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In this work, we have investigated the semiconducting properties of an unprecedented 1:1 n-stacked
donor-acceptor cocrystal of 1,5-dihydroxynaphthalene (DHN) as the m-donor (D) with 7,7/,8,8'-
tetracyanoquinodimethane (TCNQ) as the m-acceptor (A). Molecular semiconductors with electron
dominant transport, narrow bandgap, solution processing ability, air-stability are highly sought-after for
application in n-channel organic field effect transistors. The DHN:TCNQ cocrystal shows n-type
semiconductor nature with a narrow bandgap of around 1 eV, and a low LUMO energy level (-3.8 eV) making
it less prone to areal degradation. The electron dominant transport in this cocrystal is described by assuming
that electron and hole hop via a super-exchange mechanism along the mixed ---D-A--- n-stack direction.
Received 2nd March 2025, The participation of bridging molecular orbitals other than donor HOMO make a significant contribution to
Accepted 14th April 2025 the super-exchange electron transfer, thus resulting in electron hopping from acceptor to acceptor which is
four times larger than the value of hole hopping from donor to donor. Detailed analysis of crystal packing
and electronic properties demonstrate that the super-exchange charge carrier transport is facilitated by

DOI: 10.1039/d5me00033e

rsc.li/molecular-engineering strong n---n stacking interaction between the donor and acceptor, and prominent charge transfer.

Design, System, Application

The n-channel field effect transistors (FETs) containing n-type semiconductor as active layer materials have emerged as indispensable part of multiple
electronic circuits because the n-channel transistors often provide better performance than p-channel FETs. Organic molecular crystals have drawn
attention as semiconductor materials in FETs due to novel properties like high crystallinity which reduces electric leakage in circuits, and low molecular
weight and flexibility ideal for micro-electronic circuits. However organic semiconductors are predominantly reported as hole transport materials, hence
n-type organic semiconductors are in huge demand. Cocrystallization of n-donor and n-acceptor coformers leads to the formation of ambipolar or n-type
semiconductor cocrystals. The semiconductor properties in such donor-acceptor cocrystals depend on the strength of n---m stacking interaction between
the coformers, and the electronic features of the donor and acceptor. Strong charge transfer from the donor to the acceptor, and robust 77 stacking
favour higher charge carrier mobilities in the cocrystals. On the other hand, lower value of intermolecular interaction energy results in high charge carrier
mobility values. In this work, we studied the semiconductor property of two structurally analogous donor-acceptor cocrystals to elucidate the role of charge
transfer, intermolecular interactions and reorganization energy in dictating charge carrier motilities.

1. Introduction films suitable for flexible electronic circuits viz. wearable
sensors and flexible displays.>® Moreover, the organic
molecular materials can challenge silicon or metal oxide
based inorganic semiconductors in terms of efficient, low
cost thin film processing at ambient conditions.”

While inorganic semiconductors are predominantly n-
type, organic molecular semiconductors are mainly of p-type
nature® and with low charge carrier mobility.” Low mobility

i i can be overcome by improvement of crystallinity and
E-mail: arkalekhamandal@gmail.com . . . .8
t Electronic supplementary information (ESI) available. CCDC 2402657. For ESI consequently the reduction of grain boundaries.” In contrast,
and crystallographic data in CIF or other electronic format see DOI: https://doi. the electron dominant or ambip()lar (i' e., balanced electron
0rg/10.1039/d5me00033e and hole transport) transport are rare in organic molecular

Organic molecular materials are emerging as non-hazardous
and non-toxic alternatives to lead halide perovskites
semiconductor materials capable of solution processing
under mild conditions."” These non-toxic organic molecular
semiconductors can be fabricated into flexible large area thin
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semiconductors. However, electron dominant transport is
crucial for applications in field effect transistors, diodes, and
bi-layer heterojunction solar cells. Only a handful of intrinsic
n-type organic molecular semiconductors with air stability
have been reported to date.”'® This list includes 7,7',8,8'"
tetracyanoquinodimethane (TCNQ) and its fluorinated
derivatives, naphthalene diimides, perylene diimides, and
fullerenes. Hence, realization of new organic crystalline
materials for electron dominant transport with high electron
mobility, air stability, and room temperature solution
processing are necessary to develop organic field effect
transistors, organic light emitting diodes, and solar cells.

In the last decade, organic ‘push-pull’” copolymers
comprising alternative electron rich n-donor (D) and electron
deficient m-acceptor (A) units have attracted wide attention
for their electron dominant transport, and room temperature
solution processing to produce highly crystalline thin films."*
Organic donor-acceptor cocrystals with electron rich and
electron deficient n-molecular backbones have been
recognized as promising alternatives to D-A copolymers.">"
This is because it is in general much easier to synthesize D-A
cocrystals in highly crystalline pure form at room
temperature. A number of recent reports show that face to
face alternating m-stacked D-A cocrystals possess myriads of
intriguing properties including ambipolar/n-type
semiconductor properties,’* thermally activated delayed
fluorescence,’” room temperature phosphorescence,"®
photoconduction,'”  photovoltaic ~ properties,*®>  optical
waveguide property,’® solid state lasing property,”® photo-
detection,”" photo-thermal conversion®* etc. originating from

TCNQ

T I +0.67 a. u.

DHN
-0.67 a. u. m——

Fig. 1
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their intrinsic charge transfer nature. Organic donor-acceptor
charge transfer cocrystals have recently found a niche in
molecular ambipolar or n-type semiconductors,>*** and this
created an upsurge of interest to explore new D-A cocrystals
for this purpose.

