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 DFT insights into opto-electronic properties of near infra-red absorber 1:1 

perylene:TCNQ cocrystal towards photovoltaic application

Arkalekha Mandal,a* Chris Erik Mohna, Yusuf Chanchangi,b Carl Henrik Görbitza 
a Department of Chemistry, Blindern Campus, University of Oslo, Oslo 0371, Norway

b Environmental and Sustainability Institute, Faculty of Environment, Science and Economy, 
University of Exeter, Exeter, Penryn Campus, Cornwall TR10 9FE, United Kingdom

Abstract

With the advent of photovoltaic materials with room temperature solution processing ability and 

light-weightiness, organic materials have emerged as a particular promising family of candidates. 

Organic cocrystals comprising π-electron rich donor and π-electron deficient acceptor hold 

immense potential within the field of thin film photovoltaic devices possessing strong and broad 

optical absorption covering the visible and near infra-red region of solar spectrum, intrinsic 

semiconductor property, and the solution processing ability at ambient conditions. Still they are 

strongly under-represented as materials for photovoltaic devices. Herein, we have investigated the 

excited state features and electron/hole transport properties of 1:1 cocrystal of π-donor perylene 

and π-acceptor 7,7′,8,8′-tetracyanoquinodimethane (TCNQ). The donor and acceptor molecules 

form infinite π-stacks via strong face to face π··π staking interaction to facilitate charge transfer. 

The absorption spectrum of this cocrystal shows quite broad absorption from the UV to the near 

infrared regions (320-1150 nm) owing to charge transfer. Time dependent DFT study indicates an 

efficient charge transfer exciton generation and dissociation. The bandgap (0.92 eV) and the 

exciton binding energy (0.12 eV) values of this cocrystal are ideal for the photovoltaic 

applications, while the theoretically calculated spectroscopic limited maximal efficiency (SLME) 

is 24 % at 1000 nm thickness pointing to future applicability. The electron (45 meV) and hole (48 

meV) transfer integral values along the π··π stacking direction indicate ambipolar charge transport, 

while low values of the internal reorganization energy of perylene (147 meV) and TCNQ (255 

meV) are favourable for the fast transport of charge carriers making the cocrystal a suitable 

candidate for photovoltaic applications. The 1:1 perylene:TCNQ cocrystal poses an intriguing 

example of indirect bandgap organic material having high value of the theoretical maximum 

photovoltaic efficiency at low film thickness, owing to very similar values of indirect bandgap and 
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direct allowed bandgap. This theoretical study unveils the photo-physical and charge transport 

properties of an organic cocrystal with strong potential for photovoltaic applications.

Introduction

In the last two decades, the organic molecular crystals have gained the recognition as potential 

photovoltaic materials.1-2 Rubrene,3 pentacene,4 and fullerene5 based molecular crystals have been 

explored as organic photovoltaic materials as they exhibit strong photon absorption and excellent 

charge carrier mobility values. However, these materials are known for the limited solubility and 

hence procuring good quality thin films of these materials is often cumbersome.6 Recently, a 

number of non-fullerene small molecules have emerged as the acceptors for bilayer or bulk 

heterojunction solar cells.7-11 Addition of alkyl substituents in the molecular backbones help to 

solve the solubility issue in these non-fullerene acceptors. On the other hand, the heterojunction 

solar cells are more complicated in fabrication and poor interface morphology of the donor-

acceptor interface often reduces the overall photo-conversion efficiency due to charge traps.12-13 

In this regard, organic ambipolar molecular crystals can be the best candidates as integration of 

both p-type and n-type semiconductor behaviour in single material and minimal charge traps in 

crystalline domain will aid in good photovoltaic behaviour.14-15

Ambipolar semiconductor property is very rare in organic semiconductors as the majority of the 

organic molecular semiconductors are p-type16-18 while few molecular semiconductors are n-type 

in nature.19-20 The promising attempt to secure ambipolar semiconductor property in organic 

systems was achieved by assembling the π-donor and π-acceptor moieties together in a single 

component structure via either polymerization21-22 or cocrystallization.23 Cocrystallization of π-

donor (D) and π-acceptor (A) molecules is the most viable and the least tedious method for 

procuring ambipolar organic semiconductors with good solution processing ability.23-26 Ambipolar 

organic donor acceptor cocrystals with the bandgap in the range of 1.0 to 1.8 eV, strong photon 

absorption in the visible and near infra-red region of solar spectrum, facile exciton generation and 

dissociation abilities, and balanced electron and hole transport will be the attractive choices for the 

thin film organic photovoltaic materials.28-29 
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Scheme 1. The donor and acceptor molecules in the studied 1:1 cocrystal.

