is proportional to the orbital overlap, parallel arrangement
of the two benzenes, as in the second panel of Figure 1, is
required for BE formation. However, in the ground electronic
state, the most favorable structure of the dimer is T-shaped
(Figure 1, right panel).31 Thus, the formation of BE in the gas
phase requires signiﬁcant structural reorganization. Likewise, in
solid benzene32 the closest neighbors form a T-shaped pattern,
as shown in Figure S4, which is not favorable for BE formation.
A more detailed theoretical analysis of the electronic
structure of BE is based on the excimer theory;9,34−37 it
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Figure 1. Structures of benzene dimer. The left panel shows the deﬁnition of structural parameters from ref 33: R is the distance between centers-ofmass of the two fragments, θ and ϕ characterize their relative orientation, and r1 and r2 quantify the oﬀset between the two rings. Center and right
panels show sandwich (θ = ϕ = 0°), Y-shaped (θ = 90°, ϕ = 0°), and T-shaped (θ = 90°, ϕ = 0°) benzene dimers.

shows that mixing of the local excitations (A*A ± AA*) with
charge resonance (A−A+ ± A+A−) terms is responsible for the
excimer binding, which further explains why parallel stacking is
required to aﬀord full stabilization.38−46 The required large
structural reorganization is a likely reason for the absence of
excimers in solid benzene, which is packed in a pairwise
perpendicular conﬁguration of nearest neighbors32 (Figure S4),
and for the slow BE formation in neat liquid benzene, as
detailed below.27 Excitation spectra of BE formation in cold
isolated dimers, which are initially arranged in a T-shaped
geometry,47 exhibit similar behavior. Selective vibronic
excitation of isolated benzene dimers shows48−52 that T-shaped
dimers undergo evolution to a sandwich structure on a time
scale of ∼18 ps. The existence53 of a shallow T-shaped
minimum separated from a deeper minimum corresponding to
BE structure, on the excited state PES has been conﬁrmed by
high-level electronic structure calculations by Roos and coworkers.54
Here we revisit BE formation in neat liquid benzene. Owing
to thermal ﬂuctuations, structure of the liquid benzene33,55
diﬀers considerably from that of the solid. Early experiments
pointed toward mostly perpendicular arrangements of nearest
neighbors,56,57 but a more recent study55 revealed that the
orientational structure of liquid benzene is more complex. High
resolution neutron diﬀraction experiments with isotopic
substitutions55 have found that the ﬁrst solvation shell extends
from 3.9 to 7.25 Å (g(r) maximum is at 5.5 Å) and contains
∼12 isotropically oriented molecules. The multidimensional
analysis of the data has shown that at short separations (<5 Å),
parallel structures are dominant. This is illustrated by twodimensional probability distribution function, g(R, θ), shown in
Figure 2.
Molecular dynamics (MD) simulations33 identiﬁed forceﬁelds capable of reproducing structural properties of liquid
benzene and provided more detailed data. The analysis33 of the
instantaneous orientations of the dimers from the ﬁrst solvation
shell have shown that parallel structures (deﬁned as θ < 40°)
constitute about 24% of the total population and that the
majority of the structures corresponds to perpendicular
arrangements (T- and Y-shaped). (The deﬁnitions of diﬀerent
structures are shown in Figure 1.) However, both experiment
and theory agree that this overall distribution results from the
averaging over two rather diﬀerent subpopulations within the
ﬁrst solvation shell: at short distances (R < 5 Å), parallel
structures dominate, whereas at R > 5 Å, perpendicular
orientations are prevalent. This structural inhomogeneity of

Figure 2. Two-dimensional probability distribution function, g(R, θ),
of liquid benzene (see Figure 1 for the deﬁnition of structural
parameters). The main maximum is at 5.65 Å, and the shoulder seen at
4.25 Å for parallel molecules indicates displaced (PD) structures.
Reprinted from ref 55. Copyright 2010 American Chemical Society.

liquid benzene is a key for understanding the mechanism of BE
formation.
The upper panel of Figure 3 shows the absorption spectrum
of BE and the kinetics of its rise following UV excitation of neat
liquid benzene. The characteristic BE absorption band centered
at 505 nm (2.46 eV) has been associated with a symmetry
forbidden B1g → E1u transition. Its substantial extinction
coeﬃcient of approximately 30 000 L mol−1cm−1 has been
attributed to vibronic interactions and dynamic symmetry
lowering.2,26,27,29,47 The spectral breadth of BE absorption
(∼5000 cm−1 or 0.62 eV) has been explained by ﬂuctuations of
the relatively ﬂoppy dimer structure. This characteristic
spectrum has served for probing the dynamics of BE formation
in neat benzene. Pioneering studies employing one- and twophoton excitation were conducted by Mataga and co-workers
with ∼20 ps time resolution;2 they found that visible BE
absorption rises gradually over ∼30 ps. This slow rise was
assigned to the time scale of reorientation of nearest neighbors
from an initial perpendicular arrangement to the ultimate
sandwich structure of the fully relaxed BE. To explain their
data, the authors suggested a kinetic scheme which assumed
initial instantaneous excitation of a benzene molecule to S1
followed by pseudo ﬁrst order formation of the BE.
Accordingly, the delayed visible absorption observed to rise
from zero upon irradiation was ascribed to an increasing
concentration of a well-deﬁned BE species. Later, in 1993, an
ultrafast spectroscopic study by Waldman et al. used a three
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absorbers, whereas in case ii, the rise of BE absorption would be
due to the increased cross sections of the individual absorbers.
Thus, changes in polarization of the BE absorption would be
diﬀerent in the two cases. To distinguish between the two
scenarios, we employ improved experimental and theoretical
tools. Experiments employ higher time resolution and broadband ultrasensitive probing capabilities. On the theory side, we
compute electronic spectra of BE at diﬀerent geometries by
using equation-of-motion coupled-cluster method with single
and double excitations (EOM-EE-CCSD).60−63 In addition to
Franck−Condon and optimized BE structures characterized in
ref 46, we performed scans along diﬀerent interfragment
displacements and considered representative structures from
solid and liquid benzene.
By combining theory and experiment, we show that, contrary
to conclusions of Waldman et al.,58 the relaxed BE bleach
anisotropy induced with ∼20 fs visible pulses starts at a value of
∼0.3, indicating that the BE absorption transition dipole
moment is indeed directed along the intermolecular axis. We
ascribe the instantaneous visible absorption ﬁrst observed by
Inokuchi et al.,59 to transitions leading to excited states
delocalized over nearby benzene molecules at the arrangements
at which the benzene moieties are suﬃciently close and nearly
parallel so that there is a suﬃcient overlap between the πsystems of the two molecules. Such low-symmetry structures,
which diﬀer considerably from the optimized structures of
isolated benzene dimer and solid benzene, are suﬃciently
abundant in liquid benzene due to thermal ﬂuctuations.33
Finally, we assign the gradual rise in BE absorption to an
increase in transition moment of the absorbing pairs as they
relax and assume the ideal sandwich structure.