In the present study, we have explored a cocrystal
comprising 1,5-dihydroxynaphthalene (DHN) as the donor
and TCNQ as the acceptor (Fig. 1a). Naphthalene has a
n-electron rich aromatic core (Fig. 1b) and HOMO energy (=~
-5.8 eV) that is slightly higher for serving as a n-donor for air
stable donor-acceptor cocrystals.”® Di-substitution of the
naphthalene moiety by electron donating substituents has
proven to be an effective strategy to increase the HOMO
energy suitable for acting as the n-donors for semiconductor
cocrystals.>® The TCNQ is known as the n-type
semiconductors with significant electron mobility values,*”
and also serve as the m-acceptor for multiple ambipolar or
n-type D-A charge transfer cocrystals.”® The TCNQ molecule
has LUMO energy level ~ -4.8 eV and a highly electron
depleted m-core (Fig. 1c), and therefore is a popular choice
for semiconductor D-A cocrystals. The energy difference
between the HOMO (-5.18 eV) of DHN and the LUMO (-4.82
eV) of TCNQ being small, indicates the possibility of strong
charge transfer from the DHN to the TCNQ moiety (Fig. 1c).
In addition, the complementarity of a deep m-hole* in the
quinonoid core of TCNQ and the electron rich aromatic core
of DHN favor strong face to face n---n stacking between these
molecules. Recently, a structurally analogous cocrystal of
1,5-diaminonaphthalene (DAN) donor and TCNQ acceptor
was reported to possess n-type semiconductor property, and

| e
LUMO
LUMO 0.48 eV
-0.57 eV
LUMO
HOMO
-4.82 eV TR
HOMO
5.18 eV
HOMO
-7.33 eV
DHN TCNQ DAN

(a) Donor (DHN) and acceptor (TCNQ) moieties used in the present study; (b) molecular electrostatic potential (MEP) for donor and

acceptor, MEP of 1,5-diaminonaphthalene (DAN) is shown for comparison; (c) HOMO/LUMO energies of our studied donor and acceptor and

1,5-diaminonaphthalene donor.
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theoretical calculation shows a significant electron transfer
integral value for this cocrystal system.**” Hence, we have
dedicated the current study for theoretical modeling of
charge carrier transport properties of the DHN:TCNQ
cocrystal, and also investigated similar properties in DAN:
TCNQ cocrystal for comparison.

The charge carrier transport in D-A cocrystals has been
mostly explained by small polaron hopping similar to the
majority of reported low mobility organic semiconductors.*
In a mixed stack D-A cocrystal, the transfer of electron or
hole occurs via a ‘super-exchange’ mechanism along the
infinite --D--A--D-A-- m-stacked array.’*”¢ In super-
exchange mechanism, an electron hops from one acceptor
moiety to the nearest neighbouring acceptor moiety via the
bridging donor moiety, and a hole hops from one donor to
the nearest donor via the bridging acceptor moiety. The
present study will focus on the supramolecular features,
electronic and spectroscopic properties, as well as modeling
of electron/hole transport of the 1:1 cocrystal of
1,5-dihydroxynaphthalene and TCNQ. The charge carrier
transport mechanism in this system will be studied
atomistically (DFT) using a polaron hopping model via super-
exchange pathway along the mixed -D-A- stack, and also by
the band conduction model using periodic DFT.*°

2. Methods

Materials

1,5-Dihydoxynaphthalene (97% purity), 7,7',8,8'"
tetracyanoquinodiemthane (98% purity), KBr (99% purity),
tetrahydrofuran and toluene solvents were purchased from
Sigma Aldrich and used as received without further
purification.

Synthesis of DHN : TCNQ cocrystal

The DHN:TCNQ cocrystal was synthesized by solvent
assisted mechanochemical grinding®" of a 1:1 mixture of
DHN and TCNQ with few drops of tetrahydrofuran as the
solvent added at regular five minute intervals for an hour
(Fig. S1 in ESIt). Instantaneous color change from brown to
dark green was observed with the addition of tetrahydrofuran
solvent. Flat needle shaped dark green crystals were grown
from 2:1 mixture of tetrahydrofuran and toluene. The
formation of a new DHN:TCNQ cocrystal phase was
confirmed from the powder XRD pattern of the green powder
obtained after solvent assisted mechanochemical grinding,
which is significantly different from PXRD patterns observed
in DHN and TCNQ coformers (Fig. S2 in ESIY).

Single crystal and powder X-ray diffraction

Single crystal X-ray diffraction (XRD) data were collected with
Mo Ko radiation (wavelength 0.71073 A). The structure was
solved by direct methods using SHEXL. The non-hydrogen
atoms were refined anisotropically with full matrix least
squares on F>. Coordinates were refined for the hydroxylic

This journal is © The Royal Society of Chemistry and IChemE 2025
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hydrogen atom of DHN; other H atoms were positioned with
idealized geometry, with fixed C-H bond-length = 0.93 A. The
Uiso(H) values were set at 1.2U.q of the carrier atom or at
1.5U.q for the hydroxyl group. Crystallographic and
refinement parameters are summarized in Table S1;f an
ORTEP diagram is shown in Fig. S3.f The structure has been
deposited in the Cambridge Structural Database, CCDC
number 2402657. Powder XRD data of the coformers and the
cocrystal were collected with Cu Ko radiation (wavelength
1.5406 A).

Spectroscopic studies

Absorbance data was acquired from diffuse reflectance
measurements using the Kubelka-Munk method,** which
was measured using a Shimadzu UV-3600 UV-vis-NIR
spectrophotometer, equipped with an integrating sphere
attachment (ISR-603, Shimadzu). Spectra were collected in
the wavelength range of 250-900 nm with a resolution of 0.2
nm. Measurement was acquired on samples diluted in BaSO,
at ratio of 1:10 w/w. Pressed BaSO, was used as white
reference. The FTIR spectra of TCNQ and cocrystal DHN:
TCNQ were collected as powders diluted in pellets of KBr
using a Bruker Vertex70 FTIR spectrometer. A scan resolution
of 1 em™" was used with 64 scans averaged for each sample
and a DTGS detector.

