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ABSTRACT: Combined structural, photophysical, and quan-
tum-chemical studies at the quantum mechanics/molecular
mechanics (QM/MM) level precisely reveal the structure—
property relationships in a mixed-stack donor—acceptor
cocrystal, which displays vibronically structured fluorescence,
strongly red-shifted against the spectra of the parent donor and
acceptor, with high quantum yield despite the pronounced CT
character of the emitting state. The study elucidates the
reasons for this unusual combination, quantifies the ordering
and nature of the collective excited singlet and triplet state
manifold, and details the deactivation pathways of the initially
created Franck—Condon state.

O rganic semiconductors have been intensively investigated
through the past decades for applications in (opto)-
electronics that cannot be realized by their inorganic counter-
parts due to a number of advantages in film thickness, flexibility,
low weight, transparency, price, and chemical versatility.l_%
Within the past few years, increasing efforts have been
dedicated toward next-generation multichromophoric materials
to achieve novel functionalities by cooperative effects that
cannot be achieved by one component alone.*”® However,
despite the rapid progress in materials development, the
understanding of the resulting electronic, optical, and photo-
physical properties remains largely qualitative, mainly due to
the complex interplay of intra- and intermolecular contributions
as well as morphology issues, which control the materials’ final
optoelectronic properties.” '’ Thus, unbiased rational design of
complex organic semiconductor materials is one of the key
challenges of the field,"'~"* which can only be developed if
structurally well-defined model systems are first properly
understood by a combination of advanced photophysical
techniques and appropriate computational methods.”"’

We have recently proposed a multichromophoric material,
being a single crystalline, densely packed 1:1 D—A mixed-
stacked charge-transfer (CT) cocrystal based on distyrylben-
zene (DSB) derivatives with largely spatially separated frontier
molecular orbitals (MOs).'"* Besides its ambipolar charge
transport character driven by superexchange mechanism,"*~"'°
the crystal promotes an unconventional fluorescence with a
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strongly red-shifted spectrum against pure D and A materials
due to its pronounced CT character and at the same time a
high quantum yield (QY) of more than 30% (see Figure 1). In
the present report, we will elucidate the reasons for this
unprecedented combination of strong intermolecular CT
character and high fluorescence QY, analyze the intermolecular
vibronic contributions in the CT emission, and give detailed
insight in the excited state manifold that governs the unique
photophysics in the system. This requires a correlation of the
intra- and intermolecular structural features, as extracted from
X-ray analysis, with the excited state (photo)dynamics in the
luminescent CT cocrystal, done here by a combination of
(time-resolved) fluorescence spectroscopy, subpicosecond
pump—probe Vis/NIR absorption spectroscopy, and carefully
designed QM/MM (quantum mechanics/molecular mechan-
ics) calculations.

Steady state UV—vis absorption spectra were recorded on a
nanoparticle (NP) suspension with 1:1 stoichiometry (5 X 107¢
M). In contrast to single crystal (SC) samples, this allows the
intrinsic absorption to be measured without being masked by
high optical densities.” In fact, the intermolecular arrangement
in the NP and SC samples are likely to be similar as suggested
by the correspondence in their fluorescence spectra;'* the latter
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Figure 1. Top: Chemical structure of the donor (D) and acceptor (A)
molecules and crystal structure.'* Bottom: Experimental absorption
(right) and fluorescence (left) spectra of the cocrystal nanoparticle
suspension (black solid lines). Calculated absorption spectra (TDA-
@wB97X-D, pure electronic transitions; Gaussian broadened with ¢ =
0.2S eV; normalized intensity); pink dashed line: untuned (y = 0.20;
shifted by —0.5 eV;), green dash-dotted line: IP-tuned (y = 0.13).
Inset: emission (left) and absorption spectra (right) of donor (blue)
and acceptor (red) nanoparticle suspensions.

is indeed a sensitive measure for intermolecular arrangements.m
The absorption spectrum shows rather plain features with
essentially three bright electronic transitions in the visible (see
Figure 1). Low lying absorption peaks at 2.38 and 2.55 eV are
assigned to the apparent (0—0, 0—1) vibronics of the S, — S,
transition,'” where the center of the band (ie. the vertical
transition) coincides approximately with the 0—1 feature; the
transition to S, consists of vibronics at 2.94 eV (0—0) and 3.12
eV (0—1), and to S; of vibronics at 3.36 eV (0—0) and 3.59 eV
(0—1). The molar extinction coefficient (and thus oscillator
strengths) of S, (and S,) is rather low (ie. &,, = 1.1 x 10*
M "-cm™ per D—A pair; Figure 1 and Supporting Information,
SI), whereas that of S; is intense (&,,3 = 12.5 X 10*M™t-em™).
The strong bathochromic shift of the S, — S, transition by c. 1
eV agamst the pure donor and acceptor spectra (located around
3.40 eV)'" indicates strong CT character, however, with non-
negligible oscillator strength (f = 0.15; as obtained by
integration, see SI), suggesting considerable wave function
overlap for the transition. On the other hand, the energetic
position and the high extinction coeflicient of S; suggests a
delocalized zz*-type transition similar to the pure donor or
acceptor molecules.

