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1 Introduction

Physical.Chemistry Chemical Physics

Comparing the Structures and Photophysical Properties of Two
Charge Transfer Co-crystals

Ali Abou Taka, 2 Joseph E. Reynolds Ill, 2 Neil C. Cole-Filipiak, » Mohana Shivanna, 2 Christine J. Yu, ®
Patrick Feng,@ Mark D. Allendorf, ? Krupa Ramasesha, ? Vitalie Stavila, ? and Laura M. McCaslin®*

Organic co-crystals have emerged as a promising class of semiconductors for next-
generation optoelectronic devices due to their unique photophysical properties. This
paper presents a joint experimental-theoretical study comparing the crystal structure,
spectroscopy, and electronic structure of two charge transfer co-crystals. Reported
herein is a novel co-crystal Npe:TCNQ, formed from 4-(1-naphthylvinyl) pyridine (Npe)
and 7,7,8,8-tetracyanoquinodimethane (TCNQ) via molecular self-assembly. This work
also presents a revised study of the co-crystal composed of Npe and 1,2,4,5-
tetracyanobenzene (TCNB) molecules, Npe:TCNB, herein reported with a higher-
symmetry (monoclinic) crystal structure than previously published. Npe:TCNB and
Npe:TCNQ dimer clusters are used as theoretical model systems for the co-crystals; the
geometries of the dimers are compared to geometries of the extended solids, which are
computed with periodic boundary conditions density functional theory. UV-Vis
absorption spectra of the dimers are computed with time-dependent density functional
theory and compared to experimental UV-Vis diffuse reflectance spectra. Both Npe:TCNB
and Npe:TCNQ are found to exhibit neutral character in the S, state and ionic character
in the S; state. The high degree of charge transfer in the S; state of both Npe:TCNB and
Npe:TCNQ is rationalized by analyzing the changes in orbital localization associated with
the S; transitions.

exhibiting behaviors such as ambipolar charge transport,3>® tunable
emission,” and room temperature ferroelectricity.>°

In the search for semiconducting materials with tailored
optoelectronic properties, organic co-crystals have emerged as
particularly promising for applications in integrated photonics,
photovoltaic devices, and organic LEDs.'* Co-crystals are
crystalline, single-phase materials composed of two or more
molecular compounds that interact noncovalently.? One class of
these, charge transfer (CT) co-crystals, can be defined by CT
interactions between molecular subunits of electron donor and
acceptor molecules.? Organic CT co-crystals are particularly
interesting for the development of optoelectronic devices,
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There are significant challenges to finding combinations of
donors and acceptors that produce co-crystals with properties such
as long exciton lifetimes. Researchers use the principles of rational
design to identify structure-function relationships to correlate
properties of individual molecules to the properties of bulk
materials.31114 High-throughput screening and machine learning
methods are also commonly used to identify candidate materials.'>
19 These methods screen combinations of donor and acceptor
molecules to predict materials’ bulk physical properties from
molecular metrics based on geometric and energetic
parameters.2%21 Machine learning and high-throughput screening
approaches rely on fundamental studies of materials that employ
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crystal structure determination, spectroscopic characterization, and
electronic structure characterization.

In this work we present a comparative study of the structural
properties of two D-A co-crystals: 4-(1-
naphthylvinyl)pyridine  (Npe)  co-crystalized with  1,2,4,5-
tetracyanobenzene (TCNB) and Npe co-crystalized with 1,2,4,5-

and photophysical

tetracyanoquinodimethane (TCNQ), shown in Figure 1. We report a
revised crystallographic study of Npe:TCNB, in which we find a
monoclinic crystal structure, in contrast to the previously reported
triclinic structure.?2 A crystal structure of the second system studied
here, Npe:TCNQ, has not been reported to date; we thus present
the first studies of the structure and photophysical properties of
Npe:TCNQ. Theoretically, the Sq optimized geometries of the D-A
dimer models are computed using density functional theory (DFT).
Dimer geometries are compared to calculations of the crystal
structures, computed with periodic boundary conditions (PBC) DFT,
to assess structural differences arising from the constraints of the
extended solid. We benchmark our DFT methods and choice of
dimer conformer by comparing experimental crystal and theoretical
dimer UV-Vis spectra. We report the degree of CT in the ground (So)
and first electronically excited singlet state (S;) of our theoretical
dimer models and rationalize these values by computing the degree
of electronic localization change between the S; transition orbitals
of the D-A complexes using a recently developed metric.?!