Computational methods

Theoretical estimation of intermolecular interaction
energies. The binding energy between the donor and acceptor
in gas phase was calculated at the crystal structure geometry
using meta hybrid-GGA functional M06-2X>* with 6-31G(d,p)
basis set, and the counterpoise method was used to correct
the basis set superposition error (BSSE).** The M06-2X
functional with 54% Hartree-Fock exchange is ideal to
account for the dispersive nature of n---n stacking and weak
hydrogen bonding interactions.*>

The intermolecular interactions are presented by the
parameter dpnormm in Hirshfeld surface analysis. The dyorm
distance is defined by the expression [(d; - #™V//WY) + (d; -
IV where, WY and 7tV are the vdW radii of the
appropriate atoms internal and external to the surface,
respectively. The distance from Hirshfeld surface to the
nearest molecule inside the surface is defined by d; (internal),
and the distance between the surface and the nearest
molecule outside the surface is denoted by d. (external).*
The dhorm distance is presented by red-blue-white color
scheme; red indicates strong intermolecular interaction with
the distance between two interacting atoms much smaller
than the sum of their van der Waals radii. The interactions
with distance between two interacting atoms at the sum of
van der Waals radii are denoted by white region, while
interactions at distance greater than the sum of van der
Waals radii are presented by blue region. The contribution of
different intermolecular interactions on crystal packing were
estimated by 2D fingerprint plots. The energy components of

Mol. Syst. Des. Eng., 2025, 10, 519-533 | 521
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n---n stacking and hydrogen bonding interactions were
calculated using B3LYP/6-31G(d,p) level of theory using
CrystalExplorer.*

Theoretical prediction of opto-electronic properties at
molecular level. The Gaussian 16 program package was used
for all calculations at molecular level. The HOMO/LUMO
energies and molecular electrostatic potential surfaces of the
donor and acceptor coformers were calculated at the B3LYP/
6-31G(d,p) level. The HOMO/LUMO energies of D-A dimer,
tetramer and hexamer were calculated with Coulomb
attenuated B3LYP ie., CAM-B3LYP functional and the
6-31G(d,p) basis set using coordinates extracted from
experimental geometry. The hybrid exchange-correlation
functional CAM-B3LYP with 65% Hartree-Fock exchange at
long-range takes account of long range electron-electron
coupling effect.*® Natural bond orbital (NBO) analysis of the
n-stacked D-A dimer was performed at the M06-2X/6-31G(d,
p) level of theory to estimate the degree of charge transfer.®’
The strength of donor to acceptor charge transfer is
estimated from the second order perturbation (E*) energy
values, and NBO charges.*®

Time dependent DFT (TD-DFT) calculation on the D-A
dimer was performed using crystal coordinates. The CAM-
B3LYP functional was used for TD-DFT calculation, and spin
allowed singlet-singlet transitions were considered to get the
excited state. Hybrid CAM-B3LYP functional can take care of
electron-electron coupling effects in non-covalently bonded
molecular systems to produce reliable transition energy
values for the n-stacked systems.*’

Modelling of charge carrier transfer. Non-adiabatic
internal hole/electron reorganization energy (in) of
molecules were calculated at B3LYP/6-31G(d,p) level by
adding up the reorganization energy at ground (4;) and
excited (Jf) states of cation/anion. A four point energy
model® (Fig. S5 in ESIf) was used to obtain the value of
internal reorganization energy (dinc)

A= j~i +Af = <E():ka:‘t:ion/ani0n _Eneutral) + (Eékatinn/anion _Ecation/aninn)7

/11 - (E::kation/anion _Eneutral>7 and j'f = (Eékation/anion _Ecation/anion)~

The Ejcutrar and E**

eation/anion iNdicate the energy of optimized
geometry of neutral molecule and the single point energy of
neutral molecule with the optimized geometry of cation/
anion state, respectively. Similarly, the FEcation/anion and
E&tion/anion Tefer to energy of optimized geometry of cation/
anion and the single point energy of the cation/anion having
optimized geometry of the neutral state, respectively.
Super-exchange hole/electron integrals are measured from
the energy splitting of HOMO or LUMO of the mixed D-A-D
or A-D-A molecular triads, respectively.*' The value of the
electron transfer integral is derived from the energy
difference between the LUMO+1 and LUMO of A-D-A triad;
while the hole transfer integral is calculated from the energy
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difference of the HOMO and HOMO-1 of D-A-D triad.*" The
direct electron transfer integral is calculated from the energy
difference of the LUMO+1 and LUMO of the A-A dimer, and
the direct hole transfer is calculated from the energy
difference between the HOMO and HOMO-1 of D-D dimer.
The coordinates of molecular trimers and dimers were
extracted from the crystal geometry. The transfer integrals
were calculated at the CAM-B3LYP/6-31G(d,p) level of theory.
Long range corrected CAM-B3LYP functional is ideal for the
transfer integral calculation as the frontier molecular orbitals
in diads/triads are distributed on two different moieties,
hence long range correction is required for MO energy
calculation of molecular diads/triads. The electron-hole
distribution of S;/S, excited states were obtained from the
TD-DFT calculation results. Multiwfn software** was used for
plotting excited state electron-hole distribution maps.

