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ABSTRACT
Exciplexes are excited-state complexes formed as a result of partial charge transfer from the donor to the acceptor species when one moiety
of the donor–acceptor pair is electronically excited. The arene–amine exciplex formed between oligo-(p-phenylene) (OPP) and triethylamine
(TEA) is of interest in the catalytic photoreduction of CO2 because it can compete with complete electron transfer to the OPP catalyst.
Therefore, formation of the exciplex can hinder the generation of a radical anion OPP⋅− necessary for subsequent CO2 reduction. We report
an implementation of a workflow automating quantum-chemistry calculations that generate and characterize an ensemble of structures to
represent this exciplex state. We use FireWorks, Pymatgen, and Custodian Python packages for high-throughput ensemble generation. The
workflow includes time-dependent density functional theory optimization, verification of excited-state minima, and exciplex characterization
with natural transition orbitals, exciton analysis, excited-state Mulliken charges, and energy decomposition analysis. Fluorescence spectra
computed for these ensembles using Boltzmann-weighted contributions of each structure agree better with experiment than our previous cal-
culations based on a single representative exciplex structure [Kron et al., J. Phys. Chem. A 126, 2319–2329 (2022)]. The ensemble description
of the exciplex state also reproduces an experimentally observed red shift of the emission spectrum of [OPP-4–TEA]∗ relative to [OPP-
3–TEA]∗. The workflow developed here streamlines otherwise labor-intensive calculations that would require significant user involvement
and intervention.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0158061

INTRODUCTION

We report a high-throughput computational workflow to auto-
mate quantum-chemical calculation and characterization of exci-
plexes. An exciplex is an excited-state molecular complex formed by
one ground-state and one electronically excited molecule. An exci-
plex formed between two identical molecules is called an excimer. A
distinguishing feature of exciplexes is that they have much stronger
bonding than the respective ground-state complexes.1 Exciplex for-
mation can be observed from the emergence of a structureless,
broad fluorescence peak, which is red-shifted relative to the emis-
sion peak of the isolated electronically excited acceptor.1–3 They are
encounter complexes formedwhen the donor and the acceptor are in

close proximity. The stabilization of excimers and exciplexes arises
due to exciton-resonance and charge-resonance contributions.4–6

Due to their asymmetry, in exciplexes, partial charge transfer (CT)
from the donor to the acceptor is possible, providing the dominant
contribution to the bonding. A complete CT results in the forma-
tion of a zwitterionic radical pair, quenching the fluorescence.7,8

In the context of catalytic photoreduction of CO2, the desired out-
come is a complete CT from a sacrificial donor to an electronically
excited photocatalyst, and the formation of exciplexes can lead to the
reduced yield of the reaction. Numerous experimental and theoret-
ical studies have investigated the electronic structure and properties
of excimers and exciplexes.5,9–16 Such studies support applications
in organic light-emitting diodes (OLEDs) via thermally activated
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delayed fluorescence (TADF),17–21 solar energy harvesting via sin-
glet fission,22–24 chemo-sensors for anionic and cationic surfactant
sensing25–29 and bio-detectors,30,31 and photoredox catalysis.32–34

Advances in quantum-chemistry methods have facilitated
accurate modeling of excited states in isolated molecules and the
condensed phase. Excimer and exciplex structures have been com-
puted by geometry optimization on excited-state potential energy
surfaces (PESs) using configuration interaction singles (CIS),35
time-dependent density functional theory (TDDFT),8,11,14,23,34,36–39

equation-of-motion coupled-cluster method for electronically
excited states with singles and doubles (EOM-EE-CCSD),5,12 com-
plete active space self-consistent field (CASSCF), and the algebraic
diagrammatic construction scheme to second-order with resolution
of identity and spin-opposite scale [RI-SOS-ADC(2)] methods.40

The exciplex state can be related to a single structure—the
lowest minimum (with sufficient CT character) on the excited-
state PES.34 However, such a description does not account for the
fluxional character of these complexes due to a relatively shallow
PESs, which may feature multiple accessible minima. This fluxional
character can be described by a distribution of structures obtained
from sampling the PES (as we perform in this work) or trajectories
computed inmolecular dynamics simulations.10,11,13,14,35,38,41 Impor-
tantly, not every minimum on the excited-state PES of a molecular
complex can be described as exciplex. A recent perspective by our
group34 outlines various approaches that can be employed to ver-
ify whether a particular structure has exciplex character or not. The
exciplexes can be identified either by wave-function analysis or their
optical properties. The former approach includes natural transition
orbitals (NTOs),42–47 exciton descriptors,48,49 excited-state energy
decomposition analysis (EDA),50 and excited-state Mulliken charge
analysis. The property-based approaches utilize the extent of a red
shift in fluorescence spectra relative to the isolated excited state (of
acceptor) or solvatochromic shifts computed with non-equilibrium
solvation models.51–54