2 Methods Section
2.1 Computational Methods
2.1.1 Methodology

A variety of DFT methods and basis sets were benchmarked and
used to identify possible minimum energy structures along the
neutral Npe:TCNB and Npe:TCNQ dimer potential energy surfaces
(PESs), with additional information given in ESI Tables S1-S2.
Geometry optimizations and relative energies were computed and
compared using functionals wB97X-D, B3LYP, B3LYP-D3, CAM-
B3LYP, CAM-B3LYP-D3, and M06-2X and basis sets 6-31G(d,p), 6-
31+G(d,p), and 6-311+G(d,p), resulting in 18 combinations of
functional and basis set.23-30 Here, a D3 suffix on the functional
name refers to the Grimme D3 dispersion correction, needed for
the calculation of non-covalent bonding interactions.3® We find that
CAM-B3LYP-D3/6-31+G(d,p) calculations of the dimer clusters best
reproduce the geometries found in the experimental crystal
structures and UV-Vis spectra without the need for any long-range
parameter tuning. In the search for local minima on the dimer PESs,
guess dimer geometries were generated by extracting the donor-
acceptor subunit geometry from the experimental crystal structure
and rotating the donor relative to the acceptor, keeping the =«
stacking motif intact. Small increments in rotation angle between
the donor and acceptor (2°) enabled an exhaustive search of
relevant conformers. Geometry optimizations of theoretical crystal
structures were performed with periodic boundary conditions (PBC)
DFT using the hybrid functional HSEO6 and 6-31G(d,p) basis; the
experimental crystal structure geometries were used as initial
guesses.?’-2%31 Hybrid functionals such as HSE06 combine semi local
exchange and non-local Hartree-Fock exchange, yielding improved
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band gaps, excitation energies, and thermochemical properties
compared to those computed with pure functionals (see Ref. 32 and
references within). Minimum structures were obtained by
optimizing all coordinates and unit cell lengths using an energy
convergence criterion of 107>. The number of k points used for
Npe:TCNB is 28 and for Npe:TCNQ, 36. Direct band gaps are
reported using these PBC DFT parameters. Excited state
calculations were carried out using CAM-B3LYP-D3/6-31+G(d,p)
within the linear response time—dependent DFT (TDDFT) formalism,
with additional details given in ESI, Tables S3-S12 and Figures S14-
23.3335 Natural bond orbital (NBO) population analysis3® has been
shown to perform well in quantifying the degree of CT in donor-
acceptor systems3’-3° and is used here to analyze Sy CT in the
complexes. Transition density matrix (TDM) analysis was used to
calculate the degree of CT in the S; states using Theodore, which
has been shown to reliably quantify S; CT.?%40 Excited state analysis
was facilitated by Martin’s Natural Transition Orbital (NTO) model.*!
All calculations described in 2.1.1 were carried out using
the GAUSSIAN suite of electronic structure programs, G16.42 The
computed UV-Vis spectra reported in Figures 7a and 10a are
gaussian broadened with standard deviation o = 0.2 eV using the
UV-Vis plotting tool in G16.#? Stability was tested on all converged
Kohn—Sham determinants.*® Stationary points were verified as
minima using harmonic frequency analysis, employing analytical
second—derivative calculations.** All relative energies of structures
are zero-point energy corrected, employing the harmonic
approximation. See ESI Tables S1-S2 for more details.

Calculations of the changes to orbital localization in the S;
transitions are performed as suggested in Ref. 21. Orbital
localization is quantified by computing the integral overlap between
donor HOMO and D-A dimer HOMO, as well as acceptor LUMO and
D-A dimer LUMO, which we refer to as orbital similarity. These
orbital similarity values range between 0 (no similarity) and 1 (same
orbital). Donor and acceptor geometries are taken to be the
geometries they assume in the optimized D-A dimer complex (i.e.
donor and acceptor geometries are not geometric minima of the
isolated molecules), allowing for the simplification that the overlap
matrix of atomic basis functions between donor and D-A complex
(as well as acceptor and D-A complex) is equivalent to the self-
overlap of atomic basis functions, reported in the output of our
electronic structure calculations.?