In the present work we have explored the electronic and charge carrier transport properties of a 

1:1 donor acceptor cocrystal comprised of perylene donor and 7,7′,8,8′-tetracyanoquinodimethane 

(TCNQ) acceptor in both ground and optically excited states (Scheme 1). Perylene is a polycyclic 

aromatic hydrocarbon (PAH) donor known for being the component of numerous organic 

cocrystals with remarkable semiconductor30-31 and fluorescent32-34 properties. On the other hand, 

the π-acceptor TCNQ is a widely used molecule to impart n-type and ambipolar semiconductor 

property both in organic cocrystals35-37 and metal organic frameworks.38-39 Cocrystallization of 

perylene and TCNQ to produce 1:1, 3:1 and 3:2 cocrystals have been reported.40-41 The charge 

carrier transport properties of the 1:1 perylene:TCNQ cocrystal have been studied experimentally 

by field effect transistor fabrication and electron mobility values in the range of 0.001-0.01 cm2V-

1s-1 were reported.41 The excited state and photovoltaic properties of 1:1 perylene:TCNQ cocrystal 

have not been explored so far. The complementarity of molecular electrostatic potential (MEP) of 

perylene and TCNQ indicate efficient π··π stacking interaction (Figure 1a). In addition, the small 

energy difference (≈ 0.14 eV) between perylene HOMO and TCNQ LUMO (Figure 1b) will lead 

to efficient charge transfer. We envisage that the 1:1 perylene:TCNQ cocrystal can impart 

excellent photovoltaic property owing to both strong face to face π··π stacking between perylene 

and TCNQ, and facile charge transfer suitable for absorption in the red and infra-red region of the 

solar spectrum. 

LUMO
-4.82 eV

HOMO
-4.96 eV

Perylene Perylene TCNQTCNQ

(b)(a)

‒ +
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Figure 1. (a) Molecular electrostatic potential of perylene and TCNQ calculated at B3LYP/6-

31G(d,p) level in gas phase; (b) energies of HOMO of perylene and LUMO of TCNQ calculated 

at B3LYP/6-31G(d,p) level of theory on optimized gas phase geometries.

 It is known that charge transfer leads to efficient absorption in the visible and near infra-red region 

for facile exciton generation, while the already reported charge carrier transport property of the 

1:1 perylene:TCNQ cocrystal is inductive for photovoltaic property. In current work, we will 

investigate the excited state and ambipolar charge transport features of the 1:1 perylene:TCNQ 

cocrystal towards the possibility of photovoltaic application. 

Materials and methods

Synthesis of 1:1 perylene:TCNQ cocrystal 

The 1:1 perylene:TCNQ cocrystal (literature reported, CCDC number: 1576698) was synthesized 

by grinding equi-molar amount of perylene (50 mg, ≈ 2 mmol) and TCNQ (40 mg, ≈ 2 mmol) with 

repetitive additions of 0.5 mL of toluene at 5 minutes interval. The resultant dark green powder 

was dissolved in 5 mL chlorobenzene and kept undisturbed at room temperature for slow 

evaporation. Long prismatic blackish green crystals were grown after a week (Figure S2 in SI).  

The mechano-chemical cocrystal synthesis was opted for green chemistry approach.