Once relevant exciplex structures are obtained, one can com-
pute the respective fluorescence spectra. A rigorous procedure
would involve the calculation of vibrational broadening by eval-
uating Franck–Condon factors.55–60 More often, however, a sim-
pler approach is employed in which only vertical transitions are
considered, and the stick spectra are broadened (using empiri-
cal parameters) to account for vibrational, inhomogeneous, and
instrumental broadening.61

This work is motivated by the results of our previous compu-
tational and experimental studies on the exciplex formed between
the excited-state oligo(p-phenylene) (OPP-n) acceptor and ground-
state triethylamine (TEA or Et3N) donor.34 Experimental studies
have shown that OPP consisting of 3 para-linked phenyl groups
(OPP-3) is a promising photoredox catalyst for CO2 reduction.
The quenching of the excited singlet state of OPP-3 by the sacri-
ficial electron donor, TEA, produces the OPP⋅− radical anion that
goes on to reduce CO2.62–64 In our previous work,34 exciplex for-
mation by TEA and OPP-3∗ was confirmed by using fluorescence
spectroscopy—i.e., by observing the emission peak whose inten-
sity was decreasing with the increasing solvent dielectric (Fig. 1).34
The experimental observations were complemented by calculations.
Specifically, we employed TDDFT to calculate the structure of the
[OPP-3–TEA]∗ exciplex and verified its partial CT character by
using NTOs, excited-state EDA, and Mulliken charge analysis. The
results have shown that the calculated solvatochromic shifts span
a more narrow range than the experimental shifts. Moreover, the
calculations yielded nearly identical emission energies for [OPP-
3–TEA]∗ and [OPP-4–TEA]∗, in disagreement with the experimen-
tally observed red-shifted emission of the latter in all examined
solvents.

On the basis of these observations and the fact that the exci-
plexes feature broad emission peaks, we hypothesize that a single
structure is not sufficient to describe the exciplex and its emission
characteristics. We adopt an ensemble approach in which several

FIG. 1. (a) Fluorescence spectra of OPP-3∗ in 1.4M TEA with the variation of solvents. (b) Normalized emission of the exciplexes only. Reproduced with permission from
Kron et al., J. Phys. Chem. A 126, 2319–2329 (2022). Copyright 2022 American Chemical Society.
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representative geometries are computed by high-throughput geom-
etry optimization starting from over a hundred guess geometries.
In this contribution, we report the construction of an automated
TDDFT workflow to generate such an ensemble of exciplex struc-
tures. The computed geometries are first screened by using known
properties of exciplexes and then used to compute emission spec-
tra using Boltzmann weights. We compare the computed emission
spectra with prior experiments to determine whether this ensemble-
based approach is capable of reproducing the solvatochromic shifts
and chain-length dependence ([OPP-3–TEA]∗ vs [OPP-4–TEA]∗)
better than a previously employed protocol based on a single struc-
ture. We show that this approach indeed leads to a distribution of
exciplex geometries with varying CT and emission characteristics
and that the fluorescence spectra of exciplex ensembles agree better
with experimental observations.

METHODS
Computational methods

The quantum chemistry software package Q-Chem65 was used
for all the linear-response TDDFT56,66 simulations. We employ the
long-range–corrected exchange–correlation energy functional with
dispersion correction, ωB97X-D,67,68 and the 6-311G

∗∗

basis set.
We have chosen cyclohexane (C6H12) as a representative solvent
and described solvation with the implicit conductor-like polarizable
continuum model (C-PCM).69–72

The most tedious step in the protocol for generating a dis-
tribution of geometries to describe the exciplex state is TDDFT
optimization of the numerous guess structures (guess generation is
described in the following section). Optimization is carried out using
a small step size (0.02 a.u.), and tolerance on the maximum gradient
component is tightened to 2 × 10−5 a.u. We use full TDDFT in all
our calculations, as the Tamm-Dancoff approximation (TDA) was
previously shown to be inaccurate.34 To determine which excited
state shows partial CT from TEA → OPP-3∗, we compute and ana-
lyze the ten lowest singlet excited states. We found that the lowest
excited state shows the partial CT character for most guess struc-
tures (with some exceptions, described in the Results and Discussion
section). In the current protocol, TDDFT optimization follows the
first excited state in all cases. The unique optimized structures iden-
tified using the screening procedure (described in the next section)
are then subjected to vibrational analysis to confirm that they are
local minima on the PES.

