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ABSTRACT

Co-crystals formed by polynuclear aromatic hydrocarbons (PAH) chrysene, benz(a)anthracene,
triphenylene(9,10-benzophenanthrene), benzo(a)pyrene, dibenz[a,c]anthracene, and 9H-carbazole as
m-electron-donor (D) molecules, with m-electron acceptor, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) were synthesized, and their crystal structures were determined using single-crystal X-ray diffrac-
tion analysis. All co-crystals exhibit 1:1 donor |/ acceptor ratio and adopt mixed-stacking motifs. The
donor(D)-acceptor (DDQ) 7-7 interactions in stacks are complemented by different sets of DD, D--DDQ
and DDQ-DDQ intermolecular interactions between stacks whose diversity originates from different
degree of D/DDQ mismatch and manifests in dissimilar crystal packing motifs. The parallel face-to-face
stacking was registered in chrysene-DDQ, while benz(a)anthracene-DDQ reveals brickwork crystal
packing with significant parallel slippage. The rest four co-crystals show fairly different herringbone-type
crystal packing with rearrangement of intermolecular interactions. The distribution of intermolecular
contacts and impact of -7 interactions were evaluated through Hirshfeld surface analysis. Molecular
orbital energies as well as bandgaps were calculated using DFT. Degree of charge-transfer was estimated

based on bond length distribution in the acceptor molecule for each of the co-crystals.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Discovery of a highly conducting tetrathiafulvalene (TTF)
- tetracyano-p-quinodimethane (TCNQ) complex [1,2], initiated
tremendous attention towards charge-transfer (CT) organic solids
that include -electron donors (D) and another component as a -
electron acceptor (A), that both are typically planar molecules pre-
senting packing mode enabling CT interactions in the solid state.
These two-component organic donor-acceptor CT co-crystals based
on D-A pairs with typical mixed or segregated stack motif, gen-
erally display unique crystalline structures and superior optoelec-
tronic properties in the solid state and remain in focus of contem-
porary demands for new efficient organic semiconductors (OSC) re-
gard to their applications in organic field-effect transistors (OFETs)
[3-5].

* Corresponding author.
E-mail address: rigindale@gmail.com (S. Rigin).
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Typically, ambipolar charge transport is generated by
co-assembling of p- and n-type semiconductors. For two-
component co-crystal ambipolar transport behavior was first
registered for (BEDT-TTF)(F,-TCNQ) (BEDT-TTF=bis(ethylenedithio)
tetrathiafulvalene) [6] and DA co-crystals with both electron
[6] and hole field-effect mobilities exceeding 0.1 cm2V-1s~1 were
documented [7,8]. Furthermore, an exceptional example, the single
crystal device based on complex DPTTA-F,TCNQ (DPTTA=meso-
diphenyl tetrathia[22]annulene[2,1,2,1]; F;-TCNQ=2,5-difluoro-
7,7,8,8-tetracyanoquinodimethane) reveals the hole and the
charge-carrier mobilities up to 1.57 cm? V = 1 s = 1 for holes
and 047 cm? V - ' s = 1 for electrons [8]. The influence of
packing modes and D-A interactions on the transport properties
was also discussed through the combination of experimental
and theoretical studies and recent theoretical studies show that
high ambipolar semiconductor behavior is a result of synergism
between two main charge carrier transfer pathways in cocrystal
system viz. superexchange via mixed DADADA stacks and direct
paths of charge carriers, as via DD dimeric pairs [9,10].
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Fig. 1. Structural formulas for (a) DDQ acceptor and PAH donors (b) chrysene; (c) benzo(a)anthracene; (d) triphenylene; (e) benzo(a)pyrene; (f) dibenz[a,c]anthracene; (g)

9H-carbazole.

However, electronic performance of CT materials is still difficult
to predict and control, since same donor and acceptor molecules
can yield crystals with different packing (polymorphs) and stoi-
chiometry [11-14]. For instance, an unusual mixed stacked pack-
ing arrangement was documented for the system dithieno[3,2-
a:2',3'-c]phenazine (DTPhz)-TCNQ (2:1 D:A ratio) accompanied by
stronger electronic interactions orthogonal to stacks and originated
from edge-to-edge D-D and A-A contacts [15]. When developing CT
organic materials, crystal engineering is useful to explore the rela-
tion between crystal packing and charge carrier polarity and to an-
alyze the supramolecular networks and intermolecular interactions
as the channels for electron and hole transport [16-21].