Spectroscopic characterization

The single crystals of 1:1 perylene:TCNQ cocrystal (50 mg) were collected and dissolved in 10 

mL of chlorobenzene. Solid polymethylmacrylate (PMMA) polymer (50 mg) was dissolved in 10 

mL chlorobenzene at 50° C. The solution of the cocrystal was poured into the solution of PMMA, 

and the mixed solution was stirred for few minutes. The mixed solution was then drop-casted on 

glass slides, and annealed at 60° C for making a yellow coloured drop-casted thin films. The 

PerkinElmer LAMBDA 1050+ UV/Vis/NIR Spectrophotometer was employed to collect spectral 

absorbance and transmittance data. The instrument was operated in absorbance mode, with the 

data recorded at 5 nm intervals across a wavelength range from 300 to 1800 nm, encompassing 

the ultraviolet (UV), visible (Vis), and near-infrared (NIR) regions. The optical bandgap of the 

cocrystal has been determined from Tauc plot which is widely used for the amorphous (powder) 

or disordered (solution processed thin film) materials. The photon energy (hν) is plotted along the 
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x-axis while the quantity (αhν)1/2 (for indirect bandgap) or (αhν)2 (for direct bandgap) is plotted 

along the y-axis, with α being the absorption coefficient of the material. Extrapolation of the curve 

along the abscissa produces the optical bandgap energy of the semiconductor material.

Computational methods

Theoretical estimation of intermolecular interaction energies

The binding energy between the π-stacked or weak hydrogen bonded donor and acceptor moieties 

in the gas phase dimer was calculated at the crystal structure (literature reported, CCDC number: 

1576698) geometry using Grimme’s dispersion with Becke-Johnson damping corrected B3LYP 

functional (B3LYP-D3-BJ) and 6-31G(d,p) basis set. The counterpoise method was used to correct 

the basis set superposition error (BSSE) as we used a relatively small basis set for calculating the 

intermolecular interaction energy.42 The binding energy values corresponding to π··π stacking and 

hydrogen bonding interactions in solid state were calculated at the B3LYP/6-31G(d,p) level of 

theory using CrystalExplorer.43-44 

Theoretical prediction of opto-electronic properties at molecular level

The Gaussian 16 program package was used for all calculations at the atomic level. The HOMO/ 

LUMO energies and molecular electrostatic potential surfaces of the donor and acceptor molecules 

were calculated at B3LYP/6-31G(d,p) level of theory. The HOMO/LUMO energies of D‒A dimer,  

A‒D‒A‒D tetramer, and A‒D‒A‒D‒A‒D hexamer were calculated by the Grimme’s dispersion 

(D3)45 corrected B3LYP functional with 6-31G(d,p) basis set, using the atomic coordinates 

extracted from the literature reported room temperature crystal geometry. The Becke Johnson 

damping function was used along with dispersion corrected D3 functional.46 The donor to acceptor 

charge transfer is quantified from the Natural bond orbital (NBO)47 analysis of the π-stacked 

perylene‒TCNQ dimer performed Grimme’s dispersion (D3) corrected B3LYP functional. The 

second order perturbation (E2) energy48 values for electron transfer from the filled π-orbitals on 

perylene to the empty π*-orbitals on TCNQ, along with the NBO atomic charges on these moieties 

give an estimation of charge transfer from perylene to TCNQ. 

To calculate the excited state properties time dependent DFT (TD-DFT) calculations on the D‒A 

dimer, and A‒D‒A‒D tetramer were performed using the experimental coordinates from literature 

reported crystal structure. The CAM-B3LYP functional49-50 was used for TD-DFT calculation, and 
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only spin allowed singlet-singlet transitions were considered for the optically excited states. The 

range separated exchange-correlation functional CAM-B3LYP with 19% Hartree-Fock exchange 

at short range, 65% Hartree-Fock exchange at the long-range (> 10 Å)  and 33% HF (HF) exchange 

in the intermediate range, takes account of long range electron-electron coupling effect in π-

stacked D‒A systems to produce reliable transition energy values. The electron-hole distribution, 

coefficient of electron-hole mixing,51 charge transfer length,52 and one electron transition density 

matrix52 for the excited states were obtained from the TD-DFT calculation results. The Mutltiwfn 

software51-52 was used for plotting the excited state electron-hole distribution maps, heat maps for 

one electron transition density matrix, as well as, calculating the charge transfer lengths and 

electron-hole mixing coefficient. Another range-separated hybrid functional ω97X-D was used to 

calculate the excited state properties of π-staked D‒A dimer and A‒D‒A‒D tetramer, and the 

values of different parameters were compared with those obtained by the CAM-B3LYP functional. 