To analyze inter-fragment interactions in the donor–acceptor
complex, [OPP-3–TEA]∗, we employ excited-state energy decom-
position analysis (exEDA).50,73 The scheme decomposes excitation
energy into frozen (FRZ), polarization (POL), and CT terms using
absolutely localized molecular orbitals (ALMOs).74 Although the
current implementation is limited to the isolated species, exEDA
serves as a useful tool for verifying the formation of exciplexes.34,73

Dominant contribution to the excitation energy indicates energy
lowering via exciplex formation upon partial electron transfer from
TEA to OPP∗. Therefore, we have chosen exEDA for distinguishing
exciplexes from other excited-state minima by quantifying the CT
contribution to excitation (emission) energy.

In addition to exEDA, we carry out excited-state Mulliken
population analysis to determine the partial charges on the donor

and acceptor fragments in the exciplex.75 NTO analysis provides
another clear indicator of CT and formation of exciplexes.42,44,76,77

We visualized the hole and electron NTOs, which are extracted
from the transition density matrix, using IQmol and Jmol.78,79 Using
NTOs, we also calculate the vectorial electron–hole distance dh→e,
an exciton descriptor that represents an average distance between
the centroids of electron and hole distributions,49 as an indicator of
exciplex formation. Although visualization of NTOs provides a clear
picture of electronic transition, exciton descriptors are particularly
useful for automated workflows.

We use the state-specific approach80 to describe out-of-
equilibrium solvent effects on the vertical emission (S1 → S0). We
quantify the solvatochromism of the exciplex ensemble by cal-
culating vertical emission oscillator strength ( f ) and emission
energies in various solvents. Prior work from our group shows
that excimer structures optimized in different solvents described
by an implicit solvation model are rather similar.34 Therefore,
the current protocol uses the geometries optimized in cyclohex-
ane (CyHex) and performs single-point calculation of vertical
emission energy and oscillator strength with diethyl ether (Et2O)
and dichloromethane (DCM) solvents. The protocol can be eas-
ily extended to perform geometry optimization in each solvent,
which might become important for other systems and solvents; the
effect of solvent-specific optimization will be examined in future
work.

All solvents considered in this work and our previous study
(Fig. 1) have small dielectric constants because exciplexes are less
likely to form in solvents with a higher dielectric constant in which
complete electron transfer become more energetically favorable.34
To generate ensemble spectra in each solvent and compare solva-
tochromic shifts with experiment, we assume Boltzmann’s popula-
tions of the exciplex structures by weighting the contribution of each
ensemble structure i as follows:

pi =
e−(εi−ε̄ )/(kT)

∑ j e
−(ε j−ε̄ )/(kT) , (1)

where εi is the electronic energy of ith geometry in the first excited
state computed in a particular solvent, ε̄ is the mean of energies
of 27 geometries, and k is the Boltzmann constant. The temper-
ature is set to 298 K. To plot the spectra, the oscillator strengths
of individual transitions are convoluted with Gaussian functions60
[more information in Sec. S1 in the supplementary material], and
the convoluted spectra are then transformed to the wavelength
scale (nm).

Implementing workflows for exciplex
ensemble generation

Excited-state simulations are more susceptible to errors and
require greater computational effort compared with ground-state
simulations. In this work, we utilize scientific workflows and
error-handling routines to automate these calculations. We use
FireWorks81 to manage all the simulations, and the Custodian82
error-handling wrapper to perform the Q-Chem calculations.
Input/output parsing is performed using the Python Materials
Genomics (pymatgen) library.82 The library contains a Q-Chem
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parser for ground-state calculations. We developed a locally mod-
ified version of pymatgen to parse excited-state information, con-
struct input files for excited-state property calculations (vibra-
tional analysis, exEDA, NTO, and exciton properties), and perform
high-throughput analysis of the output files.

Figure 2 illustrates the sequence of operations carried out to
generate the exciplex ensemble for [OPP-3–TEA]∗. The procedure
is slightly modified for [OPP-4–TEA]∗ as described below. We con-
struct a set of 130 exciplex guess structures using the structure
identified in prior work as the starting point.34 We generate the guess
structures by systematic displacement of the TEA fragment both
parallel and perpendicular to the approximate plane of OPP∗. Of the
130 guess structures, 8 are constructed by rotation of the three ethyl
groups in TEA around the vertical axis defined by the separation
between N and the plane of the central ring of OPP. Section S2 in the
supplementarymaterial describes the procedure for the construction
of guess geometries.

TDDFT optimization is carried out by following the first
excited state. Following optimization, duplicate structures are elim-
inated using pairwise distances and total energies as criteria for
comparison. To determine the difference between structures, we use
the Eckart distance measure, which is also employed in the double-
ended transition state search methods known as the freezing string
method.83,84 By carefully analyzing pairs of computed structures, we
find that 1.2 Å is a suitable cutoff value, below which we consider
the pair as structurally identical. If this structural criterion is met
and the energy difference is below 0.05 eV, the higher-energy struc-
ture is eliminated as a duplicate. By using these criteria, we identify
41 unique structures.