Since the conducting salt, TTF-DDQ (DDQ=2,3-dichloro-5,6-
dicyanobenzoquinone) composed of strongly distorted stacks of
DDQ and isolated eclipsed dimers of TTF was reported [22,23],
DDQ and its analogues are widely exploited as powerful accep-
tors for crystal engineering of potential CT materials with mean-
ingful conducting properties [21-36]. For example, formation of
solid solutions between isomorphous CT co-crystals with variable
DDQ:DBQ (DBQ=2,3-dibromo-5,6-dicyanobenzoquinone) molar ra-
tio was suggested to predictably tune degree of charge transfer of
solids because the packing motif remained unaffected by compo-
sitional changes [33]. On the other hand, reported by the other
group the salts of DDQ radical with substituted N-ethyl- and N-
methylpyridinium cations represent either structures with stacks
of equidistant radicals (interplanar separation < 3.3 A) being fairly
good semiconductors, or Peierls-distorted stacks comprising dia-
magnetic dimers of radicals (interplanar separations are < 3.1 A
within the dimers and > 3.4 A between the dimers) being insula-
tors [34].

Polyaromatic hydrocarbons (PAHs) proved their efficacy as suit-
able donors in mixed-stacked co-crystals [5,26-28,30-32,36-38]
and exhibit excellent intrinsic charge transport properties. How-
ever, very few co-crystals of DDQ with PAHs were reported so far
[30,31,36,39] that explains our present research. The structural for-
mulas for DDQ acceptor and donor molecules considered in this
study are shown in Fig. 1.

As a rule, charge-transfer is possible if the energy gaps between
the highest occupied molecular orbital (HOMO) of donor and the
lowest unoccupied molecular orbital (LUMO) of acceptor overlap.
In other words, HOMO level of donor molecule should have a lower
energy than LUMO level of acceptor. The preliminary quantum-
chemical calculations were fulfilled to evaluate D/A HOMO/LUMO

orbitals as the requirement for CT complex formation and six CT
complexes were synthesised by combination of these components
and their crystal structures are discussed in detail. Crystal struc-
tures were investigated using single crystal X-Ray diffraction anal-
ysis. All quantum chemical calculations were carried out using
GAUSSIAN 16 software [40].

2. Results and discussion

2.1. Quantum chemical calculations for PAH donors and common
acceptors

As acceptors for quantum-chemical calculations three common
TCNQ, PMDA and DDQ acceptors have been chosen. For these ac-
ceptors 875, 87 and 106 structures of co-crystals respectively have
been found in CSD (CSD version 5.43 updates Sept. 2022). For
TCNQ co-crystals with about 20 PAHs, for PMDA with about 10
PAHs and with DDQ with only 2 PAHs have been described in
the literature (Table 2S). In our search we considered only pol-
yaromatic hydrocarbon molecules which are built with only 6-
membered aromatic rings not containing substituents and het-
eroatoms with one exception of 9H-carbazole. Quantum chemi-
cal calculations that include calculation of the energy levels and
HOMO-LUMO gaps for the potential components were performed
and the results are graphically illustrated in Fig. 2, Fig. S1 and
Tables 1 and 2. Fig. S1 depicts the shapes of HOMO and LUMO
orbitals, corresponding to the energy values presented in Tables 1
and 2. It should be noted that the molecular geometry, the energy
values and the shape of the orbitals were calculated for isolated
molecules, but when these molecules form a crystal, their geome-
try can change leading to different shape of the orbitals and cor-
responding energy values. Thus, calculated energies of HOMO and
LUMO levels are approximate and should be used only for esti-
mation purposes. As seen from Fig. 2, all aromatic donors have a
HOMO-LUMO bandgap overlap with all the proposed acceptors. For
further studies under this project, we choose one acceptor DDQ,
since only two co-crystals of this acceptor with PAHs have been
described in the literature till now. The lowest HOMO level was ob-
served for triphenylene (—6.2 eV). It also has the widest bandgap
among donors (4.84 eV). Several donor-acceptor pairs were chosen
for co-crystallization based on quantum computation results. Vari-
ous crystal growth techniques such as slow evaporation and vapor
diffusion were used to obtain desired co-crystals.
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Fig. 2. Calculated energy levels and energy differences between HOMO and LUMO levels for PAH donors (blue) and common acceptors (red).
Table 1
Calculated energy (eV) values for aromatic donors.
Energy, eV  Chrysene  Benz(a)anthracene  Triphenylene  Benzo(a)pyrene  Dibenz[a,c]anthracene = 9H-carbazole
Exomo -5.871 -5.669 -6.201 -5.450 -5.761 -5.819
Erumo -1.652 -1.945 -1.361 -2.102 -1.913 -1.155
AE 4.219 3.723 4.840 3.348 3.849 4.665
Table 2 2.3. Crystal packing
Calculated energy (eV) values for common acceptors.
Energy, eV PMDA TCNQ DDQ All co-crystals reveal 1:1 D:DDQ ratio. Co-crystals chrysene-
Enomo 0032 7694 8.659 DDQ, benz(a)anthracene-DDQ, anc! triphenylene-DDQ are isoelt?c-
Eiumo -4.325 -5.146 -5.390 tronic, and have the same C/H ratio (1.5) for donors, which varies
AE 4,706 2.548 3.268 for benzo(a)pyrene (1.667), and dibenz[ag,c]anthracene (1.571). The