Band structure calculation. The band structure calculation
for DHN: TCNQ cocrystal was performed on optimized crystal
geometry using Vienna ab initio simulation package (VASP).
The geometry optimization was performed using the PBE
functional with Grimme's D2 dispersion correction to
account for the dispersive nature of n---m stacking interaction
dominating the crystal packing.*®> A I-centered 2 x 1 x 2 mesh
and an energy cut-off of 600 eV were used for unit cell
geometry optimization. A strict convergence criterion of 10~
eV A was applied to attain energetic convergence. Both the
positions of atoms and the unit cell were allowed to relax
during geometry optimization. The parameters of DFT
optimized and experimental unit cell geometries are given in
Table S2 (in ESIt). The band structure calculation of the
optimized crystal geometry was performed with an energy
cut-off of 500 eV and a convergence criterion of 1077 eV A™*
were applied for the hybrid functional HSE06.** A Gaussian
smearing scheme with a smearing width 0.05 eV was used for

both the geometry optimization and band structure
calculations.

3. Results and discussion

Crystal packing of DHN : TCNQ cocrystal

The 1:1 DHN:TCNQ cocrystal (1) crystallizes in the
centrosymmetric monoclinic P2,/n space group. The

asymmetric unit contains half a molecule of the TCNQ
acceptor and half a molecule of the DHN donor (Fig. S3 in
ESIT). The second half of each of these can be generated by
inversion symmetry. The TCNQ and DHN moieties are
bonded into infinite alternative face to face donor-acceptor
n---m stacks along the crystallographic a axis (Fig. 2a). The
strength of n---m stacking is estimated from the distance
between the centroids (Cg) and the planes of naphthalene
ring of DHN and quinonoid ring of TCNQ. The Cg:--Cg
distance between naphthalene and quinonoid ring is 3.565 A,
which is in the range of the sum of the van der Waals radii
of carbon atoms (3.40 A). In addition, the angle between the
planes of these rings is 1.62° (Fig. 2b), and the slip distances
between the DHN and TCNQ moieties vary in between 1.28-

This journal is © The Royal Society of Chemistry and IChemE 2025
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L=1.62° * Cg-Cg=344

AE = -12.45 kcal/mol

MSDE
(a) b l c (b)
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(a) The n---n stacking and O-H---N hydrogen bonding interactions in 1:1 DHN:TCNQ cocrystal; (b) binding energy and crystallographic

parameters of r---n stacking interaction between DHN and TCNQ; (c) the C-H::-N and C-H-:-O hydrogen bonded ribbons in crystal packing.

1.32 A (Fig. S4 in ESIf) indicating moderately strong
interaction. These -D-A-D-A- infinite n-stacks are tethered
by strong O-H---N hydrogen bonds (O-+N, 2.925(4) A; and O-
H---N, 174.0(3)°) along the cell diagonals (Fig. 2a, Table S3 in
ESIt). The DHN molecules form a hydrogen bonded ribbons
via weak C-H---O hydrogen bonds (C---O, 3.432(5) A; and C-
H---O, 145.1°) along the ¢ axis, similarly TCNQ molecules
form H-bonded ribbons (Fig. 2¢, Table S4 in ESIT) via weak
C-H--'N bonds (C-+'N, 3.538(4) A; and C-H- "N, 154.4°),

Strength and nature of non-covalent interactions in DHN :
TCNQ cocrystal

The charge carrier transport pathways in an organic
molecular crystal are strongly dependent on the crystal
packing as the charge carriers move between the nearest
molecular pairs. Hence, it is of paramount importance to
understand the nature of intermolecular interactions to
identify the plausible charge carrier pathways in a molecular
crystal system.”> The intermolecular interaction energies
sustaining the crystal packing have been quantitatively
estimated by two ways: (a) calculation of binding energies
from the gas phase molecular dimers extracted from the
crystal; (b) Hirshfeld surface analysis and calculation of
pairwise interaction energies in the solid phase.

The gas phase binding energy between donor and acceptor
moieties is -11.6 kcal mol™ indicating moderately strong
n---1 stacking interactions. The calculated gas phase binding
energy between DAN and TCNQ in the reported DAN: TCNQ

cocrystal is —14.11 kcal mol™', which is more negative than
the value of -11.6 kcal mol™" observed for our system. We
have also calculated the strength and nature of other
intermolecular interactions in DHN:TCNQ in order to find
out if there is any other electron/hole transfer pathways other
than that in the mixed stacking direction. The binding energy
of O-H-*N hydrogen bond adjoining the mixed n-stacks
calculated is -3.05 kcal mol™’. On the other hand, the
binding energy for doubly C-H--*N hydrogen bonded dimer
is =2.19 kecal mol ™" and the doubly C-H:--O hydrogen bonded
dimer is -0.50 kcal mol™ (Fig. 3) indicating weak nature of
these interactions. We can conclude that the charge carrier
transport can take place along these hydrogen bonded chains
in addition to 7---7 stacking direction.

The strength of the 77 stacking and hydrogen bonding
interactions have been further estimated by decomposing the
energetic contributions of the total binding energies of the
molecular dimers in the solid phase.*® The electrostatic and
dispersive forces are the major components of n---n stacking
interaction (Table 1). The energetic components of m--m
stacking interaction in reported analogous cocrystal of
1,5-diaminonaphthalene (DAN) and TCNQ have been
calculated by comparing the strength of n---m stacking in
both the cocrystals. The values of electrostatic and dispersive
components observed in DAN : TCNQ cocrystal are larger than
the values obtained for our studied DHN:TCNQ cocrystal
(Table 1). Therefore, the face to face n---1 stacking interaction
in the previously reported DAN:TCNQ is slightly stronger
than that calculated for our studied DHN:TCNQ cocrystal,

—— =3

AE =-7.09 kcal/mol

AE = -5.43 kcal/mol

AE = -2.76 kcal/mol

Fig. 3 Binding energies of various hydrogen bonded motifs calculated at B3LYP/6-31G(d,p) level by CrystalExplorer.
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Table 1 Energy components of different intermolecular interaction (kcal mol™) in DHN:TCNQ and DAN:TCNQ cocrystals calculated at B3LYP/6-