To verify the assignment, we conducted density functional
theory (DFT) studies. However, calculations of larger clusters
are computationally expensive, whereas gas-phase dimer
calculations do not take into account the effects of crystal
packing on geometries. We thus conducted a hybrid QM/MM
approach, where the QM system comprised a D—A pair treated
at the DFT level, embedded in an MM molecular cluster built
according to the known crystal structure,'* and treated with the
Dreiding force field (without charges).lx This methodology was
recently applied for the calculations of DSB clusters,
demonstrating that the essential electronic and vibronic features
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of the crystal emission spectrum are well reproduced with
embedded clusters of modest size."” Such localization is even
more pronounced for the current D—A system.'* Indeed, our
calculations on larger, symmetric D—A—D, A—D—A , and D—
A—D—A-D stacks demonstrate that coupling to shear modes
which decreases the lateral D—A offset results in full
localization of the emissive exciton onto a single D—A pair,
validating our dimer-approach (see SI Figure Q8). Geometry
optimization and vibrational normal mode calculations were
performed using the ONIOM approach,”® with the MM atoms
frozen in their experimental crystal structure positions, and so
optimized geometries and normal coordinates were only
obtained for the QM region. The S, geometry was optimized
with the range-separated, dispersion-corrected @B97X-D func-
tional.”' Excited state calculations were performed with the
same functional using the Tamm-—Dancoft approximation
(TDA) to obtain a better estimation of triplet energies, and
employing both the untuned range separation parameter (i.e. y
= 0.20 a.u.) and a system-specifically ionization potential (IP)
tuned value of y = 0.13 to improve the description of excited
(in particular CT) states.”” In order to simulate the
fluorescence spectrum including vibronic coupling effects,”’
the relaxation of the excited state geometry was also studied
with the system-specifically gap-tuned (time-dependent; TD)
LC-BLYP functional (y = 0.17),”* as @B97X-D calculations
predicted large changes in geometry for which the harmonic
approximation was found to be inadequate, while S; and S,
geometries optimized with LC-BLYP (y = 0.17) provided
reasonable agreement with experiments (vide infra). The 6-
31G™** basis set was used in all cases and all calculations were
performed using Gaussian09;”° for further details. see SL.

The calculated TDA-DFT vertical transition energies
essentially confirm our state assignment made above, and
show an overall good agreement with experiment. The untuned
®B97X-D functional (y = 0.20) gave three bright singlet states
at 3.05 eV (f=0.17), 3.51 eV (f=0.31) and 3.96 eV (f = 3.01),
which agrees very well in relative energles and intensities with
experiment, if red-shifted by 0.5 ¢V*® (see pink dashed line in
Figure 1). The Sy — S, transition mainly arises from HOMO
(H) to LUMO (L) excitation (93%), where H (L) is exclusively
localized in the donor (acceptor) unit. The fact that H-1 and H-
2 are relatively close in energy to H (see SI) results in admixing
of H1 — I, H2 — L excitations in the configuration
interaction (CI) description (see SI), which significantly
enlarges the oscillator strength. The Sy — S, transition reveals
partial CT character with main CI contributions by H-1 — L,
H-2 — L and thus enlarged oscillator strength compared to S,
while the most intense S, — S; transition is mainly donor-
localized (H — L+1, H — L+2). In the IP-tuned variant of the
®B97X-D functional (y = 0.13; green dash-dotted line in Figure
1), four relevant singlet states are obtained, with E(S;) = 2.56
eV (f=0.11), E(S,) = 3.20 eV (f = 0.18), E(S,’) = 3.55 eV (f =
0.14), and E(S;) = 3.75 eV (f = 3.20) with quite similar CI
descriptions compared to the untuned functional, in particular
for Sy — S;. The absolute position of S; obtained by the tuned
functional agrees well with experiment, whereas relative
energies and intensities are less well-reproduced compared
with the untuned calculations. In order to visualize the rather
complex electronic situation in the relevant electronic states,
the differences in the excited state densities of holes and
electrons for the relevant excited states are shown in the term
diagram of Figure 2, in particular highlighting the strong CT
character of S; and the mainly donor-localized character of S;.
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Figure 2. Term diagram for the cocrystal system based on the
embedded D—A pair model. Adiabatic energies of the singlet manifold
according to the 0—0 bands of the experimental spectrum (left); the
S;—T, gap was estimated from IP-tuned TDA-wB97X-D calculations.
Excited state density differences (light blue = negative, violet
positive) predicted by nontuned TDA-wB97X-D calculations are given
on the right. Rate constants for the S,/T deactivation pathways which
constitute the TADF process are indicated (fluorescence kg,
phosphorescence kp, nonradiative deactivation to the ground state
from the singlet k°; and triplet state k¢, intersystem crossing from the
singlet kisc and triplet state k'jgc).