2.2 Experimental Methods
2.2.1 General Comments

All co-crystals were synthesized in ambient conditions. 1,2,4,5-
tetracyanoquinodimethane (TCNQ) was purchased from Acros
Chemical and wused as received. 1,2,4,5-tetracyanobenzene
(TCNB) and 4-(1-naphthylvinyl)pyridine (Npe) were purchased from
TCl America and used as received. All organic solvents were
purchased from Sigma-Aldrich and used as received.

2.2.2 General Instrumentation

Powder X-ray Diffraction (PXRD): Patterns for the bulk powders
were collected with a Panalytical Empyrean Diffractometer system
equipped with a PIXcel3D detector using CuKa radiation using

This journal is © The Royal Society of Chemistry 20xx
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samples loaded in glass capillaries (Charles Supper, Inc.) and sealed
with vacuum grease. See Figures 5a, 8.

Single Crystal X-Ray Crystallography (SCXRD): Suitable crystals
were mounted on a thin glass fiber using perfluoropolyether oil,
which was frozen in situ by a nitrogen gas cryostream flow. Data
collection was performed on a Rigaku Super Nova diffractometer
equipped with an AtlasS2 CCD, and Oxford 700 low-temperature
attachment, using CuKa (A = 1.54184). Using Olex2, structures were
solved with the SHELX structure solution program using Direct
Methods and refined with the SHELXL refinement package using
least squares minimization. See additional details in ESI, Figures S1-
S9 and ESI Section 3.

Fourier Transform Infrared (FTIR): Spectra were obtained with an
Agilent Cary-630 spectrometer, with an attenuated total reflectance
module containing a diamond crystal. See additional info in ESI,
Figures S10-S11.

Elemental Microanalyses: Elemental microanalyses
performed by Galbraith Laboratories, Inc. (Knoxville, TN).

were

Photoluminescence (PL) Spectroscopy: Photoluminescence spectra
were collected using an Edinburgh Instruments FLS1000 fluorimeter
equipped with a 450 W Xenon arc lamp for steady-state
measurements and a 375 nm picosecond pulsed light emitting
diode for time-resolved measurements. Single-grating Czerny-
Turner excitation and emission monochromators were used along
with a cooled PMT-900 photomultiplier detector that covers a
range of 185-900 nm. Absorption spectra were collected between
300-540 nm monitoring the emission at a wavelength of 550 nm.
Emission spectra were collected between 424-740 nm with an
excitation wavelength of 375 nm. See Figure 5b-c.

2.2.3 Synthesis of Npe:TCNB co-crystals

Npe:TCNB co-crystals were synthesized by dissolution of 0.5 mmol
TCNB and 0.5 mmol Npe in a 20 mL vial with 6 mL of a 1:1
DMF:MeCN solvent. Once fully dissolved, the yellow solution was
allowed to slowly evaporate forming broad needle-like crystals.
Bulk powder form of the Npe:TCNB co-crystals can be formed by
the mixing of two separate TCNB and Npe solutions in pure MeCN.

2.2.4 Synthesis of Npe:TCNQ co-crystals

Npe:TCNQ co-crystals were synthesized by dissolution of 0.15 mmol
of Npe and 0.1 mmol of TCNQ, combined in a 7 mL vial with 4 mL of
MeCN and heated/boiled until all solids were dissolved. This
resulted in a dark green solution, forming small blue-like plates as it
slowly cooled to room-temperature overnight. (Note: the
crystallographic ratio is the opposite of the synthesis conditions).
Further purification and isolation were achieved by washing with
cold MeCN.

2.2.5 Diffuse Reflectance Spectra

UV-Vis and near-IR spectra of solid Npe, TCNB, TCNQ, Npe:TCNB,
and Npe:TCNQ were acquired in diffuse reflectance mode using a
Perkin-Elmer Lambda 1050+ spectrophotometer. Samples were
finely ground and mixed with MgO powder (~40 um particle size)
to make ~1 wt.% mixtures. Sample mixtures were then pressed
against a CaF, window mounted onto the side of a 100 mm
integrating sphere.