31G(d,p) level using CrystalExplorer®

Intermolecular  Electrostatic energy ~ Polarization energy =~ Dispersion energy  van der Waals repulsion  Total energy
Cocrystal interaction (Bele) (Epo1) (Eais) energy (Erep) (Etot)
DHN: TCNQ n---1 stacking -4.93 -1.36 -14.07 9.71 -12.45
DAN:TCNQ n---1 stacking —6.88 -1.95 -17.02 15.48 -14.05
DHN:TCNQ N-H---O -11.02 -2.16 -2.48 13.50 -7.09
DHN: TCNQ C-H:-N -2.52 -1.69 —5.28 4.96 -5.43
DHN:TCNQ C-H---O -1.02 -0.51 —4.61 4.33 -2.76

“ Scaling factor used for the energy component analysis: kee = 1.057, kpor = 0.740, kais = 0.871, kyep = 0.618. Eo¢ =

krcpErep-

while the electrostatic component is significant in both the
cocrystals indicating substantial charge transfer nature of
n---7 stacking interaction in both systems.

Hirshfeld surface analysis was performed to gain more
insights on the nature and contributions of the
intermolecular interactions, and 2D fingerprint plots were
plotted to quantify these interactions. The dpom surfaces of
DHN and TCNQ molecules were mapped over a range of 0.8
to 3.8 A (Fig. S6 in ESIf). The light red spots on Hirshfeld
surface indicate weak C-H---N hydrogen bond, on the other
hand, the n---n stacking and C-H---O hydrogen bonds are
presented by the white regions implying that these are
primarily van der Waals interaction (Fig. S6 in ESIT). The 2D
fingerprint plots demonstrate that the O---H interaction (i.e.,
N-H---O + C-H:--O bonds) comprise 21.5% of Hirshfeld
surface and appear as a very sharp spike with the lowest
contact distance d; = 1.2 A and d. = 0.8 A. The N---H
interaction (i.e., C-H--N bond) constitute 3.5% of total
Hirshfeld surface and is shown by a blunt spike at a contact
distance d; = 1.4 A, and d. = 1.1 A. The n-xn stacking
interaction though having a significant contribution (10%)
on total Hirshfeld surface, appears at d; + d. = 4 A (Fig. $6 in
EST{).

Electronic features of 1:1 DHN: TCNQ cocrystal

Frontier molecular orbital analysis of D-A dimer shows that
dimer HOMO (-7.17 eV) is predominantly localized on the
donor moiety, while the dimer LUMO (-3.79 eV) is localized
on the acceptor (Fig. 4). The molecular offset of dimer HOMO
and LUMO (AE = 3.38 eV) confirms intermolecular charge
transfer nature of DHN : TCNQ cocrystal. The dimer HOMO-n
orbitals (n = 1, 2) are also primarily concentrated on the
donor moiety, however, the LUMO+1 orbital is spread over
both the donor and acceptor (Fig. 4). We have also mapped

keleEeIe + kpolEpol + kdisEdis +

the frontier molecular orbitals of D-A tetramer and hexamer,
and found the similar HOMO/LUMO offset on donor and
acceptor moieties, respectively. The HOMO/LUMO energy gap
in the D-A tetramer and hexamer are —3.2 and -3.15 eV,
respectively (Fig. S7 and S8 in ESIf), thus the HOMO/LUMO
difference are decreasing with increasing size of the
n-stacked unit. The HOMO/LUMO energy gap in D-A dimer
of reported n-type semiconductor  cocrystal — of
1,5-diaminonaphthalene and TCNQ is 2.93 eV which is
smaller than calculated in our studied system (Fig. S9 in
ESIY).

Natural bond orbital (NBO) analysis confirm moderate
values of second order perturbation energy (E?)
corresponding to the charge transfer from DHN to TCNQ
moiety (Fig. 5a). The second order perturbation energy values
corresponding to a donor-n to acceptor-n* orbital transfer are
less than that observed for reported n-type semiconductor
cocrystal of 1,5-diaminonaphthalene and TCNQ (Fig. 5b).2%”
The Mulliken and NBO charge analyses were performed to
understand the degree of ionicity p in the DHN:TCNQ
cocrystal (D”*A”"7) at the ground state. The degree of ionicity
calculated by Mulliken and NBO charge analyses are 0.055
and 0.067 respectively, confirming the charge transfer of the
DHN : TCNQ cocrystal. The degree of ionicity by Mulliken and
NBO methods are 0.070 and 0.084 respectively in analogous
DAN:TCNQ cocrystal, and the values are higher than
observed in the DHN:TCNQ system. Hence, it can be
concluded that higher degree of ionicity values result in lower
HOMO-LUMO energy gap in D-A cocrystals.