It should be stressed that both methods give a rather large
S,—S, gap, ie. 0.64 eV (0.46) eV for the (un)tuned variant in
good agreement with experiment (0.56 eV), and as well as a
large S;—S; energetic separation (experiment: 0.98 eV), see
Figures 1 and 2. This has important consequences for the
deactivation within the singlet and triplet manifold; in fact, for
internal conversion (IC) from S; to S;, we found a relatively
slow time constant of about 600 fs in the pump—probe
measurements (for details see SI). This is clearly evidenced by
the delayed buildup of stimulated emission matching the
fluorescence spectrum in Figure 1, ie. a feature specific to the
S, state,”” The rather slow IC reflects the large interstate
separations in the S manifold of the cocrystal and possibly also
changes in the CT character between these states in agreement
with the QM/MM results.

A further consequence of the nature of the frontier orbitals is
the state ordering within the triplet manifold, which is reflected
in both tuned and untuned TDA-DFT calculations in the same
qualitative way: with increasing CT character, the exchange
energy (ie. separation between corresponding singlet and
triplet states) becomes smaller, so that the corresponding triplet
states of S; (strong CT), and S, (medium CT) get closer in
energy (see Figure 2), generating triplets T;, T; with more
complex CI description compared to the singlets (see SI) and a
significantly reduced CT character of T; compared to S;. As
such, the S;—T) gap is not expected to be as small as in CT
states where such mixing does not occur. AEgy is predicted to
be 0.73 eV by the untuned functional and 0.35 eV by the IP-
tuned functional (Figure 2). On the contrary, although the
exchange energy of the localized S; state is as large as 1.3 (1.4)
eV according to the (un)tuned calculations, the large S;—S;
separation still places the corresponding triplet state of S; above
T, being in fact T, as shown in Figure 2 (for details, see Tables
Q2, Q3 and Figure Q4 in the SI).
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The fluorescence properties of the cocrystal exhibit particular
features that arise from the specific D—A arrangement in the
cocrystal. Due to the strong CT character of the Sy&S,;
transition, deep red emission is observed (Figure 1), strongly
bathochromically shifted against the pure donor and acceptor
materials."* Despite the CT character of the emitting state, the
emission at room temperature (RT) is vibronically structured
(with apparent vibronic bands at 2.18 and 2.02 eV). Cooling
the crystal to 1.4 K further sharpens the spectrum (Figure 3);
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Figure 3. Simulated (pink) and experimental (black) PL spectra of the
cocrystal. Inset: superimposed calculated S, and S; geometries of the
donor (D) and acceptor (A). The experiment was recorded on a single
crystal at 1.4 K. Simulations were based on the S; geometry obtained
from TD-LC-BLYP (y = 0.17) calculations.

however, the linewidth remains about 0.1 eV, so that details of
the vibronic progressions and intercombinations cannot be
resolved; contrary to that, e.g., distyrylbenzene single crystals
exhibit linewidths smaller than 0.02 eV at 1.4 K.*° The well-
resolved features at RT are rather unexpected since emission
from CT states like excimers or exciplexes are usually broad and
featureless, as a result of large reorganization energies. It should
be kept in mind, however, that the actual reorganization will be
a sensitive function of the specific geometrical rearrangement
upon electronic (de)excitation. For perfect m-stacks of
homodimers, i.e. with very small lateral displacements between
identical molecules, indeed excimer-like spectra are ob-
tained,””*° arising from a substantial decrease of the interplane
separation due to substantial CT contributions.”® This leads to
highly efficient coupling of breathing modes which strongly
broadens the spectrum.”” In the current case, donor and
acceptor are laterally displaced along the long axis (x-slip) by
32 A (see Figure 3). The main intermolecular geometrical
change upon S, — S, excitation is a reduction of the x-slip by
0.27 A as calculated by TD-DFT (LC-BLYP; y = 0.17), whereas
the change in the interplane separation (3.2 A) is negligible
(see Figure 3 and Figure Q6 in the SI). This provokes coupling
of shear modes to the electronic transition, which change the
lateral displacement, however, with moderate coupling
efficiency. The calculated spectrum in the 0 K limit was
obtained by a fully atomistic calculation of the vibronics for the
embedded dimer (see Figure 3). Remarkably, the calculation
not only reproduces the experimentally observed spacing
between the apparent vibronics, but in particular the line-
width of the experimental spectrum obtained at 1.4 K, although
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only a very small broadening (fwhm 6 meV) was applied.”!
According to our Franck—Condon analysis, the existence of the
unresolved features at 1.4 K indeed arises from vibronic
coupling of shear modes as determined by the specific CT
character of the cocrystal; the coupling is, however, significantly
lower than what is typically observed for the breathing modes
in excimers (with Huang—Rhys factors of up to S = 7).”’