This journal is © The Royal Society of Chemistry 20xx
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2.2.6 Band Gap Determination

To compute the optical band gap of each co-crystal, the diffuse
reflectance spectra shown in Figures 7b, 10b were first transformed
using the Kubelka-Munk transformation.*> The resulting F(R)
spectra were treated as pseudo-absorption functions, assuming the
scattering coefficients are constant for small spectral windows near
the onset of the lowest energy feature. In this approximation, the
linear portion of plots of F(R)*Y vs. photon energy were
extrapolated to the x-axis to determine the optical band gap.*¢ For
direct band gap materials, such plots appear linear fory = 1/2
whereas indirect band gap materials show good linearity fory = 2.
F(R) plots for both materials, along with linear extrapolations, are
presented in ESI, Figures $12-S13. As none of these F(R) plots show
obvious improvements in linearity, we report the direct band gap.
Due to the vibronic structure observed in Npe:TCNQ, multiple linear
fits were performed up to the lowest energy shoulder at ~862 nm.

3 Results and Discussion

Dimer cluster geometries are optimized to determine a low-energy
conformer before properties such as orbital energies and
vibrational frequencies are calculated. We perform detailed
benchmarking of (1) the level of theory/basis set, and (2) the
comparison between theoretical and experimental spectroscopic
data to validate our methods and models.

In this section we compare two D-A co-crystal systems
with commonly used donor and acceptor molecules. These two co-
crystal systems employ the same donor molecule, Npe, and
structurally similar acceptors, TCNB and TCNQ. The first acceptor,
TCNB, has been used in the synthesis of co-crystals with
applications in waveguides and photoswitching devices.?2474¢ The
second acceptor, TCNQ, is one of the most widely studied acceptor
species due to its high electron affinity (EA). 84952 Co-crystals with a
TCNQ acceptor are known for strong CT character and some exhibit
room temperature ambipolar charge transport.647-52  While
Npe:TCNB co-crystals have recently been of interest in the
development of waveguides for integrated photonics,?? to the
authors’ knowledge, Npe:TCNQ co-crystals have not been reported
to date

3.1 Comparing Orbital Overlap and Charge Transfer of Npe:TCNB
and Npe:TCNQ

We performed scans of the PESs of Npe:TCNB and
Npe:TCNQ using CAM-B3LYP-D3/6-31+G(d,p) with additional details
in Section 2.1.1. Figures 2 and 3 show the minimum geometries
identified for each system. Our tests of the recently developed
orbital similarity metric are performed on the lowest-energy isomer
for each system.?! Additional benchmarking to confirm the chosen
models is described in Sections 3.2-3.3.

Figure 4 presents the HOMO and LUMO isosurfaces and
orbital energies of Npe, TCNB, TCNQ, Npe:TCNB, and Npe:TCNQ.
One of the most striking features of the orbital isosurfaces is the
similarity of the Npe:acceptor complexes’ HOMO and Npe HOMO
isosurfaces, as well as those of the Npe:acceptor complexes’ LUMO
and acceptor LUMO. Because a large degree of CT is observed in the
S; states (HOMO->LUMO) of each complex, we analyze the change

J. Name., 2013, 00, 1-3 | 3
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in orbital localization by computing the similarity of the dimer
cluster orbitals to the donor and acceptor molecular orbitals using a
recently developed method,?! as shown in Table 1. In the case of
Npe:TCNB, we find an average similarity of 0.99 between the Npe
HOMO and Npe:TCNB HOMO (Npe-Npe:TCNB) and TCNB LUMO and
Npe:TCNB LUMO (TCNB-Npe:TCNB). In the case of Npe:TCNQ, we
find an average similarity of 0.98 between the Npe HOMO and
Npe:TCNQ HOMO (Npe-Npe:TCNQ) and TCNQ LUMO and
Npe:TCNQ LUMO (TCNQ-Npe:TCNQ). Our explicit calculations of the
degree of CT in S; (see Figures 2 & 3) reveal a high degree of CT in
both complexes, with 0.97e in the S; state of Npe:TCNB and 0.95e
in the S, state of Npe:TCNQ. The differences in orbital similarity
between Npe:TCNB and Npe:TCNQ are quite small, as reflected by
small differences in the degree of S; CT between the two systems.

We now turn to comparing orbital energies using well-
established techniques. Prior studies have used the metric
Eromo®mo-ELumo®cePt" to identify the degree of CT in the ground
state, with larger values of Enomo°"°"-E ymoeP®" representing
higher values of Sy CT.2° The energy difference between isolated
Npe HOMO and TCNB LUMO (Exomo™*e-Erumo™N8) is (-7.02 eV) — (-
3.04 eV) = -3.98 eV. In the Npe and TCNQ orbital analysis, we
observe an EyomoPe-ELumo'N? difference of (-7.02 eV) — (-3.98 eV) =
-3.04 eV. Comparing the EyomoNPe-ELumoceP" values between the
two systems, we observe that Enomo™Pe-ELumo’™N® = -3.04 eV is
higher than Enomo™Pe-Eumo™N® = -3.98 eV, indicating a slightly
larger degree of Sy CT.