The range separated ωB97X-D functional is comprised of 22% Hartree Fock exchange at short 

range and 100% Hartree Fock exchange at long range, while the intermediate region is defined 

with a standard error function with range separation parameter value of 20%.54 

Modelling of charge carrier transfer:

The internal hole/electron reorganization energy (λint) of donor and acceptor molecules were 

calculated at B3LYP/6-31G(d,p) level by adding the molecular reorganization energy at both the 

neutral ground (λi) and charged excited (λf) states upon the molecular cation/anion formation. A 

four point energy model55 was followed to estimate the value of internal reorganization energy 

(λint) of the molecules;

λ = λi + λf = (E**
cation/anion – Eneutral) + (E*

cation/anion – Ecation/anion)   Equation (1),

λi = (E**
cation/anion – Eneutral), and λf = (E*

cation/anion – Ecation/anion).

The Eneutral and Ecation/anion terms indicate the energies of the optimized geometry of neutral 

molecule and optimized geometry of the cation/anion. On the other hand, the E*
cation/anion and 

E**
cation/anion terms refer to the single point energy of the cation/anion with the optimized geometry 

of neutral state of molecule and the single point energy of the neutral molecule with the optimized 

geometry of cationic/anionic states respectively. 
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The super-exchange and direct electron and hole transfer integrals were calculated at the CAM-

B3LYP/6-31G(d,p) level of theory. The long range corrected CAM-B3LYP functional was used 

for the transfer integral calculation as the frontier molecular orbitals in the non-covalently bonded 

molecular dimers (D‒D/A‒A) or π-stacked trimers (A‒D‒A/ D‒A‒D) are generally distributed on 

two different molecules. Hence transfer integral calculation necessitate the long range electron 

correlation for calculating the energy of molecular orbitals distributed on multiple molecules.

Band structure calculation

The band structure calculation for perylene:TCNQ cocrystal was performed both at reported room 

temperature (290 K) experimental and optimized unit cell geometries using Vienna ab initio 

simulation package (VASP, version 6.4.3). The geometry optimization was performed with van 

der Waals density functional (vdW-DF) with an energy cut-off 700 eV and a convergence criterion 

10-7 eV/Å for the calculation of total energies. A Γ-centered 4×3×2 mesh of k-points and Gaussian 

smearing with smearing width 0.03 eV were used for the optimization of the unit cell volume, 

shape and basic atomic positions. The van der Waals density functional has been used for 

optimization as the crystal packing of the cocrystal is dominated by van der Waals type π··π and 

C‒H··π interactions. The unit cell parameters from the experimental and optimized geometries are 

listed as the following; experimental: a = 7.30 Å, b = 10.87 Å, c = 14.55 Å; optimized with VdW-

DF: a = 7.50 Å, b = 10.90 Å, c = 14.52 Å.

Band structure calculations on the experimental and DFT optimized geometries were performed 

with an energy cut-off of 500 eV and a Monkhorst-pack 5×3×2 mesh of k-points for the SCF total 

energy calculation and a density of k-points equal to 0.06/ Å between the high symmetry points to 

draw the band structure. A convergence criterion of 10-7 eV/Å for the electronic wave-function 

were applied to calculate the band structure using the hybrid DFT functional HSE06. The HSE06 

functional has been recognized to give accurate value of the band structure for organic systems.56-

57 A Gaussian smearing scheme with a smearing width 0.02 eV was used for band structure 

calculations. The band structure calculation for 1-aminopyrene:TCNQ cocrystal (CCDC: 

1915543) was performed using the experimental geometry using the HSE06 functional, while 

geometry optimization was performed for CBP:(TCNQ)2 (CBP = π-donor 4,4′-bis(carbazol-9-

yl)biphenyl) cocrystal (CCDC: 2058993). The C17, C18, H17, H18 atoms of the CBP:(TCNQ)2 

cocrystal have 80:20 occupancies distributed over two positions. We considered full occupancies 
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at the atomic sites with experimental 80 % occupancy and removed atomic sites with 20 % 

occupancy manually to carry out the geometry optimization. The van der Waals density functional 

(vdW-DF) with an energy cut-off 600 eV, Γ-centered 2×2×1 mesh of k-points, and a convergence 

criterion 10-7 eV/Å for optimization of basic atomic positions keeping the unit cell geometry fixed.