The fluorescence QY of the single crystals was measured as
®;. = 0.31-0.37 depending on crystal size and quality.”* The
fluorescence lifetime of the single crystal (as measured by time-
correlated single photon counting; TCSPC) is monoexponen-
tial with 7z = 17.0 ns (see SI), which allows the calculation of
the radiative and nonradiative rates via kp = ®y/7p and k,, = (1-
@) /7, respectively. Inserting an average of @y = 0.35, we
obtain kz = 0.021 ns™', which is large for CT emission, and
arises from the high oscillator strength of the CT state as
discussed above; in fact, estimation of the radiative rate via the
Strickler—Berg equation gives virtually the same value (see SI).
The nonradiative decay rate yields k,, = 0.038 ns™", which is
rather low for organic solid state samples,m and reflects the
dense packing of molecules in the crystal, which restricts large
amplitude vibrations. It also indicates that trapping of excitons
is not of importance in the current material, which would lead
to strongly enhanced nonradiative rates and nonexponential
decays.” In principle, such traps can be reached through fast
exciton migration, however, the high crystal quality and the
long pathway toward the surface of the macro-sized crystals
inhibit trapping.” This is very different in nanoparticles of the
D—A system with particle sizes of about S0 nm (as determined
by dynamic light scattering; see SI); in fact, here the QY is
significantly lower (@ & 0.15), accompanied by nonexponen-
tial lifetimes that are shorter compared to the single crystal
(mean lifetime 9.2 ns; see SI). The exciton diffusion length Ly,
can be estimated from the singlet—singlet annihilation kinetics
from femtosecond pump—probe measurements (see SI) giving
Ly =~ 30—40 nm. This is much smaller than the dimension of
the single crystal but very similar to the nanoparticle size,
rationalizing the high trapping probability in the nanoparticle
system.

The nature of the nonradiative decay is ascribed mainly to
direct internal conversion (IC) from S, to S, whereas
intersystem crossing (ISC) to the triplet manifold appears to
be a minor pathway since neither phosphorescence was
detected, nor delayed fluorescence via thermally activated
delayed fluorescence (TADF) or triplet—triplet annihilation
(TTA), investigated by careful TCSPC experiments on a
microsecond time scale under varying laser flux.”> The absence
of TADF came somewhat as a surprise to us since we initially
assumed that the strong infermolecular donor/acceptor frontier
MO localization should enhance back-/ISC as in fact observed
for intra-**** and intermolecular CT complexes.*™** The S,—
T, gap in such complexes is mainly driven by the MO energetic
offset between the D/A moieties,® which allows for ISC via
second-order spin—orbit coupling. This, however, will
sensitively depend on the nature of the accepting triplet state
T,, and its energy separation from S,. Thus, we ascribe the low
efficiency for back-/ISC in the current cocrystal to the strong
state mixing within the triplet manifold, which leads to only
partial CT character and low energies of the accepting triplet
states as revealed from our theoretical analysis drawn above
(Figure 2).

In summary, we have conducted a carefully designed in-
depth photophysical and quantum-chemical study via a QM/

3685

MM scheme of a densely packed, structurally and electronically
well-defined mixed-stack donor—acceptor cocrystal. Together
with the available structural information, this allowed us to
explore the details of the singlet and triplet state manifolds, and
to fully elucidate the electronic nature, vibronic features, and
kinetics of the charge transfer (CT) emission. The crystal
displays strongly red-shifted fluorescence with high quantum
yield despite the pronounced CT character of the emitting state
due to a combination of different factors, namely (i) a fairly
high oscillator strength of the CT state as driven by
configuration interaction, (ii) a low internal conversion rate
due to dense packing, and (jii) low trapping probabilities
because of the single-crystal quality of the sample, where
surface trap states cannot be reached within the singlet exciton
lifetime. The QM/MM studies revealed strong state mixing in
the triplet manifold, which effectively diminish intersystem
crossing despite the strong CT character of the lowest singlet
state. Clear signatures of intermolecular vibronic coupling are
found in the CT emission and assigned to shear modes of
moderate coupling efficiency. Our study thus clearly demon-
strates that electronic, optical and photophysical properties of
complex organic solid state systems can be indeed successfully
elucidated if full structural information via X-ray analysis is
combined with (advanced) photophysical techniques and
carefully selected, well-justified computational methods.
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