The next step is to test if the unique complexes are true local
minima by checking whether vibrational analysis yields all real fre-
quencies. Of the 41 structures, 7 have one imaginary frequency,
ranging between 4i and 87i cm−1. It is possible to construct a Custo-
dian routine to re-run TDDFT optimization from these geometries,

FIG. 2. The screening of unique exciplex structures from 130 initial geometries.
The workflow consists of TDDFT optimization, screening out duplicates, excited-
state vibrational analysis to verify the minima, and excited-state EDA to verify
exciplex character. For [OPP-3-TEA]∗, this workflow generated an ensemble of
27 exciplexes.

but in the present study, we simply discard the structures with imag-
inary frequencies. The final step is to determine whether all 34 local
excited-state minima are exciplexes, i.e., that they exhibit significant
CT character. Either excited-state Mulliken analysis or exEDA can
be used for that purpose. Of the 34 structures, 7 [OPP-3–TEA]∗

complexes show very low or no CT from TEA to OPP-3. Table S2
of the supplementarymaterial presents the excited-state information
for these seven structures, along with the charge on monomers, and
the contribution of CT interaction to the excitation energy (from
exEDA). We define weak (or negligible) CT by the small (∣q∣ < 0.1e)
negative (positive) charge on OPP-3∗ (TEA) and correspondingly
small CT contribution to emission energy (∣ΔECT ∣ < 0.15 eV). We
find that in these seven complexes, a higher excited state corresponds
to TEA → OPP-3∗ CT; however, these states do not contribute to
exciplex emission by virtue of Kasha’s rule.

By executing this workflow for 130 structures, we obtain
27 unique excited-state minima exhibiting strong CT character
that can, therefore, be classified as exciplexes. The structures of
these exciplexes are described in terms of donor–acceptor dis-
tance and acceptor dihedral angles in Fig. S2 and Table S1 of the
supplementary material.

RESULTS AND DISCUSSION
[OPP-3–TEA]∗: Structure and characteristics

Table S3 in the supplementary material reports exciplex char-
acteristics, including electronic energy, fragment charges, exEDA
terms, and emission energies. The lowest transition in the optimized
exciplex structures has a smaller oscillator strength than the transi-
tion in the excited-state optimized isolated OPP-3∗. The mean oscil-
lator strength of the exciplex ensemble in cyclohexane is 0.10 (Table
S4 in the supplementary material), to be compared with the oscil-
lator strength for OPP-3∗ emission of 1.32. The exciplex structures
with the highest (−986.537 hartree) and lowest (−986.554 hartree)
total energies differ by 0.45 eV. Table S3 in the supplementary
material reveals that the CT contribution to emission energy (cal-
culated by exEDA) is significantly higher than either frozen or
polarization contributions.

Partial CT is also confirmed by excited-state Mulliken popu-
lation analysis, with the negative charge on the acceptor fragment
ranging from −0.79 to −0.93e. The mean electron–hole distance
(dh→e) for the exciplex ensemble of [OPP-3–TEA]∗ is 2.61 Å,
which is significantly larger than dh→e in the isolated OPP-3∗

(dh→e < 0.5 Å) characterizing intramolecular CT.
Figure 3 shows the NTOs of the exciplexes with the highest

(3.15 eV) and lowest (2.72 eV) emission energies. The hole NTO is
centered around the TEA nitrogen, and the particle NTO spans two
consecutive phenyl rings of the OPP-3 fragment.

[OPP-3–TEA]∗: Fluorescence and solvatochromism

Table S3 in the supplementary material shows that the ensem-
ble of exciplexes generated in this work exhibits a range of emission
energies from 2.72 to 3.15 eV. Since red-shifted emission energy
relative to isolated OPP-3∗ is a direct consequence of CT-driven
stabilization of the complex, it is not surprising that the emis-
sion energy exhibits a linear correlation with the ΔECT term from
exEDA, which is shown in Fig. S3 in the supplementary material.
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FIG. 3. NTOs for two representative [OPP-3–TEA]∗ exciplex structures. (a) Exciplex with the lowest (393 nm) emission wavelength. (b) Exciplex with the highest (457 nm)
wavelength. The electron–hole distances, dh→e, are 2.69 and 2.38 Å for (a) and (b), respectively.

In other words, redder emission results from a greater CT-driven
stabilization of the exciplex.