We can also compare the orbital energies between Npe:TCNB
and Npe:TCNQ using an analysis based on Koopman’s theorem to
assess the degree of Sy CT, estimating that the EA is approximately
equal to the negative of the LUMO energy. This gives an EATENB of
3.04 eV vs. an EATXNQ of 3,98 eV. Correlating the estimations of EA
to calculations of Sy CT, we observe that Npe:TCNB exhibits a
slightly smaller degree of CT, 0.02e, compared to 0.04e in
Npe:TCNQ, as one would expect from TCNB’s smaller EA.

3.2 Structural and Electronic Characterization of Npe:TCNB

We now turn to detailed benchmarking of our model
systems against experimental crystal structures and spectroscopic
data. As briefly described in 3.1, we performed scans of the Sy PES
of the Npe:TCNB dimer and identified six structures as candidate
dimer models for the extended solids, shown in Figure 2. A previous
study identified two low-energy minimum geometries of the
Npe:TCNB dimer.?2 In the six conformers identified here, two agree
with the previously reported geometries by Zhu et al., including the
lowest-energy isomer, a. We find that multiple minima exist upon
rotation of TCNB with respect to the naphthalene of Npe (see
Section 2.1), resulting in our identification of two low-energy
structures that differ in energy by 0.009 eV (b) and 0.062 eV (c),
respectively, from the lowest-energy structure (a). We also identify
a structure at 0.107 eV for which TCNB is localized to the pyridine of
the Npe (d). The highest energy structure (0.179 eV, f) found in this
study is structurally similar to the higher energy structure
determined by Zhu et al.?? Finally, a folded structure with relative
energy 0.111 eV (e) was identified. In this structure, the Npe
molecule is folded in a V-shape and TCNB is localized at the

4| J. Name., 2012, 00, 1-3

naphthalene moiety. Further analysis of the structures can be found
in Section 2.1 in the ESI.

To compare our model dimer structure to the
experimental crystal structure, Npe:TCNB co-crystals
synthesized and spectroscopically characterized. Single crystals of
Npe:TCNB were grown by slow evaporation of a 1:1 molar ratio of
TCNB and Npe dissolved in a 1:1 (vol.) DMF/MeCN mixture,
resulting in yellow blade-like crystals suitable for single-crystal X-ray
diffraction (SCXRD). Analysis by SCXRD determined that the
Npe:TCNB co-crystal, in contrast to the previously reported triclinic
structure,?? crystallizes with a 1:1 ratio of TCNB to Npe in the
monoclinic space group P21/c with a = 6.73, b = 36.66, and c = 9.51
A(B = 106°). Although the single-crystal XRD measurement was
performed at 100 K, there is still a large amount of disorder around
the pyridine moiety of Npe, which appears to be “rocking” and
generating an additional conformation of the pyridine ring that is
>450 out of the plane with respect to the other occupied pyridine
site. The expanded structure reveals that there is a m — m stacking
interaction between the naphthalene moiety of the Npe and the
benzene ring of the TCNB molecule with a distance of 3.375 A. The
pyridine of Npe interacts with other Npe-pyridines in adjacent
layers with a centroid-centroid distance of 3.9 — 4.9 A, Figure S4.
The crystal structure shows no evidence of interaction between the
Npe pyridine moiety and TCNB. Further details on the crystal
structure data are given in ESI Section 3.

were

Steady-state and time-resolved photoluminescence
measurements were collected on Npe:TCNB co-crystals to further
probe the interactions between the Npe and TCNB moieties, as
shown in Figures 5b and 5c. The emission spectra show a single
peak centered near 550 nm, which is red shifted ~ 0.7 eV from that
of Npe itself, centered near 425 nm.?2 This shift is associated with
CT interactions between Npe and TCNB.>> The observed
fluorescence decay for Npe:TCNB follows a bi-exponential decay
with decay components of 2.43 ns (14.6%) and 9.54 ns (85.4%).
These values differ from that of pure Npe (1.57 ns)>3 and reflect
appreciable electronic interactions in the excited state between the
two co-crystal components.