The VASPKIT software (version 1.3.5) was used for post processing of all the data including 

calculation of spectroscopy limited maximum efficiency (SLME) parameter required for photo-

conversion property evaluation. The SLME parameter η value equals to Pm/Pin, where Pm = 

maximum power density obtained from the material and Pin = incident power density from the 

solar spectrum. The η value is extracted by using an exponential function to model the fraction of 

radiative recombination as stated in the following equation:

JSC = J0𝑒𝑥𝑝∫∞
0 𝑎(𝐸)𝐼𝑠𝑢𝑛𝐸𝑑𝐸    Equation (2); 

while the parameters JSC = Photo-voltaic current, a(E) = Photon absorptivity, Isun = AM 1.5 G solar 

spectrum (wavelength range 280-2000 nm), J0 = reverse photo-current which depends on both the 

radiative and non-radiative recombination in the dark state. 

The expression of J0 = J0
r + J0

nr = J0
r/exp(Eg-Eg

da/kT)   Equation (3); 

while Eg = fundamental bandgap and Eg
da = direct allowed bandgap. Consequently, the SLME 

value tends to zero for indirect bandgap materials if difference between the direct allowed and 

fundamental bandgap becomes large. In contrast, the SLME parameter gives fairly comprehensive 

idea of theoretical maximum photo-conversion efficiency for the direct bandgap materials, and 

also for the indirect bandgap materials with considerably small difference between the indirect 

bandgap and the direct allowed bandgap. The SLME parameter gives more practical estimation of 

accurate efficiency compared to the traditional Shokley-Queisser (SQ) limit which only takes in 

account of the radiative charge carrier recombinations.58 In contrast, the SLME parameter takes 

account of both radiative and non-radiative recombination, and provides a comprehensive idea on 

the photo-conversion efficiency.

Results and discussion
Crystal packing of 1:1 perylene TCNQ cocrystal

The 1:1 perylene:TCNQ cocrystal (Figure S1 in SI) is crystallized in centro-symmetric monoclinic 

space group P21/c. The asymmetric unit contains half molecule of perylene and half molecule of 
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TCNQ, and two such asymmetric units are present in the unit cell. The perylene and TCNQ 

molecules are tethered in an infinite chain along the crystallographic a axis via strong face to face 

π··π stacking interaction. The distance between the centroids (Cg) of the 20-member aromatic core 

of perylene and the 6-membered quinonoid core of TCNQ is 3.469 Å, while the angle between 

these planes is 4.40° (Figure 2a). The infinite ··D‒A‒D‒A·· molecular stacks present in the crystal 

packing (Figure 2b, Table 1) are adjoined by C9‒H9··N1 (C··N, 3.431(2) Å; C··N, 2.71 Å, and 

C‒H··N, 134.8°) hydrogen bond along the crystallographic c axis, and by C7‒H7··N2 (C··N, 

3.523(3) Å; C··N, 2.67 Å, and C‒H··N, 153.3°) hydrogen bond along the crystallographic b axis 

(Figure 2c, Table 1). 

The strength of the intermolecular interactions were estimated both in the gaseous and solid phase 

using the experimentally observed coordinates of the molecular dimers. The binding energy of the 

face to face π··π stacking interaction in the gas phase and solid state is -21.98 and -15.02 kcal/mol 

respectively. The strength of the C‒H··N hydrogen bonds in the gas phase are -1.58 and -2.19 

kcal/mol, which is significantly less in comparison to the strength of π··π stacking interaction. This 

indicates that π··π stacking is the major attractive non-covalent interaction in the crystal packing 

and points to the direction of charge carrier transport.

(a) (b)

(c)

Page 9 of 37 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
26

 1
2:

41
:3

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6CP00757K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00757k


10

Figure 2. (a) The parameters of face to face π··π stacking between the donor and acceptor; (b) 

molecular stacks formed by alternative perylene and TCNQ molecules; (c) the C‒H··N hydrogen 

boding interactions between the perylene and TCNQ molecules from different π-stacks leading to 

three dimensional crystal packing, the carbon atoms of perylene and TCNQ molecules are coloured 

differently for visualization purpose.