To compute emission spectra, we use TDDFT vertical transi-
tion energies and the respective oscillator strengths.39,85–87 Figure 4
shows the fluorescence stick spectra of the individual structures
(plotted against the emission wavelength, λ, nm) for solvents with
dielectric constants increasing from the left to the right. Table S4
in the supplementary material reports the emission wavelengths
and corresponding oscillator strengths. As observed experimentally
(Fig. 1), the exciplex signature or the range of emission wavelengths
red-shifts with the increasing solvent dielectric constant. This can be
explained by the reduced energy gap in a higher dielectric solvent
due to favorable solvation of the excited state because of its partial
CT character.88,89

Figure 5 shows Boltzmann-weighted exciplex fluorescence
spectra for CyHex, Et2O, and DCM solvents assuming small broad-
ening (σ = 0.05 eV). Compared with the unweighted stick spectra
shown in Fig. 4, the peak shifts to a longer wavelength for every sol-
vent. When compared with the experimental spectra in Fig. 1, it is
evident that reproducing the broad exciplex feature requires a larger
value of σ. Nevertheless, Fig. 5 is instructive and indicates that exper-
imentally observed solvatochromism is also qualitatively reproduced
by the exciplex ensemble.

Table I compares experimental peak positions and shifts with
the calculated shift for a single exciplex structure reported in our
prior work and the current study using the ensemble-based pro-
tocol. The mean absolute deviation from experimental emission
peaks is lower for the ensemble treatment with broadening (12 nm,

FIG. 4. Stick spectra of 27 unique exciplex structures for solvents of varying dielectric: (a) Cyclohexane (ε = 2.02), (b) diethyl ether (ε = 4.34), and (c) dichloromethane
(ε = 8.93).
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FIG. 5. Energy-weighted stick spectra of 27 unique exciplex structures plotted against the emission wavelength (in nm) for (a) cyclohexane (ε = 2.02), (b) diethyl ether
(ε = 4.34), and (c) dichloromethane (ε = 8.93). Width σ = 0.05 eV is used to broaden the spectra (black dashed). The spectra are re-scaled for ease of visualization.

TABLE I. Comparison of experimental emission peaks (nm) with our prior study employing a single structure protocol (“Calculated, single”), and the current work using an
ensemble of exciplex structures (“Calculated, ensemble”). The columns labeled “shift” refer to the solvatochromic shift between CyHex → Et2O and Et2O → DCM. The band
maxima and shifts in eV are reported in parentheses.

Experiment34 Calculated, single34 Calculated, ensemblea Calculated, ensemble (σ = 0.4 eV)b

Solvent λ Shift λ Shift λ Shift λ Shift

CyHex 428 (2.89) 421 (2.94) 446 (2.78) 441 (2.81)
Et2O 460 (2.69) 32 (0.20) 442 (2.80) 21 (0.14) 467 (2.65) 21 (0.13) 461 (2.69) 20 (0.12)
DCM 489 (2.53) 29 (0.16) 448 (2.76) 6 (0.04) 472 (2.62) 5 (0.03) 466 (2.66) 5 (0.03)
aThe maximum oscillator strength in the Boltzmann-weighted distribution with no broadening (σ = 0 eV).
bPeak position and shifts from the ensemble of exciplex structures with the broadening of σ = 0.4 eV.

0.07 eV) compared with a single structure (22 nm and 0.13 eV). An
ensemble-based protocol, however, does not improve the accuracy
of computed solvatochromic shifts.

We examine the possible role of the choice of implicit sol-
vation model on solvatochromic shifts. A prior study has shown
that the SMD model (solvation model based on charge density) for
implicit solvation90 yields better agreement with experimental solva-
tochromic shifts than C-PCM in the absorption spectrum of a sol-
vatochromic probe molecule, N,N-diethyl-4-nitroaniline.91 These
differences in model performance likely originate in their respective
choices of atomic radii and cavity construction method.90,91 When
employed to construct Boltzmann-weighted and broadened (σ =
0.4 eV) fluorescence spectra for the exciplex ensemble, SMD yields
emission peaks at 447, 465, and 476 nm (2.77, 2.66, and 2.60 eV)
for CyHex, Et2O, and DCM, respectively, with DCM showing the
highest difference between SMD and PCM peaks. The resulting
solvatochromic shifts are 18 nm (0.11 eV) and 11 nm (0.06 eV).
Thus, the SMD model yields emission wavelengths that are red-
shifted relative to the PCM values and performs marginally better
than the latter in predicting the solvatochromic shift between Et2O
and DCM. The trends in solvatochromic shifts and deviations of
PCM and SMD from the experiment agree with the study of vertical
excitation energies of N,N-diethyl-4-nitroaniline using state-specific
solvation models.91