Spectroscopic signatures of DHN : TCNQ cocrystal

The vibrational spectroscopy provides additional support of
charge transfer from DHN to TCNQ. The C=N stretching
frequencies observed in the cocrystal are 2221 and 2226

HOMO-2 (-8.613 eV)

HOMO-1 (-8.217 &V)

HOMO (-7.17 eV)

LUMO (-3.79 eV) LUMO+1 (-0.054 eV)

Fig. 4 Frontier molecular orbitals of D-A dimer of DHN : TCNQ cocrystal calculated at M06-2X/6-31G(d,p) level at crystal geometry.
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E? DHN-n—TCNQ-*
= 0.60 kcal/mol

E? DHN-n—TCNQ-*
= 0.33 kcal/mol

E? DAN-n—TCNQ-m*
=0.42 kcal/mol
(a) NBO analysis at M06-2X/6-31G(d,p) level to show charge transfer from DHN to TCNQ moiety; (b) NBO analysis to show charge transfer

E%p oNnTONQ-7*
= (0.51 kcal/mol

a—m

HOMO LUMO

S

E

LUMO

(a) FTIR spectra of TCNQ and the DHN:TCNQ cocrystal show no significant change in the C=N stretching frequency due to charge

transfer; (b) absorption spectrum of the DHN: TCNQ cocrystal showing broad charge transfer band (450-750 nm); (c) charge transfer origin of S;

and S, states shown by time-dependent DFT calculation.

em™, while the corresponding frequencies are 2222 and 2232
em™ in pristine TCNQ indicating charge transfer towards
C=N" formation (Fig. 6a, Table 2). However, the minute
decrease in the values of C=N stretching frequencies shows
that the degree of ionization in the DHN:TCNQ cocrystal is
low as confirmed from Mulliken/NBO charge analysis. This is
also supported by very small changes in the C=N, C=C and
C-C bond lengths in TCNQ (Table S4 in ESIf) upon
cocrystallization.

The absorption spectrum of the DHN:TCNQ cocrystal
shows a broad band in the range from 450 to 750 nm

This journal is © The Royal Society of Chemistry and IChemE 2025

indicating a charge transfer from DHN to TCNQ moiety in
the excited state (Fig. 6b). Time dependent DFT calculation
on the D-A dimer was carried out to understand the origin of
this broad absorption band. The relatively dark S; state (1 =
741 nm, f= 0.0236) is solely due to charge transfer from DHN
to TCNQ moiety, while the bright S, (1 = 417 nm, f = 0.2553)
and S; (4 = 353 nm, f = 0.1853) states have predominant
charge transfer character but also minor contributions from
local excitation (Fig. 6¢ and Table 2, Fig. S10 in ESIf). In
addition to the broad CT band, absorptions with prominent
local excitation nature i.e., corresponding to So — S4, S — Ss,
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Table 2 TD-DFT calculated wavelength, oscillator strength and orbital contributions for S;-S¢ excited states

State Calculated wavelength (nm) Excitation energy (eV) Oscillator strength (f) Orbital contribution
Sy 741 1.67 0.0236 HOMO — LUMO, 100%
S, 417 2.97 0.2553 HOMO-1 — LUMO, 4%
HOMO-2 — LUMO, 40%
HOMO-3 — LUMO, 56%
S; 393 3.15 0.1853 HOMO-3 — LUMO, 31%
HOMO-2 — LUMO, 50%
HOMO-1 — LUMO, 19%
Sy 367 3.38 0.4581 HOMO-3 — LUMO, 65%
HOMO-2 — LUMO, 11%
HOMO-1 — LUMO, 24%
Ss 326 3.80 0.0126 HOMO-6 — LUMO, 3%
HOMO-4 — LUMO, 97%
Se 269 4.62 0.0126 HOMO-2 — LUMO+2, 3%

So — Se transitions (Fig. S10,i Table 2) are also observed. It is
pertinent to mention that the local excitation is not visible in
the UV-vis spectrum without dilution of the sample by BaSO,.

The charge transfer nature of the excited states were
further confirmed by the electron-hole distribution of the
first three excited states. The first three excited states are
characterized with electron distribution on the TCNQ and
hole distribution on the DHN showing excited state charge
transfer (Fig. 7).

Charge carrier transport in the DHN : TCNQ cocrystal

The electron and hole transport in organic semiconductors
with low charge carrier mobility values is frequently
described using a hopping model where the charge carriers
viz. electron/hole are assumed to hop between nearest
neighbouring molecules.”® The rate of charge carrier transfer
in can be explained by semi-classical Marcus-Hush theory."”
The rate of charge carrier transport (kcr):

4> 1, {—(AGO + ,1)2}
ker = — t”ex 5
h vV 4TCJ.]CBT 4kB/1T

In this equation, # and AG®° denote Planck's constant and the
free energy for electron transfer from donor to acceptor,

(

@ (AJ% / ;y/ o

L Bt oo

/ 7 L
%sl TS, s,

Fig. 7 Electron (green) and hole (blue) distribution map in S;, S, and
Ss excited states responsible for charge transfer absorption in DHN:
TCNQ cocrystal (drawn at an iso-surface = 0.002 Hartree).
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HOMO-2 — LUMO+1, 2%
HOMO-2 — LUMO+3, 9%
HOMO — LUMO+1, 29%
HOMO — LUMO+2, 6%
HOMO — LUMO+3, 5%
HOMO — LUMO-+4, 45%

respectively. The free energy of charge transfer is calculated
from energies of neutral DHN/TCNQ molecules and DHN™
cation/TCNQ™™ anion. The value of AG® for electron transfer
from DHN to TCNQ (i.e., DHN + TCNQ — DHN" + TCNQ"™
process) is -1.93 eV indicating an energetically favorable
process.