Figure 3. Top: Absorption spectrum of benzene excimer. Bottom:
Kinetics of excimer formation probed at 530 nm (2.34 eV). The plot
shows the rise of the excimer absorption near the peak. The inset
shows the ﬁrst picosecond of delay. For details, see text.

pulse pump−dump−probe method to see if transient hole
burning could uncover inhomogeneous contributions to the BE
absorption.58 While no inhomogeneity was detected with ∼50
fs time resolution, the observed dump-induced bleach
anisotropy was consistent with a BE transition dipole oriented
in the excimer plane (perpendicular to the axis connecting the
centers of the two benzene moieties).
Several experimental and theoretical investigations have
questioned some aspects of these ﬁndings. In 1997, Yoshihara
and co-workers investigated the appearance of visible BE
absorbance in the neat liquid at room temperature with ∼100 fs
resolution.59 Contrary to the scenario presented by Miyasaka et
al.,28 nearly a quarter of the ultimate midvisible absorbance rose
instantaneously, with the rest rising with a time constant of ∼20
ps. With a tentative assignment of this instantaneous rise to
residual absorbance of the monomer S1 state, this ﬁnding was
not pursued further. This assignment contradicts earlier work
by the same group where the absorbance of diluted solutions of
S1 benzene was characterized and no residual absorbance was
observed.27 Quantum chemical calculations by Diri and Krylov,
which characterized the states involved in BE absorption more
precisely, showed that the BE absorption transition dipole is
oriented along the intermolecular axis, and not in the sandwich
plane.46
The goal of this study is to revisit the process of BE
formation in the neat liquid and to clarify its mechanism. The
main question is the nature of the early time excimer
absorption and its time evolution. Speciﬁcally, we want to
distinguish between the two mechanistic possibilities: (i) initial
excitation is localized on a single benzene molecule, which
eventually ﬁnds a partner forming a delocalized exciton; (ii)
initial exciton is delocalized on two neighboring molecules that
happened to be in a favorable orientation; the excitation
triggers attractive interactions and initiates structural dynamics
leading to fully formed excimer. In case i, the gradual rise of BE
absorption would be due to the increased concentration of

2. METHODS
2.1. Experimental Design. Figure 4 sketches the design of
the experiment. BE are generated by exciting room-temperature
liquid benzene at 266 nm (4.6 eV) (pump pulse). The pump
pulse initiates excited-state dynamics ultimately leading to BE
formation. The excited-state dynamics is monitored by a white
light probe pulse at diﬀerent time delays giving rise to timeresolved excited-state absorption spectra. At large time delays,
the probe pulse yields the spectrum of fully formed BE, which is
shown in Figure 3 (this spectrum was obtained by a UV
pumpvisible probe measurement at 50 ps time delay).
BE has an absorption maximum at 505 nm (2.46 eV). In the
second set of experiments, we introduced a third (dump) pulse
centered at 500 nm. We call the secondary green excitation
pulse a “dump” for consistency of terminology with similar
excitation schemes. In our experiments the population of
excimer is depleted by excitation to higher electronic states, not
by stimulated emission. In these three-pulse experiments, the
excited-state absorption is bleached by the dump pulse. The
dump pulse is introduced at several delays ranging from 1 to 66
ps (see dots in the kinetic trace, bottom of Figure 3). As in the
ﬁrst set of experiments, the resulting population evolution is
probed by the white light. The signals are reported in units of
ΔOD, the diﬀerence in optical density of the sample in the
presence and absence of the pump (in the two-pulse
experiments) or dump (in the three-pulse experiments).
ΔOD represents the diﬀerence in absorbance of probe due to
the presence of pump/dump and gives the measure of change
in absorbing populations. By using diﬀerent relative polarizations of dump and probe pulses (i.e., VV and VH), one can
obtain information about the orientational dynamics of the
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detected by focusing the probe on a ﬁber, which directed the
beam to an imaging spectrograph (Oriel-Newport MS260i)
assembled with a CCD (Andor technologies). The ∼0.05 μJ
dump pulses were focused on the sample, ﬂowing through a
home-built cell with quartz windows 120 μm in thickness and
0.5 mm path length. For the three-pulse experiments, excimers
were generated to give an initial peak OD of ∼0.2. This
required a pump ﬂuence of ∼6 × 1015 photons per square cm.
We observed that BE generation is linear in the pump intensity.
Accumulation of soot on the cell entrance wall over time
required occasional translation of the cell.
Polarization-dependent probing of dump-induced bleach was
measured to obtain information about orientation of the
nascent excimers. The rotation of polarization was achieved by
using a half-wave plate before the BaF2 crystal, which rotated
the continuum generating fundamental.
2.2. Theoretical Framework. To identify species responsible for the early time BE absorption, we computed electronic
spectra of several model dimer structures representative of
liquid benzene. While in molecular solids excitons are often
delocalized over multiple chromophores,65 in liquid benzene
initial excitation is unlikely to extend beyond the two nearest
neighbors because of (i) low local symmetry and (ii) the
delocalization in trimers and larger aggregates is less prominent
than in dimers even in highly symmetric structures. The latter
point has been recently quantiﬁed by Reid and co-workers in a
combined experimental and theoretical study of cofacially
arrayed polyﬂuorene.66 To test that delocalization in benzene
follows similar trends, we computed excited states in two model
trimer structures, one symmetric sandwich with the distance
between the benzene equal 3 Å and one in which the third
molecule is further away, at 4 Å. The results are shown in
Supporting Information (Figure S5). We observe that in the
symmetric trimer structure the extend of delocalization is
noticeably smaller than in the dimer and that in a lower
symmetry structure the excited state is localized entirely on the
dimer moiety. Thus, in the rest of the calculations we focus
exclusively on dimers.
We considered the following model dimer structures: (i)
optimized structure of BE (oscillator strength of this structure
is taken as absorption intensity of the fully formed BE); (ii) Tshaped and displaced sandwich structures of the gas-phase
dimers;31 (iii) scans along interfragment distance of the
sandwich structure; (iv) representative structures from the Xray structure32 of solid benzene; (v) representative dimer
structures from the ﬁrst solvation shell of liquid benzene.33 For
each model structure, we computed electronic transitions
(excitation energies and respective oscillator strength) between
the lowest electronic state and a dense manifold of higher-lying
states (up to 3 eV above the lowest excited state). We identiﬁed
bright electronic transitions in the region of excimer absorption
(2.5−3 eV). To account for homogeneous broadening arising
from the intensity sharing between closely lying states, we
computed integrated oscillator strength by summing the
oscillator strengths of all electronic transitions within 0.2 eV
from the brightest transition. For each model structure, we
computed the ratio of the total oscillator strength to the
oscillator strength of the fully formed excimer (structure i).
This ratio represents a contribution of each model structure to
the total zero-time absorption. To estimate the zero-time
absorption of solid and liquid benzene, we performed averaging
over relevant molecular structures, as described below.