2.2. Synthesis and structure of co-crystals

All co-crystals were obtained similarly by the vapor diffusion
technique. Equimolar saturated solutions of components in chlo-
roform were prepared in separate containers. Saturated solutions
were mixed and stirred for 15 min. Resulting solution was filtered
using syringe filter. Filtered solution was placed in growth cham-
ber of diffusion vessel with pentane as a secondary solvent. Images
for the selected crystals are shown in Fig. 3. All co-crystals have
needle-like shapes and are colored differently than either one of
the pure components, indicating possible electronic interaction be-
tween the donor (D) and DDQ molecules in the co-crystal phases.
The crystallographic data are summarized in Table 3.

asymmetric unit of the monoclinic co-crystal triphenylene-DDQ
comprises two formula units, D1-DDQ1 and D2-DDQ2, while all
the rest co-crystals contain one D-DDQ pair of molecules per asym-
metric unit.

The ORTEP diagrams for co-crystals with atomic numbering
schemes are given in Fig. S2. In the co-crystal benz(a)pyrene-DDQ
the DDQ molecule is disordered by rotation of 180° about the cen-
tral O = C...C = O axis with 60% to 40% ratio between disordered
components (Fig. S2). This type of disorder was registered for DDQ
molecule in co-crystals of TTF-DDQ [23] and BEDT-TTF-DDQ [41].
The rotation disorder was also registered for 9H-carbazole donor
in 9H-carbazole-DDQ co-crystal. All molecules possess flat skele-
tons with insignificant deviations from planarity. Everywhere the
primarily packing motif is a 1D mixed-stack with the almost par-
allel arrangement of the molecules in stacks as indicate interpla-
nar D/DDQ angles (range 2-4°) summarized in Table S1. In stacks
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Crystal data and structure refinement parameters for co-crystals.
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Chrysene-DDQ Benz(a)anthracene-DDQ

Triphenylene-DDQ

Benz(a)pyrene-DDQ

Dibenz|[a,c]
anthracene-DDQ

9H-carbazole-DDQ

Empirical formula Cst]zClzNzOz CstlzclzNzoz

Formula weight 455.28 455.28
Temperature, K 150(2) 300(2)
Crystal size, mm3 0.50 x 0.35 x 0.08 0.115 x 0.111 x 0.109
Crystal system Triclinic Monoclinic
Space group P-1 P24/n

a, A 6.997(6) 8.522(2)

b, A 11.407(10) 15.013(4)
¢ A 12.774(11) 16.495(4)
o° 96.878(10) 90

B 93.727(10) 102.863(4)
y.° 106.354(10) 90

Volume, A3 966.0(14) 2057.4(9)
Z 2 4

D(cated)» glcm? 1.565 1.470

, mm-! 0.366 0.343
F(000) 464 928
Reflections collected/ 14,179 26,500

Data | restraints /| parameters
Final R indices [I>20(I)], Ry, WR;
R indices (all data), Ry, wR,