Table 1. Non-covalent interaction parameters observed in crystal packing of 1:1 perylene:TCNQ 

cocrystal

Interaction D··A (in Å) H··A (in Å) D‒H··A (in °) Symmetry

π··π stacking  x, y, z

C9‒H9··N1 3.431(2) 2.71 134.8 1-x, 1-y, 1-z

C7‒H7··N2 3.523(3) 2.67 153.3 x, y, z

Ground state electronic property of 1:1 perylene:TCNQ cocrystal

The frontier molecular orbital analyses on perylene:TCNQ cocrystal have been carried out with 

both Grimme’s D3-dispersion corrected B3LYP functional with Becke-Johnson damping factor 

(B3LYP-D3-BJ) and range separated CAM-B3LYP functional. The HOMO-LUMO difference is 

observed as 1.68 eV by B3LYP functional with D3-BJ dispersion correction, while this value is 

obtained as 3.3 eV by CAM-B3LYP functional. In contrast, the geometrical offset of the molecular 

orbitals is unchanged with the use of DFT-functionals as the HOMO is concentrated on the 

perylene and the LUMO is located on TCNQ (Figure 3 and S3 in ESI). The HOMO-1 orbital is 

observed to be primarily located on the acceptor while the HOMO-2 orbital is based on the donor. 

The LUMO+1 orbital is observed to be fully concentrated on the perylene molecule by CAM-

B3LYP calculation (Figure S3 in SI), while the application of B3LYP functional with D3-BJ 

dispersion produces the LUMO+1 orbital mainly located on TCNQ molecule (Figure 3). Frontier 

molecular orbital of D‒A‒D‒A tetramer were analyzed at B3LYP-D3-BJ/6-31G(d,p) level of 

theory (Figure S4-S5) using both CAM-B3LYP and Grimme’s D3-dispersion corrected B3LYP 

functional, and similar geometrical offset for the HOMO and LUMO were observed with the 

HOMO/LUMO energy difference of 1.23 eV by the B3LYP-D3 functional. In contrast, the 

HOMO/LUMO energy difference in π-stacked hexameric D‒A‒D‒A‒D‒A unit calculated by 

B3LYP-D3/6-31G(d,p) level of theory is 1.38 eV (Figure S6 in SI).
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Figure 3. Frontier molecular orbitals of D‒A dimer carried out at B3LYP-D3-BJ/6-31G(d,p) level.

The donor to acceptor charge transfer was confirmed by natural bond orbital (NBO) analyses, and 

significant values of the second order perturbation energy E2 (Figure 4). We have also calculated 

the degree of ground state charge transfer by NBO method as NBO charges are considered to be 

more accurate than Mulliken charge analysis. The degree of ground state charge transfer is around 

0.2 indicating a prominent CT character of the 1:1 perylene:TCNQ cocrystal. This value of degree 

of charge transfer from our study matches closely with the reported literature.41a

Figure 4. Natural bond orbital analysis on π-stacked D‒A dimer, the second order perturbation 

energy E2 values indicate significant charge transfer.

Optical and excited state properties of the 1:1 perylene:TCNQ cocrystal

The absorption spectrum of 1:1 perylene:TCNQ cocrystal was recorded in the range 300-1500 nm 

using drop-casted thin film samples. A broad absorption peak owing to charge transfer is observed 

spanning from red end of the visible region to near the infra-red region (600-1150 nm). More 

distinguished shaped and brighter absorption peaks (325-550 nm) are observed in the UV region 

and the blue-green regions of the visible region (Figure 5).