Figure 4. Top: The schematics of the transient absorption
measurements of BE formation using two- (left) and three-pulse
(right) experiments. Bottom: Experimental setup. Liquid benzene is
excited with a 266 nm UV light (pump) generated by the third
harmonic generation (THG) of the ampliﬁer fundamental, which
initiates the excited-state dynamics. The transient excited-state
absorption is measured by a supercontinuum generated by white
light generation (WLG) at various time delays (τ). The right panel
shows a three-pulse (pump−dump−probe) experiment concept. In
these experiments, the dump pulse (500 nm) bleaches the excited-state
population. The polarizations of dump and probe are controlled by a
waveplate that rotates the fundamental generating the white light. In
VV experiment, the polarizations of dump and probe are the same,
whereas in a VH experiment they are cross-polarized. The signals are
reported in units of ΔOD (the diﬀerence in optical density of the
sample, in the presence and absence of pump/dump). Note that in
two-pulse experiments the chopper is positioned in the pump arm.

excimers and the direction of the transition dipole for BE
absorption. The magic angle traces and bleach anisotropy were
calculated from the VV and VH experiments, according to the
following:64
ΔODMA =
r=

ΔOD VV + 2ΔOD VH
3

ΔOD VV − ΔOD VH
ΔOD VV + 2ΔOD VH

(1)

(2)

The anisotropy results from the preferential bleaching of
dimers whose transition dipole is aligned along the direction of
dump pulse polarization. The probe then follows the return to a
random orientation of the dimers which were not excited by the
dump.
A detailed description of the experimental setup is given
below.
2.1.1. Experimental Details. Transient absorption spectra
were recorded on a home-built multipass ampliﬁed Ti:sapphire
apparatus, which produces 30 fs, 0.8 mJ pulses at the rate of 700
Hz, centered at 800 nm (1.55 eV). Pump pulses of 266 nm
were produced by frequency tripling of the fundamental, and 25
fs dump pulses of were produced by TOPAS (Light
conversion) at 500 nm (2.48 eV), by mixing the signal with
the fundamental. Another fraction of the fundamental was
focused on a 3 mm BaF2 plate to generate broadband white
light for probing. The pump−(dump)−probe signals were
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phoric systems77 (provided, of course, it can handle the size of
an aggregate).
Model dimer and trimer structures were constructed using
monomers frozen at their equilibrium geometries (RCC =
1.3915 Å and RCH = 1.0800 Å) taken from ref 78, where they
were optimized using CCSD(T)/cc-pVQZ. Figure 1 shows
sandwich and T-shaped dimer structures. Interfragment
distance R is deﬁned as the distance between the centers-ofmass of the two monomers. Relative positions of the benzene
monomers in the BE, parallel displaced conﬁguration, and the
ground-state T-shaped dimer were taken from the literature.31,46
Structures of dimers representing solid benzene were
constructed by taking relative positions of the monomers
from the X-ray structure,32 with the structures of the individual
molecules frozen at their equilibrium geometries. We only
considered the closest neighbors from the crystal structure.
Figure S4 shows the structure of unit cell in which the
structures of model dimers are highlighted in color. Blue is the
central molecule, red molecules form the Y-shaped displaced
(Yd) dimers, yellow molecules form the T-shaped (Tx) dimers,
green molecules form L-shaped dimers (L), purple molecules
form head-to-tail (HtT) dimers.

To better understand the nature of the relevant states, we
analyzed the respective electronic wave functions using wave
function analysis tools.67,68 The two relevant parameters
characterizing the transitions are ΔR2 (the change in the size
of electron density) and PRNTO (the number of natural
transition orbitals involved in the transition). ΔR2 is the
diﬀerence between the sizes of excited-state and ground-state
electronic densities (computed as expectation value of R2
operator using the respective wave functions). Large values
correspond to Rydberg or delocalized target states,69 while
small values (on the order of 1 bohr2) correspond to local
valence transitions.
PRNTO stands for the participation ratio of natural transition
orbitals.67 It quantiﬁes the number of individual one-electron
transitions describing the excitation. As discussed in ref 68, this
quantity can be used to identify the evolution of excited states
from purely local excitations to charge-resonance ones. For
example, a pure π → π* transition in benzene has PRNTO = 2
because the two sets of degenerate π and π* orbitals are
involved in the transition. For two equivalent noninteracting
benzenes (i.e., at inﬁnite separation), this excited state will have
PRNTO = 4 corresponding to the four sets of degenerate π
orbitals (depending on the symmetry, the orbitals can be either
delocalized or localized, but PRNTO is always 4). This is the case
of local excited states, i.e., a superposition of excitations on the
individual fragments (A*A ± AA*). However, if the two
noninteracting benzenes are not equivalent due their local
environment, the excited states are split and the excitations are
localized on each moiety giving rise to PRNTO = 2. For the
interacting monomers, the wave function acquires chargeresonance character, which is manifested by lowering of PRNTO
of the transition. The value of PRNTO along with the character
of the respective NTOs can be used to distinguish between
local exciton and interacting excimer systems: excited states of
the strongly integrating fragments with substantial chargeresonance character can be identiﬁed by low values of PRNTO
and delocalized NTOs. Quantitatively, the amount of chargeresonance character in dimer’s wave function (with delocalized
NTOs) can be computed as follows:
wCR =

4 − PR NTO
× 100%
2

(3)

Figure 5. Potential energy surface (θ versus R, ϕ = 0°, see Figure 1) of
benzene dimer computed using CHARMM27 force ﬁeld. The black
lines represent the contour line of 0 kcal/mol. The points on the grid
correspond to model structures used to represent liquid benzene.
Reprinted from ref 33. Copyright 2011 American Chemical Society.

where PRNTO is the participation ratio for the dimer. If NTOs
are localized on the same moiety, then wCR = 0.
2.2.1. Computational Details. All calculations were carried
out using the Q-Chem electronic structure package.70,71
Orbitals were visualized using IQMol and Gabedit.72 The
calculations of excited states were performed using EOM-EECCSD/6-31+G(d) with the Cholesky decomposed twoelectron integrals,73 with threshold of 10−4. Core electrons
were frozen in correlated calculations. We note that excitedstate wave functions in bichromophoric systems are heavily
multiconﬁgurational and include a mixture of valence and
Rydberg local excitations and charge-resonance conﬁgurations.74 EOM-EE-CCSD method is capable of treating all
these conﬁgurations in a balanced and ﬂexible way, since they
all appear as single excitations from the closed-shell groundstate reference.60−63 In particular, EOM-EE-CCSD can describe
interactions between Rydberg and valence states69 and
reproduce exact and near-degeneracies which are common in
Jahn−Teller systems;46,75,76 this makes EOM-EE-CCSD a
reliable choice for modeling excited states in multichromo-