PBC DFT calculations were carried out to study the effects
of the extended solid on the geometry of the unit cell and found to
be in agreement with the both the experimental crystal structure
and dimer model, shown in Figure 6. Due to the significant
computational expense of PBC DFT calculations, we can only
compute ground state geometries and energies. We thus focus our
comparison between ground state PBC DFT and dimer calculations.
Two main structural differences are observed in the comparison
between the PBC DFT structure and its dimer counterpart. First is
the alignment of the TCNB molecule relative to Npe. The dimer
structure exhibits a -14.5° rotation of the TCNB, while the PBC DFT
structure exhibits a 2.0° rotation, and experimental crystal
structure a 3.3° rotation. Another key difference is the planarity of
Npe observed in the structures, calculated as the dihedral between
the pyridine and naphthalene moieties. This dihedral angle is 2.8° in
the PBC DFT structure and 13.3° in the dimer structure, compared
to the 2.0° in the experimental crystal structure. While we see

This journal is © The Royal Society of Chemistry 20xx
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larger differences between the dimer geometry and experimental
crystal structure compared to the PBC DFT geometry, the dimer
structures exhibit the key qualitative features of the crystal
structure. Some geometric differences between PBC DFT and dimer
structures are to be expected, as the crystal structure constrains
the structures of the D-A pairs. We thus turn to assess the
importance of these structural differences via comparisons of the
experimental UV-Vis spectra and theoretically predicted UV-Vis
spectra of the dimer cluster.

While we have strong structural and energetic arguments
for our choice of the optimal dimer model of Npe:TCNB, we must
compare the computed UV-Vis absorption spectra to the
experimental UV-Vis diffuse reflectance spectra, shown in Figure 7
a-b. Here we compare dips in the experimental reflectance spectra
to calculated absorption peaks. The exact % R peak shapes will not
be examined closely, as features such as >100% R values shown at
low wavelength are likely due to fluorescence emission and outside
the scope of this discussion. The calculated S; state at 430 nm with
oscillator strength f = 0.021 characterized by a
HOMO->LUMO transition, originating from intermolecular CT from
Npe to TCNB, as shown in Figure 7. This transition corresponds to
the experimentally observed dip around 450 nm (Figure 7). The
peak computed at 310 nm corresponds to the S, excited state, f =
0.478, seen experimentally at 350 nm. In contrast to the CT
character of the S; state, the S, state exhibits local excitation within
Npe, as seen in Figure 7c. The theoretical S;y peak, f =0.356,
computed at 250 nm (in excellent agreement with the experimental
dip at 250 nm), is characterized by two orbital transitions, both with
locally excited character, shown in Figure 7c. The good agreement
between the simulated spectrum of the cluster model and the
experimental diffuse reflectance spectrum of the crystals supports
our choice of the lowest-energy cluster model.

a.u. is

The UV-Vis diffuse reflectance spectra were analyzed to
determine the band gap of Npe:TCNB crystals, as described in
Section 2.2.6. The direct band gap is determined to be 2.45 eV. Our
PBC DFT calculations determine the direct band gap to be 2.03 eV.
The inherent challenges to using PBC DFT to compute accurate
band gaps are well documented. However, hybrid functionals, such
as the one used in this study, balance local and non-local exchange,
resulting in computed band gaps that compare better with
experimental values than those computed with other functionals
(see Ref. 32 and references within). We thus find reasonable
agreement between the PBC DFT and experimentally derived direct
band gaps, especially given the theoretical challenges.

3.3 Structural and Electronic Characterization of Npe:TCNQ

We now turn to studying the electronic structure, crystal structure,
and UV-Vis spectra of Npe:TCNQ. We performed scans of the PES of
the Npe:TCNQ dimer to identify structures of the model cluster that
best reproduce the crystal structure. Figure 3 shows the optimized
minimum-energy structures located on the Npe:TCNQ dimer PES.
Four low-energy dimer structures were identified with a 0.029 eV
energy gap between the lowest and the highest energy structure.
The four conformers differ from each other by the rotation of the
TCNQ with respect to the naphthalene moiety, with significant

This journal is © The Royal Society of Chemistry 20xx
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rotations seen in conformers b and c, labeled in Figure 3. Further
analysis of the structures can be found in Section 2.2 in the ESI.