LUMO+1
-1.163 eV

LUMO
-2.403 eV

HOMO
-4.083 eV

HOMO-1
-6.747 eV

HOMO-2
-7.120 eV

E2
Perylene-π→TCNQ-π* 

= 0.50 kcal/mol
E2

Perylene-π→TCNQ-π* 

= 0.40 kcal/mol
E2

Perylene-π→TCNQ-π* 

= 0.36 kcal/mol
E2

Perylene-π→TCNQ-π* 

= 0.45 kcal/mol
E2

Perylene-π→TCNQ-π* 

= 0.22 kcal/mol
E2

Perylene-π→TCNQ-π* 

= 0.60 kcal/mol
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Figure 5. The absorption spectrum of 1:1 perylene:TCNQ corystal drop-casted thin film samples, 

absorption in the red and infra-red regions are shown as the inset figure.

We have carried out the time-dependent DFT study on π-stacked D‒A dimer and D‒A‒D‒A 

tetramer using two range separated and long range corrected DFT functionals CAM-B3LYP and 

ω97X-D with 33% and 20% Hartree Fock exchange at the short range respectively. The TD-DFT 

results obtained by CAM-B3LYP functional on the D‒A dimer shows that the S0→S1 (815 nm, 

oscillator strength = 0.072) and S0→S3 (389 nm, oscillator strength = 0.023) transitions (Figure 6, 

Table 2) have predominant charge transfer nature. In contrast, the S0→S2 (422 nm, oscillator 

strength = 0.126) is mainly originated from the intramolecular excitation in the TCNQ molecule.

Table 2. Calculate wavelength, transition energy, oscillator strength and orbital contributions 
for the S0→S1, S0→S2 and S0→S3 transitions in D‒A dimer at CAM-B3LYP/6-31G(d,p) level

Transitions Wavelength (nm) Energy (eV) Oscillator strength Orbital contribution
S0→S1 815 1.52 0.0723 HOMO→LUMO, 100%

HOMO-2→LUMO, 2.19%
HOMO-1→LUMO, 72.83%S0→S2 422 2.94 0.1260
HOMO→LUMO+1, 24.98%

HOMO-3→LUMO, 16.65%
HOMO-2→LUMO, 67.73%S0→S3 389 3.18 0.0228
HOMO→LUMO+1, 15.62%
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Figure 6. Molecular orbitals taking part in the S0→S1, S0→S2 and S0→S3 transitions of π-stacked 

D‒A dimer, time dependent DFT analysis was carried out CAM-B3LYP/6-31G(d,p) level.

The charge transfer character of the excited state electron hole analysis were further analyzed 

(Figure 7a). The electron-hole mixing parameter for the excited S1 and S3 states are 0.38 and 0.42 

respectively indicating substantial charge transfer character of these excite states. The charge 

transfer length i.e., the length of electron and hole epicenters in the S1 and S3 states are 3.38 and 

2.81 Å (table 4). On the other hand, the S2 state (422 nm, oscillator strength = 0.126) has very 

prominent local excitation character as can be confirmed from the electron hole mixing coefficient 

being 0.49 and the charge transfer length being 0.84 Å (Table 4). We have performed on electron 

transition density matrix analysis for the S0→S1, S0→S2 and S0→S3; the heat maps of transition 

density matrix for the S0→S1 and S0→S3 transitions show bright off-diagonal elements confirming 

the charge transfer character (Figure 7b). The large and very bright off-diagonal elements for the 

S0→S1 transition indicates exclusive charge transfer origin. In contrast, the heat map of the 

electron transition density matrix of S0→S2 transition is observed with bright diagonal elements 

HOMO LUMO

LUMO

HOMO-2

HOMO-1

LUMO+1HOMO

S0→S1

S0→S2

LUMO

HOMO-3

HOMO-2

LUMO+1HOMO
S0→S3
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which is indicative of local excitation nature (Figure 7b). Similar results were obtained using 

ω97X-D functional (Table S2, Figure S7 in SI) which further confirms the charge transfer 

character of the S0→S1 and S0→S3 transitions, and local excitation nature of the S0→S2 transition.

Figure 7. (a) Electron hole distribution maps in the excited states S1, S2 and S3 calculated at CAM-

B3LYP/6-31G(d,p) level of theory on π-stacked D‒A dimer; (b) the heat maps of one electron 

transition density matrix for S0→S1, S0→S2 and S0→S3 transitions of π-stacked D‒A dimer.