Dimer structures representing relevant conﬁgurations from
the ﬁrst solvation shell of liquid benzene were taken at the
selected R and θ values (see Figure 1 for the deﬁnition of
structural parameters) corresponding to most abundant
conﬁgurations. Figure 5 shows the (R/θ) grid and the values
of the selected structures superimposed on the potential energy
surface (PES) of the dimer taken from ref 33; the values of ϕ,
r1, and r2 were taken as zero. We do not consider a full grid of θ
and R values, because some of these conﬁgurations (such as
small R and large θ values) lie in a strongly repulsive parts of
the PES and are, therefore, not sampled in the course of
equilibrium dynamics of liquid benzene.
Following ref 46, the calculations of oscillator strength for all
model structures were carried out at slightly distorted
geometries to account for the eﬀect of symmetry lowering on
the oscillator strength. In the dimer, the symmetry was broken
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by manipulating four hydrogens lying in the plane containing
the main symmetry axis. Those hydrogens were displaced such
that they get closer to the horizontal plane (σh) by 0.001 Å,
which corresponds to an angle of about 0.1° away from the
planes of the respective monomers.
The results reported in this study are not corrected for basis
set superposition error (BSSE). As illustrated by Roos and coworkers, BSSE can noticeably aﬀect binding energies, especially
when using compact basis sets.54 BSSE is mitigated by
increasing the basis set and, especially, by including diﬀuse
functions. The eﬀect of basis set on electronic states of benzene
dimer has been discussed ref 46, where it was shown that for
spectroscopic properties (such as oscillator strength) using the
6-31G+(d) basis is adequate. The symmetry labels of the
electronic states and the MOs correspond to the standard
molecular orientation used in Q-Chem, which diﬀers for some
irreducible representations from the Mulliken convention.79,80

3. RESULTS
3.1. Experimental Results. The characteristic absorption
spectrum of BE is shown in the upper panel of Figure 3. The
absorbance maximum peaks at 505 nm (2.46 eV). The
spectrum was obtained by exciting room-temperature liquid
benzene at 266 nm and by probing changes in the optical
density of the sample (ΔOD) 50 ps later by using a broadband
supercontinuum pulse. As shown below this delay is suﬃcient
for full formation and equilibration of BE. The bottom of
Figure 3 shows ΔOD at 530 nm as a function of pump−probe
delay. ΔOD exhibits an extremely fast appearance of roughly a
quarter of the ultimate absorbance, followed by a slower rise
with a ∼30 ps time scale. The time scales and relative
amplitudes of the two components match those reported by
Inokuchi et al.59 In our experiments the fast rise is convoluted
with a coherent artifact indicating a nearly instantaneous rise
within the experimental time resolution of ∼100 fs. The spectra
immediately after UV excitation are broadened and slightly redshifted relative to the equilibrium absorbance, which is
established on the same time scale as the rise in the excimer
band (Figure 6). Beyond this delay, there are no apparent
changes in the shape of the BE absorption spectrum. We
observe only a very gradual reduction in intensity, most likely
due to singlet−singlet annihilation.27
The nascent benzene excimers were interrogated by pumpdump-probe experiments. Figure 7 shows magic angle transient
diﬀerence spectra calculated from separate VV and VH dumpprobe relative polarization experiments upon 500 nm

Figure 7. Magic angle pump−dump−probe transient spectra for
relaxed and fully formed excimers. Spectra discontinuity is due to
scattering interference from the dump pulse.

photolysis, as described in section 2.1. Figure 8 shows spectral
cuts of the data for a series of probe wavelengths. The salient
eﬀect of the re-excitation (dump) pulse is depletion of
absorbance across the BE band. At short delay times this
bleach appears to be narrower than the full BE band, and even
exhibits induced absorbance at the red and blue edges of the
probed range (420−740 nm). This early narrowing decays
rapidly leaving a residual bleach spectrum, which resembles the
relaxed excimer absorption. The initial ultrafast spectral changes
are most apparent in the cuts presented in Figure 8. This brief
stage of spectral change is tentatively assigned to absorption
and/or emission from the reactive excited state of the
dissociating excimers. The excited-state absorption is prominent in the VV polarization data and absent in VH relative
polarization between dump and probe pulses (see Figure S1).
This assignment for fast spectral change indicates a dissociation
time of a few hundred fs of the excimers after excitation in the
visible.
The residual bleach recovers partially on a time scale of ∼30
ps, which matches the slow formation time of the excimers in

Figure 8. Spectral cuts in the pump−dump−probe data showing
dependence of ΔOD at various dispersed probe wavelengths as a
function of dump−probe delay.

Figure 6. Normalized transient absorption spectra at pump−probe
delays ranging from 1 to 400 ps.
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two pulse experiments, suggesting that the same process is rate
determining in both cases. Clearly, a large portion of
photolyzed excimers revert after dissociation to the initial
electronic state (S1), but dissociation to the S0 + S1 pairs does
not account for all photolyzed excimers. The initial BE
absorbance is not restored even after hundreds of ps following
the dump pulse, and about 25% of the bleach is irreversible
(Figure S2). We assign this persistent bleach to undetermined
photochemical pathways5 competing with the relaxation to S1.
We note that even without secondary excitation, the UV
excitation into S1 of liquid benzene slowly produces soot, which
accumulates on the Teﬂon ﬁlter diaphragm in our ﬂow system.
Adding another 2.5 eV of electronic energy must open new,
faster photochemical pathways. To gauge the cross-section of
BE absorption and its variation over the course of excimer
formation, the dump-induced bleach was measured at diﬀerent
delays (1, 3, 6, 9, 20, 40, 66 ps) after the 266 nm pump (see
dots in bottom panel of Figure 3). A quantitative analysis of the
peak bleach intensity induced after the excimer band reaches its
maximum (66 ps delay), normalized to the density of excitation
and assuming 100% bleaching eﬃciency, results in an extinction
coeﬃcient for the relaxed BE of (30−40) × 104 cm−1 M−1, in
reasonable agreement with earlier reports.28
This observation veriﬁes that the long-lived 505 nm band28
belongs to the BE, but it does not explain the underlying
dynamics responsible for the gradual rise. This gradual rise in
the visible absorbance can be explained by the two limiting
mechanistic scenarios outlined in the introduction. Scenario i,
similar to that proposed by Miyasaka et al.,28 is kinetic in
nature; it entails a gradual transformation of excited monomers
into BE according to the two-state scheme:

S1* + S0 ⇄ BE

Figure 9. Fractional dump-induced bleach of the excimer absorbance
at various stages of formation.

bleach at 530 nm instead of absorbance maximum, as the 500
nm region is overshadowed by the scatter of the dump pulse.
The fractional bleach have been tabulated in Table S1. In
practice, as we interrogate the sample at diﬀerent delays during
the excimer band rise, the stronger the sample absorbs, the
larger the fractional bleach induced by the dump, in perfect
agreement with scenario ii. It is surprising that one of these
scenarios describes the dynamics so closely, as the reality might
lie in between. What this ﬁnding implies about the nature of the
absorption appearing immediately with the UV excitation will
be discussed below.
We also quantiﬁed the reorientational dynamics of the
absorbing species throughout the rise in transient absorption by
calculating the bleach anisotropy from VV and VH data
according to eq 2. This anisotropy results from the preferential
bleaching of dimers whose transition dipole is aligned along the
direction of dump pulse polarization. The probe then follows
the return to a random orientation of the dimers which were
not excited by the dump. This experiment further allows us to
test the symmetry of the transition dipole relative to the
interfragment axis of the absorbing pairs. The resulting r(t) for
the various dump delays is presented in Figure 10. Anisotropy
of the bleach immediately after the dump has a relatively high
value of ∼0.3 for pump-dump delays of 10 ps and onward. For
the populations bleached earlier, we observe a signiﬁcantly
lower value of anisotropy (∼0.15). Nevertheless, in both cases
we obtain a long-lived anisotropy with a component
characterized by a time constant >5 ps (Figures 10 and S3),
consistent with the same absorbing species throughout the rise