To ensure that the lowest-energy conformer of Npe:TCNQ
is the closest in structure to a D-A subunit in the extended solid,
crystals of Npe:TCNQ were synthesized and characterized. Single
crystals of the Npe:TCNQ co-crystal were grown by slowly cooling a
warm solution of TCNQ and Npe dissolved in MeCN at 330 K. This
resulted in precipitation of large dark blue prismatic crystals.
Analysis by SCXRD determined that the Npe:TCNQ crystallizes with
a 2:3 ratio in the triclinic space group P-1 with cell parameters of a =
9.88,b=11.81,c=12.31 A, a=93.8, B =93.94°, and y = 111.87-.
The crystal structure reveals layers of TCNQ and Npe alternating in
pairs similar to that of the Npe:TCNB co-crystal as shown in Figures
S1-S9 of the ESI. The stacking of the layers displays a pair of TCNQ
molecules interacting with a single Npe molecule from an adjacent
layer. The close proximity of the layers enables a m - m stacking
interaction between the naphthalene moiety of the Npe with one
TCNQ (3.730 A) and an interaction with a second TCNQ, and the
pyridine moiety of the Npe (3.841 A). Despite the close interactions
between TCNQ and Npe within the same layer, the distance
between the two interlayer Npe pyridine moieties is too large
(4.847 A) for substantial T — m interaction. Further details on the
crystal structure data are given in ESI Section 3.

Photoluminescence measurements were attempted for
the Npe:TCNQ system, though no detectable fluorescence was
observed. We attribute the fluorescence quenching to self-
absorption effects.>

PBC DFT calculations were performed to quantify the
effects of the extended solid on the structure of the D—A subunit in
the crystal. Figure 9 shows that the PBC DFT calculated structure is
in good agreement with the experimentally observed structure with
a centroid-centroid distance difference of 0.21 A between
experiment and PBC DFT. The main differences between the PBC
and dimer structures are: 1) the degree of rotation of TCNQ with
respect to Npe and 2) the centroid-centroid distances. There is a
significant degree of rotation observed in the dimer structure
(54.8°) compared to that of the experimental crystal structure (-
5.7°), whereas the rotation in the PBC structure differs from the
experimental crystal structure by only 2.8°. Although a high degree
of rotation is observed in the dimer structure, the centroid-centroid
distance exhibits only a small deviation from the experimental
crystal structure, 0.05 A, compared to the distance deviation
between the PBC DFT structure and experiment, 0.21 A. Due to the
significant differences between dimer and crystal structure, we turn
to comparing the theoretical and experimental UV-Vis spectra to
validate the dimer model.

The UV-Vis absorption spectra of the Npe:TCNQ dimer
were calculated, shown in Figure 10a. The simulated spectrum of
Npe:TCNQ shows a peak at 660 nm, associated with the S; excited
state. This state corresponds to a CT state, with electronic density
moving from the Npe to the TCNQ (HOMO->LUMO), as shown in
Figure 10c. The S; state has an oscillator strength of f = 0.0299 a.u.
This peak is observed experimentally within the vibronic structure
region between 600 and 900 nm. Two additional peaks in the
calculated spectrum are located at 440 and 380 nm, associated with

J. Name., 2013, 00, 1-3 | 5
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excited states S, and S, respectively. S, has an oscillator strength of
f = 0.310 a.u. and for S;, 0.280 a.u. Both states exhibit mixed
character between locally excited and CT transitions, with local
excitation originating mainly from the TCNQ m - m* transition.
These peaks likely correspond to the less intense dip observed in
the experimental spectrum at 420 nm. A final strong peak at 320
nm originates from the Sg excited state with strong oscillator
strength, f = 0.860 a.u., aligning with the observed experimental dip
at 340 nm. This excitation is characterized by the intramolecular
Npe m—>m* transition; see Figure 10c. Similar vibronic structure
observed between 600 and 900 nm in other co-crystals has been

attributed to formation of radical anion pairs of TCNQ and donor.>*
56

The UV-Vis diffuse reflectance spectra were analyzed to
determine the band gap in the Npe:TCNQ crystals, as described in
Sections 2.2.6 and 3.2. A direct band gap is determined to be 1.38
eV. Our PBC DFT calculations determine the direct band gap to be
0.79 eV. In the case of Npe:TCNQ, PBC DFT and experimental band
gaps do not agree as nicely as in the case of Npe:TCNB, but still fall
within typical deviations for hybrid functionals.3?