3387 /0 / 290
0.1142, 0.3078
0.1558, 0.3243

6077 / 0 | 289
0.0481, 0.1205
0.0804, 0.1394

Ca6H12CI2N, 0,
455.28

150(2)

0.35 x 0.25 x 0.05
Monoclinic
P24/n
7.094(4)
30.935(18)
18.168(11)

90

90.594(8)

90

3987(4)

8

1.517

0.354

1856

81,601

7037 [ 0 | 578
0.0894, 0.1718
0.2628, 0.2235

CasH12CLN, 0,
479.30

100(2)

0.31 x 0.20 x 0.07
Orthorhombic
P242124
7.043(6)
8.150(7)
35.78(3)

90

90

90
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Fig. 3. Images of co-crystals (a) chrysene-DDQ; (b) benz(a)anthracene-DDQ; (c)
triphenylene-DDQ; (d) benzo(a)pyrene-DDQ; (e) dibenz[a,c]anthracene-DDQ; (f) 9H-
carbazole-DDQ.

the DDQ acceptor is situated approximately equidistant between
two successive donor molecules with different D/DDQ contact ar-
eas as it is evidenced from Fig. 4 and indicated by the meaning-
ful centroid--centroid (Cg(D)~Cg(DDQ) ~« 4 A) distances between
overlapping six-membered rings (Table S1). Two chrysene donor
molecules ideally cover each DDQ molecule, while in the rest of
co-crystals the overlapping domains vary significantly revealing
different degrees of D/DDQ mismatch. In 9H-carbazole-DDQ co-
crystal the C = O groups of DDQ fail to stack over the rings of
donor, in all other structures the DDQ C = O groups are super-
posed on the rings of one (or two) donor molecules to give rise
to dipole-induced forces contribution in overall system of pD-DDQ
interactions. The significant slippage with the smaller contact area
is demonstrated for the benz(a)anthracene-DDQ co-crystal and is
manifested by the lack of Cg(DDQ)--Cg(D) meaningful interaction
for the translated along the stack second benz(a)anthracene donor
molecule (Table S1).

Although all co-crystals display a “typical” mixed stack (DADA)
pattern where donor sits directly atop an acceptor which maxi-
mizes D/DDQ - -interactions, packing of stacks reveals different
packing motifs originated from different donors’ molecular shapes
and C/H ratios and manifested in different sets of the edge-to-edge
and edge-to-face intermolecular contacts.

In the triclinic co-crystal chrysene-DDQ mixed stacks run along
the shortest a axis (Fig. 5a) and are packed in a parallel mode.
Molecules from adjacent stacks form slightly corrugated layers that
are tilted relative to the stack axis by 70.17° In the layer the
rows of chrysene and DDQ molecules alternate and are intercon-
nected via edge-to-edge chrysene-chrysene [42,43], chrysene-DDQ,
and DDQ-DDQ short contacts summarized in Table S1. Adjacent
DDQ molecules in layer are interconnected by two symmetrical
Cl--0 bonds (3.209(3) A) forming a centrosymmetric dimer.

Similar to the previous structure in the monoclinic co-crystal
benz(a)anthracene-DDQ mixed stacks are also packed in a paral-
lel mode. However, the structure reveals significant D/DDQ slip-
page resulted in a brickwork packing arrangement because of the
D/DDQ mismatch. It is the most loosely packed structure with the
lowest crystal density (see Table 3). Molecules from adjacent stacks
align in the layer that is tilted relative to the stack axis by 78.35°
(Fig. 6). Although the layer’s topology retains, the intermolecu-
lar contacts increase. The stabilizing remain two short donor-DDQ
CH...O(N) interactions and CH--CH contacts (Table S1), while Cl--O
distance increases up to 4.511 A.