(4)

In this picture, the rise in absorbance reﬂects an increase in the
concentration of excimers, assuming that the contribution of
each to the total absorption remains constant. In contrast,
scenario ii involves a continuous evolution of the initially
excited species over tens of picoseconds, giving rise to a
constant population whose transition dipole is evolving over
time, not its concentration. Such a continuous evolution can be
roughly represented by a consecutive kinetic scheme with a
very large number of intermediates:
S1* + S0 → BE1 → BE 2 → ... → BEeq

(5)

where BEeq denotes fully formed BE and BEi denote BE at
diﬀerent stages of structural relaxation.
To distinguish between the two scenarios, we recorded the
fractional bleach, ΔOD(530 nm, τ = 1 ps)/OD(530 nm),
obtained with a constant dump ﬂuence, at the delays cited
above and marked by dots in the bottom panel of Figure 3.
Figure 9 shows that the fractional bleach increases linearly with
the instantaneous 530 nm absorption at the dumping delay.
This result perfectly matches the second scenario, a continuous
rise in the absorption dipole strength of a constant number of
absorbing dimers. To clarify this, one assumes that scenario i
was correct, and that each excimer excited by the dump pulse is
entirely bleached in the visible. The fractional bleach is simply
the absorption probability given by the dump ﬂuence Φ times
the 500 nm absorption cross-section of the dimers σ(500 nm).
Since the excimer’s σ(500 nm) in a two-state model is constant
and the sample is approximately optically thin at all delays, so
the fractional bleach should be. We investigate the fractional

Figure 10. Anisotropy decay of population bleached during formation
of excimer.
1968

DOI: 10.1021/acs.jpca.7b01070
J. Phys. Chem. A 2017, 121, 1962−1975

Article

The Journal of Physical Chemistry A

compared with the S1 minimum at 3.1 Å). The estimates of
binding energies using unrelaxed PES scans from Figure 12
yield 0.36 and 0.24 eV for the S1 and Sx minima, respectively
(we note that for a more accurate estimate, full geometry
optimization and counterpoise corrections are necessary46,54).

in absorbance. This time scale clearly excludes benzene
monomers as the absorbing species, since benzene reorientation in the pure liquid takes place on a much shorter time scale.
This initial value of ∼0.3 is close to the theoretical value
expected for a ﬁxed orientation of the transition dipole in the
molecular frame (0.4) and is much too high to agree with a
transition oriented in a plane which should produce a value of
0.1 for r(τ). Thus, at least at longer delays the absorbing species
have a well-deﬁned axial orientation of the transition dipole.
Even at dump delays below 10 ps the initial anisotropy, if
assigned to a single absorber is suﬃciently above the theoretical
value for in-plane polarization that we must conclude that the
earlier study by Ruhman and co-workers erroneously assigned
the green absorption to such a transition.58

Figure 12. Potential energy curves of the three relevant states (ground
state of the dimer (S0), excimer’s state (S1), and the state that has the
largest oscillator strength for the BE absorption, (Sx)) of the benzene
sandwich along interfragment distance, R, at perfectly stacked
orientation (θ = 0, ϕ = 0, r1 = r2 = 0). The values above the
S1(1B3g) curve (excimer state) show oscillator strengths of the
S1(1B3g) → Sx(4B2u) transition along the scan.

Figure 12 shows potential energy curves of the ground state
(S0), the lowest excited state (S1), and the target excited state
corresponding to the excimer absorption (Sx) along interfragment distance (R) for the sandwich structure. Fully formed
excimer corresponds to R ≈ 3 Å. The Sx curve is mostly
repulsive; thus, excitation to this state should lead to the
dissociation of BE. As one can see, the oscillator strength of the
S1 → Sx transition (shown along the S1 potential energy curve)
depends strongly on the interfragment separation. At the
ground-state sandwich geometry (R ≈ 4 Å), the S1 → Sx
transition is four times less bright then transition from relaxed
geometry of the excimer (oscillator strengths are 0.37 and 0.09
for the BE structure and for the ground state equilibrium
structure, respectively). This means that if the experiments
were initiated from the gas-phase ground-state sandwich dimer
structure, one would observe the growth of absorption crosssection in the course of relaxation and the instantaneous
absorption would be equal 0.09/0.37 ≈ 25% of the absorption
of the fully formed BE. Likewise, if the sandwiches were the
most abundant structures in liquid benzene, their absorption
would explain the observed zero-time absorption of BE.
However, crystal structure of the solid benzene and simulations
of liquid benzene show that these structures are not very
common; thus, other types of structures need to be considered
for explaining the instantaneous BE absorption in liquid
benzene.
3.3. Properties of Diﬀerent Model Dimer Structures
Representing Solid and Liquid Benzene. The unit cell of
solid benzene32 is shown in Figure S4 in Supporting
Information. Representative dimer structures, which are
highlighted in color in Figure S4, are shown in Figure S7 in
Supporting Information: head-to-tail structure (HtT), L-shaped
structure (L), T-shaped structure (Tx), and T-shaped displaced
structure (Yd). In these structures, the distance between the two
rings is 4.9−5.8 Å. We did not consider parallel or parallel-

Figure 11. Natural transition orbitals and the respective weights (λ)
for the S0 → S1 and S0 → Sx transitions at the equilibrium BE
geometry. Orbitals are computed with EOM-EE-CCSD/6-31+G(d).

3.2. Theoretical Results. Figure 11 shows NTOs for the S0
→ S1 and S0 → Sx transitions at the geometry of the fully
formed BE. The corresponding canonical MOs are shown in
the Supporting Information (Figure S6). The transition
corresponding to the excimer absorption (S1 → Sx) can be
identiﬁed by its large oscillator strength. The S1 state (1B3g) can
be described as valence ππ* transition (ΔR2 = 0.78 bohr2). As
one can see from orbital shapes (Figure 11), the two leading
excitations (λ = 0.4) of S1 correspond to the excitation from
orbitals that are antibonding with respect to the interfragment
interaction to the orbitals that have bonding character. This is
why the S1 state of the dimer is bound. This dimer state
correlates with the S1 of benzene monomer (the correlation
between dimer’s and monomer’s states is discussed in detail in
refs 46 and 54). PRNTO of S1 state of the monomer is 2.01. If
the S1 state of the dimer had locally excited character (A*A ±
AA*), PRNTO would be equal to 4. PRNTO = 2.41 at the
equilibrium geometry of BE reveals charge resonance between
the two moieties, which contributes to bonding. The Sx state
(4B2u state) can be described as excitation from the π orbitals
to diﬀuse Rydberg orbitals (its ΔR2 is equal to 10.75 bohr2). In
contrast to the S1 state, which is described by 2 pairs of NTOs,
there are four pairs of NTOs with large weights in the Sx state.
The ﬁrst two pairs of NTOs (λ = 0.3) can be described as
excitation to diﬀuse antibonding (with respect to the two
fragments) orbitals. The second pair (λ = 0.2) corresponds to
excitation from bonding to diﬀuse bonding orbitals. These
characters of leading NTOs result in more repulsive interfragment interactions in the Sx state than in S1. We note that there
is a shallow minimum on the Sx PES at around 4.3 Å (to be
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Table 1. Excitation Energies (eV), Oscillator Strength, and Wave Function Analysis of the Relevant Excited States of Benzene
Monomer and Model Dimer Structures for EOM-EE-CCSD/6-31+G(d)
BZ
BE
Tx
Yd
L
HtT
PDg
R = 4, θ = 0, ϕ = 0
R = 4, θ = 15, ϕ = 0
R = 4, θ = 30, ϕ = 0
R = 4.5, θ = 0, ϕ = 0
R = 4.5, θ = 15, ϕ = 0
R = 4.5, θ = 30, ϕ = 0
R = 4.5, θ = 45, ϕ = 0
R
R
R
R
R