The preceding analysis shows that our ensemble approach
to modeling exciplexes is not sufficient to completely capture the
solvent effects and that a refinement of the protocol for exciplex
calculations and solvent models is necessary. In the present work-
flow, we use a single ensemble calculated in CyHex and only include

solvent effects through single-point excitation energy calculations,
based on our prior work,34 where we observed that the solvent does
not affect the resulting excimer structures. Thus, our protocol does
not account for possible new structures that may arise in other
solvents. In addition to the solvents examined with the ensemble
approach, we noted in our previous work (using a single repre-
sentative exciplex structure) that modeling solvent as a dielectric
continuum fails to capture anomalous red shift observed in the exci-
plex emission from the aromatic solvent chlorobenzene (ϵ = 5.6) to
bromobenzene (ϵ = 5.2).34 We tentatively attributed this discrep-
ancy to the effect of π-stacking interactions between the solvents and
OPP∗.

It is very likely that a complete description of solvatochromism
in exciplexes requires an ensemble representation of the entire sys-
tem, including both the solvent and the solute. A prior study qualita-
tively reproduced trends in solvatochromism in vertical absorption
by explicitly modeling the solvation shell using hundreds of sol-
vent molecules and constructing the ensemble using snapshots from
molecular dynamics trajectories.91 However, quantitative agree-
ment was not achieved as smaller basis sets were employed to
keep the cost of simulation of these large models reasonable. A
spectra study of 5-methylcytidine, which is capable of hydrogen
bonding with solvent, shows that pure quantum mechanics (QM),
hybrid quantum mechanics/molecular mechanics (QM/MM), and
QM/MMmodels with molecular dynamics all yield absorption spec-
tra and solvatochromism with reasonable accuracy, although the
latter also captures spectral shapes better.92 QM/MM models with
polarizable embedding employed in conjunction with molecular
dynamics also have been shown to reliably predict solvatochromic
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shifts in the absorption wavelength of small molecules.93 Although
vertical absorption simulations are based molecular dynamics sam-
pling of the ground-state configurations, extending this approach to
ensemble simulations of exciplex emission would involve QM/MM
ab initio molecular dynamics simulations, which is more compu-
tationally demanding. In addition to higher computational costs
relative to absorption simulation, this requires careful screening of
excited-state dynamics snapshots to identify only those that possess
partial CT character.

Figure 6 shows the ensemble-averaged spectra superimposed
with the normalized experimental emission for CyHex and Et2O,
with the latter chosen owing to a sharper experimental peak posi-
tion compared with solvents of a higher dielectric. The emission
wavelengths corresponding to the highest oscillator strength in the
Boltzmann-weighted spectra are shown using blue-dashed lines. A
Gaussian broadening width of σ = 0.4 eV is used for the comparison.
The impact of increasing σ on the calculated spectrum is compared
against the exciplex part of the full fluorescence spectra in Fig. S5 in
the supplementary material. Considering the broad characteristics
of the experimental emission spectra, it is more appropriate to uti-
lize calculated spectra with a broadening of σ = 0.4 eV, rather than
a distribution without any broadening. Table I shows the associated
peaks for different solvents and solvatochromic shifts.

The peak positions of broadened spectra (σ = 0.4) are at 441
and 461 nm (2.81 and 2.68 eV) for CyHex and Et2O solvents,
respectively, which are red-shifted relative to the experimental
emission peaks by about 13 and 1 nm (0.08 and 0.01 eV) and
agree better than the peak positions in the unbroadened spectra
(Table I).

One possible limitation of our approach is that the configura-
tional space of exciplexes spanned is not complete, something that
can be partially remedied going forward by re-optimization of the
structures that were screened out owing to imaginary frequencies. In

FIG. 6. A comparison of ensemble-averaged spectra obtained from TDDFT calcu-
lation and normalized experimental emission spectra in CyHex and Et2O solvents.
We use σ = 0.4 eV for broadening. The heights of the peaks are adjusted to
appear comparable with the experiment. The emission wavelengths corresponding
to the highest oscillator strength in the energy-weighted but not broadened spectra
(σ = 0 eV) are marked with blue-dotted lines.

addition, we note that our approach assumes complete thermaliza-
tion of the excited states. To explore these issues, we are carrying out
ab initio molecular dynamics simulations on the excited state PES;
the results of this study will be reported elsewhere. Nevertheless, the
ensemble generated in this study encompasses exciplex geometries
that may be structurally difficult to distinguish but possess a wide
range of emission energies. This range may be sufficient to repro-
duce experimentally observed spectra, although capturing solvent
dependence will require the exploration of alternative implicit or
explicit solvation models.