The monoclinic co-crystal triphenylene-DDQ is unique because
of two formula units that are arranged in an angular mode in-
dicated by D1/D2 and DDQ1/DDQ2 tilted angles of 47.50(6) and
42.60(5)". Each formula unit forms its own (but alike) mixed stack,
-D1-DDQ1-D1- and D2-DDQ2-D2-, both extending along the short-
est crystallographic a axis. The stacks alternate along the longest
b-axis. Parallel to the ac plane these two types of stacks form two
different stacking layers. Adjacent stacks -D1-DDQ1-D1 symmetry
related by inversion and translation are interconnected via lateral
CH--N and CH--Cl contacts that combine molecules in coplanar
chains with alternative arrangement of the molecules in chains.
Thus, the stacking layer with parallel arrangement of molecules
is reinforced by stacking interactions along the stacks and -D1-
DDQ1-D1- short contacts across the stacks (Fig. 7a). In this stacking
layer single face-to-face contact C(51)--C(51)(-x,1-y, -z)=3.315(12)
A was registered between donor molecules related by inversion.
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(d) (e) ® (2

Fig. 4. (a). Example of stack structure depicting intermolecular distance (d) and angle between molecule and stack axis (8) and fragments of stacks in projection on DDQ
molecule occupying middle positions between two donor molecules shown in stick and wireframe styles for co-crystals (b) chrysene-DDQ; (c) benzo(a)anthracene-DDQ; (d)
triphenylene-DDQ; (e) benzo(a)pyrene-DDQ; (f) dibenz[a,c]lanthracene-DDQ; (g) 9H-carbazole-DDQ.

(a) (b)

Fig. 5. Fragments of crystal packing in co-crystal chrysene-DDQ. (a) parallel 1D stacking; (b) layer motif in the bc plane.
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Fig. 6. Fragments of crystal packing in structure benz(a)anthracene-DDQ. (a) brickwork packing; (b) layer motif in the ab plane.
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Fig. 7. Fragments of crystal packing in co-crystal triphenylene-DDQ; (a) stacking layer -D1-DDQ1-D1- with parallel arrangement of stacks; (b) stacking layer -D2-DDQ2-D2-

with herring-bone arrangement of stacks; (c) interconnection of two stacking motifs.

Adjacent stacks -D2-DDQ2-D2- symmetry related by 2; axis
pack in a herring-bone stacking layer with the D2/D2 and
DDQ2/DDQ2 tilted angles of 46.03 and 40.39° (Fig. 7b). This ar-
rangement is accompanied by disruption of part of the contacts
registered in the chain -D1-DDQ1-D1- and instead rapprochement
of D2 donor molecules interconnected via H--H short contact,
H18--H29(x-1/2, 1/2-y, 1/2 + z)=2.368 A giving rise to the p-D-D
zigzag chain across this layer (Fig. S3a).

The combination of parallel and herring-bone 2D stacking mo-
tifs occurs via interplay of D1/DDQ2 and D2/DDQ1 edge-to edge
contacts (Fig. 7¢). This results in infinite donor-donor networks as
interplay of D2-D2 zigzag chains and D1-D1 dimers (Fig. S3b).

Co-crystal benzo(a)pyrene-DDQ is unique since it is the only
one compound in this series that crystallizes in the non-
centrosymmetric orthorhombic space group P2;2;2;. The mixed
stacks run along the shortest a axis and molecules from adjacent
stacks are interconnected in the H-bonded chains via CH--O and
CH-N short contacts across the stacks (Table S1). Molecules in
chain tilted relative to the stack axis by 70.23 ° These side contacts
combine adjacent stacks in the stacking polar layers parallel to the
ab plane with parallel arrangement of the molecules in the layers
(Fig. 8a). The adjacent layers related by the 2; axes meet either
by phenyl or pyrene residues (Fig. 8c). In the former case they are
interconnected via edge-to-edge CH(D)--N(DDQ) and edge-to-face
CH(D)--C(D) short contacts, the latter ones combine benz(a)pyrene

donor molecules in a herring-bone chain along the a axis with the
tilted angle between neighboring benz(a)pyrene molecules of 39.6°
(Fig. S3c). No short contacts less than sum of van der Waals radii
were found between layers when they contact by pyrene moieties.