4 Conclusions

The availability of accurate crystal structures of CT co-
crystal complexes is essential for developing chemical databases
for materials discovery. To this aim we report details of the
syntheses and crystal structures of Npe:TCNB and Npe:TCNQ co-
crystals. Our reinvestigation of the crystal structure of Npe:TCNB
reveals a monoclinic structure, previously assigned as triclinic.??
High-resolution crystal structures are necessary for benchmarking
theoretical models and quantifying the structural effects of crystal
packing on dimer subunits. Experimental UV-Vis diffuse reflectance
spectra were measured to assess the peak positions and intensities
of bright states of the co-crystals. Comparing relative intensities of
these states to those calculated for theoretical molecular model
systems plays an integral role in assessing the quality of our D-A
dimer models. Furthermore, experimental UV-Vis diffuse
reflectance spectra of Npe:TCNQ reveal vibronic structure in the
600-900 nm region, indicating strong photon-induced CT. Analysis
of the Sy states of the model clusters reveals that the degree of Sy
CT is slightly greater in Npe:TCNQ than in Npe:TCNB, as predicted
differences in EA. We employ a novel metric for quantifying
changes in orbital localization to rationalize the large degree of S;
CT in each system.?! We find that differences in the Sy and S; degree
of CT in each system are quite small, with each system exhibiting
dominantly neutral character in the Sy state and ionic character in
the S; state. The joint experimental-theoretical methodology
presented here for quantifying ground and excited state CT in CT
co-crystals enables high-accuracy benchmarking of models for
future discovery of novel co-crystals with desired optoelectronic
properties such as long exciton lifetimes.
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Figure 1: Structures of TCNB, Npe, and TCNQ
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Top View H,%é
Side View , PG 4
a b c d e f
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Figure 2: Optimized geometries of Npe:TCNB found with CAM-B3LYP-D3/6-31+G(d,p). Energies (eV) are reported relative

to the lowest-energy structure (a) and include zero-point energy corrections. The calculated degree of CT is reported for
Soand S,, as well as the associated S,-S; oscillator strengths.
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Figure 3: Optimized geometries of Npe:TCNQ found with CAM-B3LYP-D3/6-31+G(d,p). Energies (eV) are reported relative
to the lowest-energy structure (a) and include zero-point energy corrections. The calculated degree of CT is reported for
Soand S,, as well as the associated S,-S; oscillator strengths.
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Npe-Npe:TCNB (HOMO) TCNB-Npe:TCNB (LUMO) Npe-Npe:TCNQ (HOMO) TCNQ-Npe:TCNQ (LUMO)

Orbital Similarity 0.99 0.99 0.98 0.98

Average Similarity 0.99 0.98
Table 1: Values of the orbital similarity metric are reported for each system along with the average similarity value.
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Figure 4: The molecular orbital energy level diagram for Npe:TCNQ and
Npe:TCNB complexes with their isolated molecules. Orbital energy gaps are also
shown. Orbitals are plotted with isovalue of 0.05 A-3.
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Figure 5: a) Powder X-ray patterns of Npe:TCNQ obtained from simulation of the crystal
structure (top trace), MeCN (middle trace), and by DMF/MeCN (bottom trace). b) The

absorption and PL spectra of Npe:TCNB co-crystals on a glass substrate at 298 K. c) The PL

decay profile (with fitting curve).
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Figure 6: Geometries of Npe:TCNB from the experimental crystal structure (left),
theoretical crystalline structure (center), and theoretical dimer structure (right),
with centroid-centroid distances indicated with dotted line.
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Figure 7: a) The simulated absorption spectra of Npe, TCNB, and Npe:TCNB in the
dimer. b) Diffuse reflectance spectra of ~1 wt.% mixtures of Npe, TCNB, and Npe:TCNB.

c) Orbital contributions of strong electronic transitions and their associated weights.
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Figure 8: Powder X-ray patterns of Npe:TCNQ (bottom
trace) and simulated from the crystal structure (top trace).
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Figure 9: Geometries of Npe:TCNQ from the experimental crystal structure
(left), theoretical crystalline structure (center), and theoretical dimer structure
(right), with centroid-centroid distances indicated with dotted line.
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Orbital contributions of strong electronic transitions and their associated weights.
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