=
=
=
=
=

4.0,
4.0,
4.0,
4.0,
4.0,

θ
θ
θ
θ
θ

=
=
=
=
=

0,
0,
0,
0,
0,

S → S1

ΔR21

PRNTO(S0 → S1)a

5.25
4.20
5.25
5.25
5.23
5.25
5.25
5.25
5.25
5.26
5.25
5.25
5.24
5.25

1.89
0.76
1.68
1.71
1.69
1.72
1.57
1.46
1.46
1.50
1.62
1.61
1.63
1.60

5.20
5.23
5.25
5.25
5.25

1.54
1.70
1.74
1.75
1.75

2.03
2.41 (deloc)
2.09 (loc)
2.03 (loc)
3.74 (loc)
3.61 (loc)
3.90 (deloc)
3.68 (deloc)
3.67 (deloc)
3.62 (deloc)
3.95 (deloc)
3.93 (deloc)
3.63 (loc)
2.15 (loc)
PD Structuresc
3.85 (deloc)
4.05 (deloc)
4.06 (deloc)
4.06 (deloc)
4.06 (deloc)

Eex0

structure

d
d
d
d
d

=
=
=
=
=

1
2
3
4
5

S

wCR(S1) (%)

S → Sx

Eex1

osc. str.b

NA
79.5
∼0
∼0
∼0
∼0
5.0
16.0
16.5
19.0
1.2
3.5
∼0
∼0

2.76
3.01
2.92
2.93
2.68
2.74
2.52
2.79
2.82
2.84
2.71
2.71
2.72
2.74

0.015
0.365
0.037
0.044
0.023
0.006
0.038
0.091
0.075
0.051
0.035
0.028
0.026
0.018

(0.04)
(1.00)
(0.10)
(0.12)
(0.06)
(0.02)
(0.10)
(0.25)
(0.21)
(0.14)
(0.10)
(0.08)
(0.07)
(0.05)

7.5
∼0
∼0
∼0
∼0

2.75
2.80
2.80
2.81
2.81

0.069
0.028
0.017
0.012
0.007

(0.19)
(0.08)
(0.05)
(0.03)
(0.02)

a
In parentheses, it is shown whether NTOs are localized or delocalized. bIntegral oscillator strength for the S1 absorption of the excitations in 0.2 eV
range. The ratio to the oscillator strength of fully formed BE is given in parentheses. cParallel-displaced structures (d denotes the sliding distance, in
Å).

resonance persists upon small sliding displacements (about 1
Å) and drops to zero for sliding distances above 2 Å.
The excited-state absorption (S1 → Sx transition) in the
benzene monomer is red-shifted relative to the BE by 0.25 eV
and is weak (the oscillator strength is 4% of that of BE). We see
that all model structures from Table 1 show some absorption in
the energy range 2.7−3.0 eV and that the relative intensity of
these transitions varies from 0.02 to 0.25. The transition dipole
moments of the bright transitions in all of the analyzed
structures are aligned along the line connecting the centers-ofmass of the monomers. In the monomer, the dipole moment of
the bright transition is perpendicular to the plane of the
molecule. The oscillator strength corresponding to the
absorption from the S1 state of diﬀerent model dimers is
visualized in Figure 13. The y-axis shows the integrated
oscillator strength for each dimer. The spectra of the individual
model structures are shown in Supporting Information (Figure
S8).
As one can see, the Tx and Yd dimers, which are
representative of the solid benzene, absorb within 0.1 eV
from BE, with the relative intensity of about 10%. Other
structures taken from the crystal structure of the solid benzene
(e.g., L and HtT) show more monomer-like absorption
(weaker and more red-shifted). On the basis of these data,
one can estimate that solid benzene might show some
instantaneous absorption (<10%) originating from the Tshaped structures, however, the formation of the BE will be
impeded by large structural reorganization required to form BE.
To further strengthen this point, we approximated absorption
of solid benzene by considering all possible dimers in the ﬁrst
coordination shell of benzene molecule. The 12 dimers arising
from the shell are shown in Figures S4 and S7 in Supporting
Information. Assuming equal probability of each dimer to
absorb a photon, the total excimer absorption is just the average
of instantaneous oscillator strengths of individual dimers (S1 →

displaced sandwich structures from the crystal structure because
the interfragment distance in these structures is too large (more
than 7 Å) to give rise to noticeable oscillator strength (cf.
Figure 12). For comparison, Figure S7 also shows structures of
the parallel displaced gas-phase structure (PDg), in which the
distance between the monomer’s planes is 3.6 Å and the shift
between the main axes of the monomers is 1.6 Å.31
Table 1 summarizes the analysis of the S0−S1 and the S1−Sx
transitions (the latter corresponds to the excimer absorption).
For the reference, relevant electronic transitions of the
monomer (BZ) are also given. The top part of the table
contains the results for model dimers shown in Figure S7, the
middle part shows the results for model structures
representative of liquid benzene (Figure 5), and the bottom
shows the results for parallel-displaced structures with the same
interfragment distance of 4 Å. To account for homogeneous
broadening arising from the intensity sharing between closely
lying states, we computed integrated oscillator strength by
summing up the oscillator strengths of all electronic transitions
within 0.2 eV from the brightest transition. As one can see, the
excitation energy of the S1 state in all model dimers is almost
the same as in benzene monomer. Moreover, this transition
remains dark, despite lower symmetry and interfragment
interactions: the computed oscillator strength for the S0 → S1
transition does not exceed 0.0001. In the case of nonequivalent
fragments, the S1 state is split due to lower symmetry. In the Lshaped and head-to-tail dimers, PRNTO is close to 4, indicating
the LE character of the S1 transition in these structures. The
value of PRNTO is close to 2 for T-shaped dimers, in which the
excited states are localized on individual monomers (as one can
see from the respective NTOs). The amount of chargeresonance in the S1 wave function of BE is ∼80%. As one can
see, of all model structures, only dimers with R = 4 Å show
substantial amount of charge resonance (16−19%). Charge1970
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Figure 13. Bright electronic transitions in various model dimer
structures. BE denotes relaxed BE, S is sandwich at R = 4.3 Å, Tg is a
T-shaped dimer at the gas-phase equilibrium structure, Tx is the Tshaped dimer from the X-ray structure, Yd is a displaced T-shaped
dimer, L is L-shaped dimer, HtT is head-to-tail dimer, PDg is the
parallel-displaced dimer gas-phase equilibrium structure, and M is
benzene monomer. Structures of dimer conﬁgurations are shown in
Figure S7 in the Supporting Information. Total oscillator strength of
the transitions corresponding to diﬀerent dimer conﬁgurations and are
given relative to oscillator strength of the relaxed BE transition and is
calculated in 0.2 eV range centered at the excitation energy given on
the x-axis. The experimental maximum value of BE absorption band is
2.5 eV.