[OPP-4–TEA]∗: Modified workflows and fluorescence

We extended the exciplex generation workflow to [OPP-
4–TEA]∗, motivated by unsatisfactory results of our prior
work—that a single structure-based analysis yields very similar
emission energies for [OPP-4–TEA]∗ and [OPP-3–TEA]∗, in dis-
agreement with experimental observation of longer experimental
fluorescence wavelengths for the former across various solvents.34
Here, we employ a slightlymodified procedure derived from the pro-
cedure used to construct the [OPP-3–TEA]∗ ensemble. Specifically,
we used 27 distinct exciplex geometries of [OPP-3–TEA]∗ to gen-
erate guess structures for [OPP-4–TEA]∗ by adding a fourth phenyl
group. For each of these structures, a phenyl group was appended
to terminal phenyl groups of OPP-3 in the +ve x-direction (Fig.
S1). To account for the additional degrees of freedom due to the
fourth phenyl group, 24 more geometries were constructed by plac-
ing the TEA with its N atom positioned atop specific carbon atoms
separated by ≈3 Å. Of these 24 structures, six consist of TEA ethyl
groups rotated symmetrically by ≈60○ about the vertical axis pass-
ing through the N atom. Further details of [OPP-4–TEA]∗ guess
structure generation are provided in Sec. S6 in the supplementary
material.

Figure 2 illustrates the remaining workflow steps of the
calculation—TDDFT following the first excited state and the ver-
ification of the exciplex character. Of the 40 unique geometries
obtained after eliminating duplicates, 34 local minima were iden-
tified using vibrational analysis, of which 25 exhibit significant CT.
We note that of the 51 guesses, the first excited state (although fol-
lowed in TDDFT optimization) does not correspond to the exciplex
or CT state in 9 geometries.

Table S5 in the supplementary material describes the character-
istics of the [OPP-4–TEA]∗ exciplexes. Similar to [OPP-3–TEA]∗,
the first excited state of [OPP-4–TEA]∗ is the exciplex state. The
orbital picture in Fig. S7 in the supplementarymaterial confirms that
partial CT occurs from TEA to OPP-4, and the particle NTOs are
localized to two consecutive phenyl rings, similar to [OPP-3–TEA]∗

(Fig. 3). Table S6 in the supplementary material reports emission
wavelength and oscillator strengths of [OPP-4–TEA]∗ exciplexes
in three solvents. In addition to comparing the [OPP-4–TEA]∗

TDDFT spectra (Fig. S8 in the supplementary material and Fig. 7)
with experiment, we assess whether the ensemble-averaged spec-
tra can explain the experimentally observed red-shift relative to
[OPP-3–TEA]∗.

Although it is difficult to compare structures on a one-to-
one basis, the emission wavelengths of [OPP-4–TEA]∗ (Table
S5 in the supplementary material) differ by −8 to 53 nm from
the [OPP-3–TEA]∗ (Table S3 in the supplementary material)
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FIG. 7. Energy-weighted stick spectra (green sticks) of 25 unique [OPP-4–TEA]∗ exciplex structures vs emission wavelengths (in nm) (a) Cyclohexane (ε = 2.02), (b) diethyl
ether (ε = 4.34), and (c) dichloromethane (ε = 8.93). The broadening width σ = 0.05 eV is used to plot the spectra (black dashed). Peak heights are scaled for better
visualization against the stick spectra.

ensemble. This is a clear indication that a single geometry is insuf-
ficient to describe the experimentally observed impact of acceptor
chain length on exciplex emission wavelength and that an ensem-
ble of geometries is required. Table II describes the differences in
emission characteristics observed with increasing chain length of the
acceptor. The experimental peaks for [OPP-4–TEA]∗ are at 444, 470,
and 503 nm (2.79, 2.64, and 2.46 eV) in CyHex, Et2O, and DCM,
respectively, red-shifted relative to [OPP-3–TEA]∗ by 16, 10, and
14 nm (0.10, 0.05, and 0.07 eV). The positions of the largest energy-
weighted transition (which represents the emission band maxima)
obtained with the exciplex ensemble are 460, 483, and 488 nm (2.69,
2.56, and 2.54 eV), respectively. With the exception of DCM, cal-
culated emission peaks are at longer wavelengths compared with
experiment. The differences between the computed band maxima
of [OPP-4–TEA]∗ and [OPP-3–TEA]∗—14, 16, and 16 nm (0.10,
0.07, and 0.07 eV), respectively—are in excellent agreement with
experiment.

As the change in broadening going from the [OPP-3–TEA]∗ to
[OPP-4–TEA]∗ exciplex is not known, we assume the same broad-
ening (σ = 0.4 eV) to calculate convoluted spectra for the latter.
Figure S9 in the supplementary material compares the two exciplex
ensembles. The peaks of the resulting spectra are at 448, 469, and
474 nm (2.76, 2.64, and 2.61 eV), with smaller differences between
them compared with the differences in unbroadened peak maxima
(Table II).