The pivotal factors responsible for charge carrier transfer
are the transfer integral (¢) and reorganization energy (1).*” The
transfer integral measures the strength of electron and hole
coupling between the nearest acceptor and donor molecular
pair."” The reorganization energy term represents the energy
prerequisite when a molecule accepts or ejects an electron (i.e.,
hole formation). This term 2 is a sum of internal reorganization
energy (lin) and external reorganization energy (ley).*® The
internal reorganization energy term arises from the energy
required for the molecular geometry change when a particular
molecule accepts or ejects an electron, while the external
reorganization term takes into account of the energy change
accompanying the change in geometry of the surrounding
molecules.”® The term /., is often ignored in the calculation as
the geometry change of surrounding molecules is much less
prominent in a solid state crystalline system rendering A, >
lext-so

The electron/hole transport in a m-'m stacked D-A
cocrystal takes place by the super-exchange mechanism along
the mixed ---DADADA--- stacking direction (Fig. 8).>' In the
super-exchange path, the electron hops between two acceptor
molecules in a mixed stack via a donor molecule and the
hole hops between two donor molecules in a mixed stack via
an acceptor molecule. The super-exchange charge transfer
integral is estimated from the coupling between two closest
donors/acceptors along the n---m stacking (Fig. 8). However,
all the D-A pairs along the stacking direction are equivalent
in the DHN:TCNQ cocrystal. Hence, the super-exchange
electron/hole transfer integrals were calculated by ‘energy

This journal is © The Royal Society of Chemistry and IChemE 2025
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(a) Symmetry and energy of the frontier molecular orbitals on donor and acceptor available for super-exchange hole transfer in DHN:

TCNQ cocrystal; (b) frontier MOs involved in super-exchange electron transfer; (c) super-exchange hole transfer integral calculated from D-A-D

triad; (c) super-exchange electron transfer integral from A-D-A triad.

splitting’ method using the molecular orbital energies of D-
A-D/A-D-A triads.*!

The calculated super-exchange electron transfer integral
value of the DHN: TCNQ cocrystal is 12.4 meV and the hole
transfer integral value is 48.2 meV (Fig. 9b and c). The
transfer integral values indicate that DHN: TCNQ cocrystal is
a n-type semiconductor. The super-exchange electron and
hole transfer in structurally similar reported 1:1 DAN: TCNQ
cocrystal are 65.4 and 28.5 meV respectively (Fig. S11 in
ESIt), as aligned with the experimentally observed n-type
semiconductor nature of this cocrystal. Comparison of DHN :
TCNQ and DAN:TCNQ cocrystals demonstrates that the
super-exchange transfer integral directly
proportional to the degree of ground state charge transfer
and strength of n---n stacking interaction between D and A. It
is pertinent to note that the electron transfer integral value
for DAN:TCNQ is similar to the value of the cocrystal of
sulphur bridged annulene and TCNQ with a reported electron
mobility value 0.24 cm® V' s measured from the OFET

values are

This journal is © The Royal Society of Chemistry and IChemE 2025

device with I/l ratio being 1.5 x 10°.°* On the other hand,
the electron mobility value of DAN:TCNQ cocrystal is 2.5 x
10 em? V' s measured from the OFET device with Ion/Iog
ratio = 1, indicating device parameters are as important as
transfer integrals.?®”

Super-exchange mechanism of charge transfer is largely
dependent on nodal symmetry and the energy of the frontier
MOs.” The electron dominant transport by super-exchange
mechanism in these cocrystals should have originated from
the nodal symmetry and energies of the participating
orbitals. The hole transfer between donor HOMOs (-5.18 eV)
takes place via bridging acceptor LUMO (-4.82 eV), and not
the LUMO+1 orbital (-1.75 eV) as it is too high in energy to
take part as a bridging orbital in the super-exchange hole
transfer (Fig. 9a). The LUMO of TCNQ shows diagonal
asymmetry (ungerade), while the HOMO of DHN possesses
diagonal symmetry (gerade) (Fig. 8a). On the other hand, the
electron transfer between two acceptor LUMOs cannot take
place by both bridging donor HOMO and HOMO-1 orbital
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(-6.53 €V) as these orbitals possess diagonal symmetry in
contrast to the diagonal asymmetry of LUMO of TCNQ
(Fig. 9a). The HOMO-2 orbital (-6.54 eV), however, is
suitable as a bridging orbital for having diagonal
asymmetry similar to the TCNQ LUMO, and whereas the
HOMO-3 orbital (-8.45 eV) of DHN is not energetically
suitable to act as the bridging orbital. The absence of
suitable bridging orbital for hole transfer explains the value
of super-exchange hole transfer integral being smaller than
the electron transfer integral. However, the energy
difference (1.73 eV) between TCNQ LUMOs participating in
super-exchange electron transfer and the bridging DHN
HOMO-2 orbital is not insignificant, and this explains the
moderate value of electron transfer integral.

We have also checked the super-exchange electron and
hole transfer integral values along the O-H:--N hydrogen
bonded chain of DHN and TCNQ molecules (Fig. 8, Table 3)
following super-exchange model. However, both the electron
and hole transfer integral values are less than 1 meV
indicating very little transfer along this direction. The very
low values of electron/hole transfer integrals along the
hydrogen bonded chain is the consequence of poor geometric
overlap between the donor and acceptor. On the other hand,
direct electron transfer among TCNQ molecules along the C-
H---N hydrogen bonded ribbon, and direct hole transfer
between DHN molecules along the C-H:--O hydrogen bonded
ribbon should also be considered as potential charge carrier
transfer pathways. The direct electron transfer integral
between the TCNQ molecules is 8.0 meV, and the direct hole
transfer between the DHN molecules is 12.1 meV (Fig. S12 in
ESIt). However the direct transfer integral values are
significantly smaller in comparison to super-exchange
electron transfer integral, hence a dominant n-type
semiconductor nature of DHN : TCNQ cocrystal is expected.

The reorganization energy term plays an important role in
deciding the charge carrier transfer rate. The internal hole
reorganization energy (i.e., energy required to produce DHN™"
cation from neutral DHN) of 1,5-dihydroxynaphthalene is 486
meV. The high value of hole reorganization energy in DHN
arises due to the small size of naphthalene molecular
backbone. On the other hand, the value of electron
reorganization energy of TCNQ (energy required to produce
TCNQ" anion from neutral TCNQ) is 356 meV. The A;,,, values
for DHN and TCNQ moieties indicate electron dominant
transport as the hole reorganization energy of DHN is not
favorable for hole transport.