Figure 14. Oscillator strengths of model structures from liquid
benzene.

Further analysis reveals that there is approximately one
molecule at R = 3.5−4.9 Å. Since strong S1 absorption
corresponds to short intermolecular distances, we focus on the
closest neighbors from the ﬁrst liquid shell to estimate the
absorption (as discussed in section 2.2, the delocalization of
excitons in liquid benzene is unlikely to extend beyond dimers).
An important ﬁnding of structural studies of liquid
benzene33,55 is that the angular distribution of benzene
molecules is diﬀerent at short and long ranges. This is
illustrated in Figure S9 in the Supporting Information. When
averaged over the ﬁrst solvation shell, the angular distribution is
isotropic. However, at short distances, there is a strong
preference for parallel conﬁgurations (θ < 45°). This can be
rationalized by analyzing dimer’s PES shown in Figure 5. As
one can see, at short distances T-shaped arrangement gives rise
to repulsive interactions. By using angular distributions from
Figure S9, we can estimate relative populations of diﬀerent
orientations; the results are compiled in Table S2. As one can
see, approximately 50% of the nearest neighbors in liquid
benzene have nearly parallel arrangement (θ < 30°). Given that
there are two molecules at R < 5.1 Å, we estimate that the
solvation shell contains approximately one dimer at θ < 30° and
R < 5 Å. We estimate the early time absorption of liquid
benzene by averaging the absorption of the structures with R =
4.0 Å and θ = 0°, 15°, and 30° (see Table 1) weighted by the
populations from Table S2:

Sx) normalized by the maximum excimer absorption. Taking
values of f l from the Table 1 the absorption of solid benzene at
the initial time delay is
fl (solid)
fl (BE)

=

(0.037 × 2 + 0.044 × 2 + 0.023 × 4 + 0.006 × 4)
0.365 × 12
× 100%
= 6.3%

(6)

Model structures, which are representative of liquid benzene
(structures of the nearest neighbors from the ﬁrst solvation
shell), may show substantial absorption (up to 25% of the fully
formed BE). As expected, large values of fl are observed for
structures with short R and small θ and small parallel
displacement (<2 Å); these are the structures that show
substantial charge-resonance character. We note that this
amount of charge resonance does not have a noticeable eﬀect
on the S0 → S1 transition (neither its energy nor its brightness).
Thus, the existence of a proximal and nearly parallel
neighboring monomer does not eﬀect the absorption spectrum
relevant to the pump, but signiﬁcantly eﬀects absorption of
another photon in the mid visible. The results for S1 → Sx
absorption for model liquid structures are visualized in Figure
14. In order to connect these results with the observed early
time absorption of liquid benzene, one needs to estimate the
relative abundance of diﬀerent dimer structures in the ﬁrst
solvation shell. For that purpose, we rely on the results of the
previous structural studies of liquid benzene.33,55
Figure S6 shows experimental and computed radial
distribution function of liquid benzene.33,55 Following the
conclusions from ref 33, we focus on the MD results obtained
with the CHARMM27 force-ﬁeld. The ﬁrst solvation shell
extends from 3.5 to 7.0 Å and contains 12.5 molecules. By
integrating the radial distribution function from 0 to 5.2 Å, we
determine that the number of molecules at R < 5.2 Å is 2.

fl (liquid)
fl (BE)
2×

=

(0.091 × 0.12 + 0.075 × 0.18 + 0.051 × 0.18)
0.365

× 100%
= 18.4%

(7)

Since there are total of two molecules at R < 5.1 Å, this number
provides an average instantaneous absorption of the S1 state.

4. DISCUSSION
Concurrence of experiment and theory is a key point of our
study. The crucial experimental advance necessary for this
insight was the application of improved time resolution UV
pump−vis probe experiments. The theoretical modeling
included quantum-chemical calculations of excited states of
model dimer structures. These calculations clariﬁed the
1971
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solvation shell would be equivalent to rapid excimer
reorientation, and would add a rapid decay component to the
anisotropy, whose amplitude would reﬂect the weight of this
population. In addition, large initial variations in the structure
of an absorbing pair could also cause signiﬁcant reorientation of
the dipole, contributing to such a rapid decay as well. From a
pump-dump delay of 7 ps and throughout the rise in BE
absorption, dump-induced bleach anisotropy does not change
in amplitude or in decay kinetics, thus supporting point 4.
As stated in point 2 above, we assign the slow stage of BE
formation to a buildup in the absorption cross sections of an
essentially constant concentration of pairs as they evolve
toward fully relaxed excimer structure. Experimentally, this
conclusion is based on the fractional bleach measurements. Yet,
the structure of liquid is highly inhomogeneous and
instantaneous conﬁgurations of nearest neighbors are not the
same; i.e., the starting points for the evolution of nascent
excited states toward perfect sandwich geometry are diﬀerent.
Thus, an important question is how this structural inhomogeneity should manifest itself spectroscopically and why we do
not see its impact on the partial bleach results. The alternative
mechanisms for explaining the gradual rise in BE absorbance,
i.e., increased excimer concentration versus continuous
variation in dipole strength, are ideal extreme cases, neither
of which is expected to perfectly describe observations. It is true
that the linear ﬁt presented in Figure 9 involves signiﬁcant
uncertainty, but it matches the latter scenario within error. In
particular, a positive deviation in the graph for low values of BE
OD would be expected if the rise were due to a rising number
density of excimers since the impact of structural inhomogeneity should have its main eﬀect at early delays. As the excited
dimers relax toward fully formed BE on the attractive excimer’s
PES, they become less likely to be disrupted by neighboring
molecules.
Theory provides qualitative explanation of the above
observation. We show that the oscillator strength of the S1 →
Sx transition of the BE in its equilibrium geometry is
signiﬁcantly higher than the oscillator strength at displaced
and not perfectly parallel structures of nearest neighbors
abundant in liquid benzene. The analysis of the structure of
liquid benzene suggests that a benzene molecule has at least
one nearest neighbor within R = 3.5−4.9 Å and in a nearly
parallel conﬁguration. Thus, photoexcitation mainly results in
excitons delocalized over pairs of neighboring molecules that
happened to be in a nearly parallel arrangement. Once such pair
is excited, the interaction between the two molecules is
switched to the attractive one, locking them together. These
delocalized excitons feature 16−19% of charge-resonance
character, which gives rise to noticeable S1 → Sx absorption.
To fully reconcile inherently dynamic insights from pump−
probe experiments and the static perspective of the electronic
structure calculations, dynamic simulations of the process of BE
formation are needed.
The only two measures which attest to liquid disorder eﬀects
in our experiments is the relatively mild spectral evolution in
the visible absorption band during BE formation, and the
concurrent moderate changes in bleach anisotropy scans over
the same delay range. Both are complete within the ﬁrst 10 ps
of delay from the UV pump. The same initial disorder in the
absorbing pairs both broadens their absorption band and adds
uncertainty and rapid ﬂuctuations in the orientation of the
underlying transition dipole. It is still remarkable that
throughout this signiﬁcant restructuring, the peak of absorption