In the monoclinic co-crystal dibenzo[a,c]lanthracene-DDQ alter-
nation -pD-DDQ-D- occurs in stacks along the b axis and molecules
form ribbons along a axis where they are interlinked via two
weak CH--N bonds (Table S1). These lateral interactions combine
stacks in stacking layer parallel to the ab plane (Fig. 9a). The
wave-like ribbons provide rapprochement of two adjacent donor
molecules from neighboring stacks related by inversion and sep-
arated by 2.358 A that provide their face-to-face short contacts
of C(27)C(12)(1-x,1-y,2-z)=3.38(6) A. Along the c axis the layers
meet in an edge(D,A)-to-face(D) T-shaped stacking mode (D/D an-
gle is 77.90 °) through the short CH--C interactions. It is notewor-
thy, that dibenzo[a,c]anthracene donor forms its own 3D infinite
network via CH...C and CH...CH short homomeric contacts (Fig.
S3d)

The monoclinic co-crystal 9H-carbazole-DDQ is unique due to
the presence of strong H-donor, NH-group in the donor molecule.
That influences hierarchy of intermolecular interactions. Mixed
stacks run along the shortest crystallographic a axis. The short-
est NH~-N(DDQ) interaction N(3A)-H3A--N(2)(x-1/2, 3/2-y, z-1/2)
2.29 A was found between donor and acceptor related by the glide
plane and it arranges adjacent stacks in herring-bone mode with
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(b)

Fig. 9. Crystal structure of dibenzo|a,c]anthracene-DDQ co-crystal: (a) view of stacking layer (molecular planes are perpendicular to the layer), (b) crystal packing, view along

a axis.

(a)

Fig. 10. Crystal structure of carbazole-DDQ co-crystal: (a) view of stacking layer, (b) interplay of parallel and herring-bone stacking modes (c) crystal packing.

the D/DDQ angle of 34.56 °. However, each four stacks translated
along b axis and related by inversion, are combined in tetrads
via two pairs of centrosymmetric CH-Cl and CH-N short contacts
thus giving rise to the double stacking layer (Fig. 10a,b) with vir-
tually parallel alignment of molecules within this layer of 11.32 A
thickness. These layers meet in an edge-to-face mode linked via
abovementioned NH--N hydrogen bond and short Cl--O contact,
Cl(2)~0(1)(1/2-x, y-1/2, 3/2-z)=3.154(3) A, the latter one combin-
ing DDQ acceptors into helical chain with the DDQ/DDQ tilted an-
gle of 34.43 °(Fig. S4). The same DDQ arrangement was registered
in phenanthrene-DDQ co-crystal [31].

2.4. Hirshfeld surface analysis
Hirshfeld surface analysis [44,45] enables the quantitative de-

scription of intermolecular interactions occurring within the crystal
lattice. For this purpose, the normalized contact distance (dnorm)

(b) (c)

feature of the computed Hirshfeld surface, based on the internal
(di) and external (de) distances, was employed. The corresponding
3D maps of the Hirshfeld surfaces, where dporm is visualized, for all
co-crystals are shown in Fig. 11. The regions with an intense red
color are located over the oxygen and the nitrogen atoms. These
spots are attributed to the hydrogen bonds in which these atoms
participate.

Table 4 and Fig. S5 summarize the most meaningful interac-
tions in all structures. The analysis of the 2D fingerprint plots
of the Hirshfeld surfaces reveals that redistribution of weak in-
teractions from structure to structure occurs in narrow intervals,
and the meaningful remain H-H, H-N, H-Cl and H--O interac-
tions given in a descending order. The H-*N hydrogen bonds giv-
ing an impact of 16.8%—21.6%, manifest as two sharp, symmetric
spikes in all but dibenz[a,c]anthracene-DDQ co-crystal where they
are significantly masked by excessive H-+H contacts. Other mean-
ingful are H-+H donor-donor interactions that comprise 15.4-22.6%,
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Fig. 11. Hirshfeld surfaces and overall 2D plots for studied co-crystals.