View Article Online
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Band structure analysis

The band structure of DHN: TCNQ cocrystal were computed
at PBE level of theory with Grimme's dispersion correction
(PBE-D3), and using the HSE06 hybrid functional at the
optimized unit cell geometry. The band structures were
plotted along the high symmetry points of first Brillouin
zone. The DHN:TCNQ cocrystal is an indirect bandgap
semiconductor with the valence bond maxima (VBM) at the B
point (0, 0, 0.5), and the conduction band minima (CBM) at
the /" point (0, 0, 0). The bandgap calculated using dispersion
corrected PBE functional is 0.39 eV (Fig. S13 in ESIT), which
is considerably lower than the experimentally observed
bandgap of 0.94 eV from the Tauc plot (Fig. 10a). However,
the generalized gradient approximation (GGA) functionals
like PBE reportedly underestimate the bandgap values of
molecular semiconductors.”® The band gap calculated using
HSEO06 functional is slightly higher 0.54 eV (Fig. 10b and c).

The greatest curvature of the conduction band is observed
along the B — A direction, which is equivalent to the
crystallographic a axis ie., the direction of super-exchange
electron transfer via n---m stacking (Fig. 10c and S14b in
ESIT). It is pertinent to notice the curvatures of both the
valence and conduction band along the E — C direction,
which coincides with the crystallographic ¢ axis (Fig. 10c).
This corresponds to the direct hole and electron transfer via
the hydrogen bonded ribbons of DHN and TCNQ molecules.
We have also calculated the band structure on experimental
geometry with hybrid HSE06 functional and /-centered 4 x 1
x 4 mesh for the comparison. The calculated bandgap at the
experimental geometry is 0.93 eV, which matches well with
the experimentally observed bandgap value (Fig. S14 in ESIT).
The difference in the bandgap value calculated at
experimental and optimized unit cells can arise from the
difference in the geometries especially the parameters of
n---1 stacking interaction (Table S2 in ESIt).

Additionally, we have calculated the bandgap of
structurally analogous DAN:TCNQ cocrystal at HSE06 level
of theory using the experimental geometry and /-centered
4 x 1 x 4 mesh. The DAN:TCNQ system possesses an
indirect bandgap with value 0.60 eV, with the maxima of
valence bond located at high symmetry point D (0, 0.5,
0.5) and the conduction band maxima at /" point (0, 0, 0)
(Fig. S15 and S16 in ESI{). Comparison of the bandgap
values in the cocrystals shows that higher degree of
charge transfer and stronger =n---m stacking interaction

Table 3 Direct and super-exchange transfer integral values along different directions

Type of transfer Molecular diads/triads Direction Transfer integral value (meV)
Direct electron transfer TCNQ diad c-Axis 8.0
Direct hole transfer DHN diad c-Axis 12.1
Super-exchange hole transfer TCNQ:DHN n-n stacked triad a-Axis 12.4
Super-exchange electron transfer TCNQ:DHN n-n stacked triad a-Axis 48.2
Super-exchange hole transfer TCNQ : DHN hydrogen bonded triad c-Axis 0.2
Super-exchange electron transfer TCNQ: DHN hydrogen bonded triad c-Axis 0.8
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(a) Bandgap energy of DHN:TCNQ cocrystal estimated by Tauc plot; (b) band structure calculated with hybrid HSEO6 functional with

I-centered 4 x 1 x 4 mesh and 500 eV energy cut-off; (c) two highest valence bands and two lowest conduction bands are shown, calculated at

hybrid HSEO6 functional with I™-centered 4 x 1 x 4 mesh.

Table 4 Bandgap of DHN:TCNQ at different geometries, k-mesh and theory level

Functional k-Mesh Geometry Bandgap (eV)
PBE-D3 I-Centered 4 x 1 x 4 DFT-D2 optimized geometry 0.39
HSE06 I-Centered 4 x 1 x 4 DFT-D2 optimized geometry 0.54
HSEO06 I-Centered 4 x 1 x 4 Experimental geometry 0.93

lower the bandgap value; similar to the trend observed
for the super-exchange electron/hole transfer integrals
(Table 4).

4. Conclusion

We have studied the electronic properties of a n-stacked
donor-acceptor cocrystal based on n-donor
1,5-dihydroxynapthalene (DHN) and w-acceptor 7,7',8,8'
tetracyanoquinodimethane (TCNQ). We have investigated
the charge transfer and semiconducting features of this
cocrystal using a combination of structural, spectroscopic
and DFT studies. The experimentally observed narrow
bandgap of the cocrystal (0.94 eV) is in good agreement
with that found by periodic DFT calculations. The narrow
bandgap value of the DHN:TCNQ cocrystal with a suitable
LUMO energy level (-3.8 eV) corresponds to the potential
application for air stable and high mobility n-channel
organic field effect transistors. The super-exchange electron
and hole transfer integral values along the =n---m stacking
direction confirms the n-type semiconductor nature of the
DHN:TCNQ system. A closer look in the crystal packing
features reveals that stronger intermolecular interactions
result in higher values of transfer integrals. The
comparison of two structurally analogous cocrystals
n-stacked DHN:TCNQ and DAN:TCNQ show that the
super-exchange transfer integrals are proportional to the
strength of m---m stacking interaction and the degree of
charge transfer. Organic semiconductors with electron
dominant transport, ultra-narrow bandgap (<1 eV), solution
processing ability, and appropriate LUMO energy (-3.8 eV)
suitable for air stability are very rare. This donor-acceptor
cocrystal is a step towards filling this void and finding

This journal is © The Royal Society of Chemistry and IChemE 2025

potential application in fabricating n-channel organic field
effect transistors.
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