Therefore, although the ensemble model of an exciplex brings
us closer to experimentally observed fluorescence characteristics
compared with the single-structure representation used in prior
work by our group,34 discrepancies persist. They could be due to

the choice of solvation model, as we discussed above, or due to an
incomplete search space, particularly toward the longer wavelength
limit of the fluorescence spectrum. Going forward, the latter hypoth-
esis will be examined by comparing our results with those obtained
from the ab initiomolecular dynamics simulations. Finally, the lim-
itations of the employed quantum-chemistry method (TDDFT) can
be partially responsible for the remaining discrepancies—although
we used one of the best long-range functionals (ωB97X-D) in which
self-interaction error (SIE) is much smaller than in, for example,
B3LYP, where it is not completely eliminated. In a future study, we
will explore the effect of the residual SIE on exciplex properties.

Efficient workflows: Future work

We demonstrated that workflows can be employed to stream-
line otherwise tedious TDDFT calculations and verification of
excited-state CT complexes. Our work also clearly illustrated that an
exciplex state cannot be completely represented by a single geome-
try. A distribution of structures brings computational predictions of
spectral features and chain-length dependence closer to experiment
than the use of a single representative geometry. One limitation of
our approach lies in the first step of the workflow. We assumed that
the first excited state corresponds to the exciplex state in the guess
structure, which is the mode that is followed in the course of TDDFT
optimization. However, this is not always true, as we found even
in this study for both exciplex ensembles, and cannot be general-
ized across different levels of theory. Therefore, our main goal going
forward is to improve the workflow implementation. An excited-
state Mulliken charge analysis on the guess structure will determine

TABLE II. Difference between emission wavelengths (nm) of [OPP-4–TEA]∗ and [OPP-3–TEA]∗ exciplexes obtained from
(a) Experiment,34 (b) single structure,34 (c) ensemble peak (without broadening, σ = 0 eV), and (d) ensemble fluorescence
peak (σ = 0.4 eV). The differences in eV are reported in parentheses.

Solvent Experiment Single structure
Ensemble peak
(σ = 0 eV)

Ensemble peak
(σ = 0.4 eV)

CyHex 16 (0.10) 1 (0.01) 14 (0.10) 7 (0.043)
Et2O 10 (0.05) −1 (−0.01) 16 (0.07) 8 (0.045)
DCM 14 (0.07) −2 (−0.01) 16 (0.07) 8 (0.045)
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whether the first excited state corresponds to a partial CT state, and
we will apply the subsequent TDDFT optimization and characteri-
zation steps of the workflow only to those structures that satisfy this
criterion. Such workflows will eliminate the optimization of states
that have no CT character. Furthermore, following existing routines
for ground-state optimizations, we will implement Custodian rou-
tines to restart TDDFT optimization jobs for those that yield one or
more imaginary vibrational modes.

CONCLUSIONS

In this work, we tested our hypothesis that the red-shifted broad
fluorescence band characteristic of exciplexes in general, and the
[OPP–TEA]∗ partial CT complex, in particular, is the result of the
emission of a distribution or ensemble of geometries. We devel-
oped an ensemble-based protocol in which exciplexes are screened
using high-throughput Q-Chem calculations. This is accomplished
by means of modifications to a local version of the pymatgen soft-
ware for parsing excited-state input/output and the use of FireWorks
to construct workflows for excited-state optimization and exciplex
verification and Custodian for error handling. Of the 130 initial
geometries, we successfully identified 27 unique [OPP-3–TEA]∗

exciplex structures by systematically screening out duplicates, ver-
ifying minima, and identifying those with strong CT character
using tools including exEDA, NTO, and excited-state Mulliken
analysis. We constructed the fluorescence spectra by Boltzmann-
weighting individual structures. These spectra agree better with
experiment than the spectra computed for a single exciplex geom-
etry identified in prior work in our group. However, we believe
that in order to accurately describe solvatochromism, alternative
solvation models beyond C-PCM are necessary. We extended this
workflow to calculate the [OPP-4–TEA]∗ exciplex ensemble, which
resulted in 25 unique geometries. Once again, a distribution of struc-
tures provides a significantly improved description of the exciplex
state than a single structure. This is illustrated by the computed
red shifts of [OPP-4–TEA]∗ relative to [OPP-3–TEA]∗ in vari-
ous solvents for which the ensemble approach agrees better with
experiments.

SUPPLEMENTARY MATERIAL

The supplementary material contains excited-state proper-
ties of [OPP-3–TEA]∗ and [OPP-4–TEA]∗ exciplexes. The struc-
tural information of exciplexes, NTOs showing the hole and elec-
tron orbitals, and emission spectra for [OPP-4–TEA]∗ are also
available.
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