implications of the structure of liquid benzene for its optical
properties. Our main experimental ﬁndings can be summarized
as follows:
1 Contrary to earlier literature, in the neat liquid ultrafast
one-photon excitation into the S1 state of benzene gives
rise to a prompt midvisible absorption band, which
cannot be assigned to transitions from isolated excited
monomers.
2 In agreement with earlier reports, the transient visible
band rises gradually within tens of picoseconds with only
minor changes in peak position, leading to the
characteristic BE absorption. On the basis of threepulse experiments, we assign this rise primarily to a
growth in oscillator strength of a constant population and
not an increase over time in the concentration of a welldeﬁned absorbing species.
3 The initial value of bleach anisotropy in three-pulse scans
indicates that the transition moment of BE absorption is
oriented along the intermolecular axis and not in the
plane of the excimer.
4 Assuming the visible absorption is due to evolving
excimers at all stages of BE formation, dynamics of the
bleach anisotropy decay shows that already 2 ps after UV
excitation, most absorbing pairs have forged a welldeﬁned and signiﬁcant association, not a ﬂeeting
interaction. This is clariﬁed both by the initial value as
well as the long lifetime for decay of r(t) in all curves.
Theory supports the conclusions drawn from the experiment.
Calculations show that the excitation of liquid benzene results
in signiﬁcant instantaneous absorption in the midvisible due to
the abundance of dimer structures conducive to electronic
delocalization and, consequently, having noticeable excimer-like
absorption at zero time. One can think of these structures,
which are abundant in the liquid because of preferred parallel
arrangements at short distances, as preformed excimers. The
analysis of the wave function of these structures shows
substantial amount of charge-resonance (∼16−19%). Chargeresonance conﬁgurations are absent in locally excited states
(even if these states are delocalized over 2 benzenes) and reach
80% in fully formed BE. In the ground state, where interactions
between all molecules are weak van der Waals ones, such pairs
of molecules that happened to come close to each other, do not
stay in this conﬁguration for long and rapidly exchange
partners. The analysis of g(r) of liquid benzene shows that in
the ﬁrst solvation shell there is approximately one molecule at R
= 3.5−4.9 Å, and this molecule is likely to be in a parallel
arrangement to the central moiety. Once excitation selects a
preformed excimer, the interaction between the two fragments
is instantaneously switched to a stronger attractive one and the
two partners become locked. The attractive force pulls the two
fragments together ultimately resulting in the fully formed
sandwich structure. In the course of this structural reorganization, the electronic delocalization increases leading to the
growth of the BE band. Experiment and theory also agree on
the orientation of the transition dipole for absorption in the
excimer frame (point 3).
To elaborate on point 4, consider a situation when initial
excitation is localized on a single benzene molecule rather than
on a partially formed excimer. The score of nearest neighbors
present prospective excimer partners and excited monomers
would be undecided as to who to pair oﬀ with at least for a
short time after excitation. Switching partners within the ﬁrst
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changes by only a few hundred reciprocal centimeters and its
width by only ∼20%. The former proves that during
restructuring and relaxation of excimers, the intermolecular
coordinates involved have little impact on the energy gap
between S1 and the higher electronic states. This raises the
question: Which broadening mechanism is responsible for the
full 5000 cm−1 width of BE transition? Clearly it is not
intermolecular motions of the two constituents of the excimer,
as suggested in early studies of these species. If it were, then the
structural reorganization taking place during excimer formation
would cause signiﬁcant changes in the peak wavelength of the
visible absorption band, contrary to observation. This is also
demonstrated by the bleach spectra in Figure 7. Only on
subpicosecond time scales does the transient bleach spectrum
diﬀer from a mirror image of the BE absorption, and we
tentatively assign this to transient bands related to the excited
state of the freshly excited excimers. The electronic structure
calculations would suggest that absorption is heavily broadened
by the dense manifold of states contributing at all stages of
evolution, providing an eﬃcient mechanism of dephasing for
the electronic transition dipole. It would also be interesting to
know if intramolecular vibrations contribute to the spectral
width of the BE absorption as well. Experiments are ongoing in
our lab to properly assign the extensive broadening active in
this unusual chromophore and answer these open questions.
Another interesting question, which arises from this study,
pertains to the signiﬁcant duration of the slow rise in BE
absorption demonstrated in Figure 3. If the promptly absorbing
pairs are already closely spaced and nearly parallel, one might
expect that the ﬁnal reﬁnement of the sandwich structure
should not be a 30 ps exponential rise as observed. To answer
this, full dynamic simulations of this process in the liquid
combined with insights from electronic structure described
above will be required.

The proposed mechanism of BE formation should apply to
other neat aromatic liquids favoring short-range stacked
conﬁgurations (e.g., naphtalene, etc.). Furthermore, this revised
mechanistic picture of excimer formation in liquid benzene has
implications for singlet ﬁssion. While delocalization of the
initial exciton over two (or more) chromophores is especial for
promoting singlet ﬁssion due to entropic eﬀects,81 the full
stabilization of the excimers results in the trap states and
suppresses the yield of tiplets.16,17,82 Thus, when considering
the morphology of molecular solids, which is conducive of
singlet ﬁssion, one should consider both the initial delocalization of the excitons and the their ability to form fully relaxed
excimers.
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5. CONCLUSIONS
In this work, we have shown that excimer formation in neat
liquid benzene at room temperature does not follow the simple
two-state kinetic mechanism proposed based on classic
picosecond laser investigations and involving reorientation
from a T-shaped to a sandwich structure. Instead, we observe
an immediate rise in excimer absorption, which we assign to
excitation of two nearby benzenes in a nearly parallel
arrangement that are already in a conﬁguration facilitating
sharing of the electronic excitation. Such structures are
abundant in liquid benzene at short distances. Such preformed
excimers are capable of absorbing immediately after UV
excitation in the same spectral region as that of relaxed
sandwich structured excimers. Following the initial excitation,
the extinction coeﬃcient of this population continuously
increases up to 4-fold, as the structures are relaxing toward
fully formed BE. Reorientational dynamics of the absorbing
excimers, measured by polarization-selective probing of a
bleach signal induced by a secondary ultrafast dumping pulse,
proves that the BEs transition moment is directed along the
interfragment axis. These insights were facilitated by enhanced
time resolution and extension to multipulse excitation schemes,
as well as by electronic structure calculations comparison to
theoretical calculations based on recent studies of local
structure in the liquid benzene. These ﬁndings are discussed
in relation to possible mechanisms underlying the extensive
width of the midvisible absorption spectrum of BEs.
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