Table 4
Distribution of meaningful contacts (%) in reported structures based on Hirshfeld surface analysis.
Co-crystal H~H H-N/N-H  H~-Cl/Cl“H  H~0/0-H H~C/C~H  C~C Cl-0/0~Cl
Chrysene-DDQ 22.6 16.8 14.3 12.5 8.5 9.4 2.7
Benz(a)anthracene-DDQ 18.9 17.8 144 104 15.7 6.0 0.5
Triphenylene-DDQ 17.2 18.6 18.2 14.8 6.9 121 0.3
Benz(a)pyrene-DDQ 214 19.4 15.4 13.0 8.5 129 1.5
Dibenz[a,c]anthracene-DDQ  20.2 18.0 129 119 171 8.8 0.8
9H-Carbazole-DDQ 15.4 21.6 16.1 14.3 6.0 11.3 3.9
Range 15.4-22.6  16.8-21.6  12.9-18.2 10.4-143  6.0-17.1 6.0-129  03-3.9
A 7.2 48 53 3.9 11.1 6.9 3.6
while C--C interatomic contacts that prove the occurrence of the
m-m contacts between adjacent entities within the investigated
crystals range from 6.0% in benz(a)anthracene-DDQ up to 12.9% Cl
in benz(a)pyrene-DDQ co-crystal. In accordance with the crystallo- -

graphic data, the largest contributions of Cl--O interactions of 2.7%
and 3.9% were registered in co-crystals chrysene-DDQ with DDQ
association in centrosymmetric dimer, and 9H-carbazole-DDQ with
DDQ homomeric helical chain in the co-crystal.

2.5. Degree of charge-transfer

Degree of charge-transfer in a specific co-crystal can be esti-
mated from the geometry (bond lengths) of acceptor molecule in
the co-crystal using the model proposed by Kistenmacher et al. for
TCNQ acceptor using selected bond lengths [46-48]. The main idea
of this model is that the negative charge on the TCNQ molecule
results in delocalization of the quinoid structure. The more pro-
nounced quinoid TCNQ structure corresponds to a smaller charge
transfer, while the additional negative charge results in a length-
ening of the shorter quinoid bonds and shortening of the remain-
ing bond. As a characteristic of quinoid character of the molecule,
ratio of sum of double bonds (a + e + f) to single bonds lengths
(b + ¢ + g + h) was chosen (Scheme 1). This approach gives de-
cent agreement between experimental charge transfer and evalu-
ated from this model data [49]. The same approach can be applied
to the other acceptor molecules that have a quinoid structure, e.g.
DDQ. Selected bonds of the DDQ molecule are shown in Scheme 1.
Corresponding bond lengths of the optimized DDQ molecule and
such molecules in different crystals are listed in Table 5. The cal-

Scheme 1. Notation of bonds for quinoid and aromatic configurations of DDQ.

culated ratio in all co-crystals is very close to the value in neutral
DDQ, indicating that the CT is relatively weak.

3. Experimental
3.1. Materials

All materials used for cocrystallization have been purchased
from Sigma-Aldrich and used without purification. Anhydrous sol-
vents were obtained from the same company.

3.2. Synthesis of co-crystals

Initially co-crystals of all materials were crystallized by slow
evaporation from dichloromethane solutions, but this method did
not produce single crystals of sufficient quality for structure deter-
mination. Co-crystals satisfactory for X-ray study for all materials
were obtained using vapor diffusion technique. For both compo-
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Table 5
Selected bond lengths of the DDQ molecules in the crystal, co-crystals and in the optimized molecule (gas phase).
(a+e+f)/

Compound a b c d e f g h (b+c+g+h)
DDQ gas phase (DFT) 1.207 1.505 1.424 1.154 1.355 1.352 1.717 1.495 0.637
DDQ [57] 1.2060(6)  1.4910(5)  1.4409(5) 1.1334(4) 1.3433(7) 1.3396(6) 1.6984(6) 1.4837(6) 0.636
Chrysene-DDQ 1.214(12)  1.475(12) 1.436(15) 1.145(14) 1.358(13) 1.356(14)  1.695(8) 1.468(15)  0.647
Benz(a)anthracene-DDQ 1.212(2) 1.487(2) 1.444(2) 1.125(3) 1.353(2) 1.349(3) 1.7061(17)  1.479(2) 0.639
Triphenylene-DDQ 1.222(10)  1.499(12)  1.453(11) 1.160(11)  1.344(11)  1.348(10)  1.694(7) 1.483(9) 0.639
Benzo(a)pyrene-DDQ 1.199(7) 1.502(7) 1.430(5) 1.135(5) 1.343(7) 1.340(6) 1.694(6) 1.482(5) 0.636
Dibenz[a,clanthracene-DDQ  1.19(2) 1.47(2) 1.47(3) 1.14(2) 1.35(2) 1.36(2) 1.70(2) 1.48(2) 0.637
9H-Carbazole-DDQ 1.206(4) 1.494(5) 1.438(5) 1.144(5) 1.341(5) 1.343(5) 1.699(4) 1.483(5) 0.636

nents saturated solutions in chloroform were prepared. These so-
lutions with molar ratio of co-formers 1:1 were mixed and filtered.
After that they were placed in growth chamber of diffusion vessel,
where they were exposed to rich atmosphere of pentane. If neces-
sary, additional amount of pentane was added to the system. Usu-
ally, after 5-7 days elongated co-crystals with color different from
initial reagents have been formed.

3.3. Computations

The HOMO and LUMO energies for each molecule were calcu-
lated with DFT using GAUSSIAN 16 software with B3LYP level of
theory and 6-311+G(d,p) basis set [40]. The Hirshfeld surfaces are
mapped with dnorm, and 2D fingerprint plots presented in this pa-
per were generated using CrystalExplorer 2.1 [44,45].

3.4. X-ray crystallography

The single crystal X-ray data were collected from the very thin
needle crystals (Table 3), the best crystals were selected from
the repeated trials. X-ray data were obtained on a Bruker SMART
APEXII CCD diffractometer (graphite monochromated Mo Ko ra-
diation, A = 0.71073 A, w scans with a 0.5° step in ) and
Bruker D8 VENTURE diffractometer with microfocus seal tube [50].
Absorption corrections were applied by using the semiempirical
method of the SADABS program [51]. The systematic absences in
the diffraction data were consistent for the stated space groups.
Co-crystals with benz(a)pyrene, dibez(a,c)anthracene and tripheny-
lene were weakly diffracted as indicated by the low ratio of ob-
served/unique reflections. The attempts to resolve the twinning for
chrysene-DDQ co-crystal were unsuccessful. Despite the relatively
high final R-values for these crystals, structure solution did not
meet any difficulties and final structures look unambiguous. The
structures were solved with Olex2 [52] and refined by full-matrix
least-squares methods on F2 with SHELXL [53] program package
in anisotropic approximation for all non-hydrogen atoms. Hydro-
gen atoms were constrained to ride on their parent atoms with C—
H = 0.95 A and Uiso=1.2Ueq(C). In co-crystal benz(a)pyrene-DDQ
the DDQ molecule is disordered by rotation of 180° about the cen-
tral O = C...C = O axis with 60% to 40% ratio between disordered
components (see Figure S2,d). Same type of disorder was found
before in relative quinoid derivatives [54]. The carbazole in the
carbazole-DDQ co-crystal was found disordered by two positions
with occupancy factor 0.5 (Figure S2, f). The phenyl rings were re-
fined as rigid groups. Figures were produced using MERCURY [55],
molecular geometries were calculated using PLATON [56]. Figures
S2d and S2f present position of DDQ(d) and carbazole (f) with and
without disorder.

4. Conclusion

Six PAHs, chrysene, benz(a)anthracene, benz(a)pyrene, tripheny-
lene, dibenz[a,c]anthracene and 9H-carbazole form 1:1 co-crystals

with DDQ acceptor. While the robust w-m interactions mediate
mixed stacks as the primary structural motif of all the co-crystals,
the auxiliary hydrogen bonds contribute significantly and provide
some variations to the overall crystal packing of co-crystals. Among
all six co-crystals, co-crystals chrysene-DDQ and carbazole-DDQ
have the highest crystal densities and the most suitable packing
with the shortest DDQ--DDQ contacts for both and D--D short con-
tacts for chrysene and may consider for further study as potential
0SCs with ambipolar and possible continuous p- (or n-) transport
channels.
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