The time dependent analysis was also performed for the π-stacked D‒A‒D‒A tetramer to check 

the convergence of the calculation results obtained from D‒A dimer. The TD-DFT analysis carried 

out on the tetramer confirms the prominent charge transfer character of S0→S1 (1.60 nm, oscillator 

strength = 0.202), and S0→S3 (640 nm, oscillator strength = 0.037) while the S0→S2 (750 nm), 

S0→S4 (540 nm) are the dark transitions with zero oscillator strength (Table 3, Figure 8). In 

contrast, the S0→S5 (432 nm, oscillator strength = 0.046), and S0→S6 (420 nm, oscillator strength 

= 0.132) transitions have prominent local excitation character due to intramolecular transitions in 

TCNQ (Figure 8). We have carried out the excited state and one electron transition density matrix 

analyses to further confirm the generation of charge transfer excitations upon light absorption. The 

electron hole distribution analyses for the S1 and S3 excited states show prominent geometrical 

offset with holes concentrated on the donor and the electrons primarily located on the acceptor 

(Figure 9a), however, considerable electron hole mixing is observed for the S5 and S6 states (Figure 

A

A A

A

A

A DD

DD

D

D

S0→S1 S0→S2 S0→S3

S1 S2 S3

(a)

(b)
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9a). The degree of electron hole mixing for the excited S1, S3, S5, and S6 states are respectively 

0.34, 0.37, 0.82 and 0.73 respectively indicating prominent local excitation character of the S5 and 

S6 state. The charge transfer length i.e., the rough estimate of the exciton size corresponding to the 

S1 and S3 states are respectively 7.67 and 6.46 Å and these values confer the possibility of plausible 

charge transfer excitation dissociation (Table 4).59 In contrast, the charge transfer lengths for the 

locally excited S5 and S6 states are 0.93 and 3.28 Å respectively (Table 4), and such values are 

unfavourable for the exciton dissociation.59-60 The heat maps of the one electron transition density 

matrix for the S0→S1 and S0→S3 transitions demonstrate the bright off-diagonal elements but no 

diagonal elements, confirming their pure charge transfer origin (Figure 9b). On the other hand, the 

S0→S5 and S0→S6 transition is characterized with only diagonal elements which indicates their 

local excitation origin.

Figure 8. Molecular orbitals taking part in electronic transitions in π-stacked D‒A‒D‒A tetramer, 

calculations were carried out at CAM-B3LYP/6-31G(d,p) level of theory.

Table 3. Calculate wavelength, transition energy, oscillator strength and orbital contributions 
for the S0→S1, S0→S3 , S0→S4 and S0→S6 transitions in π-stacked D‒A‒D‒A tetramer at CAM-
B3LYP/6-31G(d,p) level of theory

HOMO-1

HOMO

HOMO S0→S1

S0→S3

LUMO

HOMO-1

LUMO+1

LUMO+1

LUMO+1

LUMO

LUMO+1

LUMO+2

HOMO-2

HOMO-2

HOMO-1

HOMO S0→S5

LUMO+2

LUMO

HOMO-2

S0→S6HOMO-1

HOMO-11

HOMO-3
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Transitions Wavelength (nm) Energy (eV) Oscillator strength Orbital contribution

S0→S1 775 1.60 0.202 HOMO-1→LUMO, 
43.86%

HOMO→LUMO, 8.11%

HOMO→LUMO+1, 

48.03%

  

S0→S3 639 1.94 0.037
HOMO-1→LUMO+1, 

100%

S0→S5 432 2.87 0.046 HOMO-2→LUMO, 4.74%

HOMO-2→LUMO+1, 

71.64%

HOMO-1→LUMO+1, 

9.93%

HOMO→LUMO+2, 

13.74%

S0→S6 420 2.95 0.132
HOMO-11→LUMO, 

2.34%

HOMO-3→LUMO+1, 

58.64%

HOMO-2→LUMO, 

19.35%

HOMO→LUMO+1, 

19.77%

Table 4. Excited state properties in π-stacked D‒A dimer and D‒A‒D‒A tetramer to understand 
exciton dynamics, calculated at CAM-B3LYP/6-31G(d, p) level of theory

System Excited state
Charge transfer 

length (Å)
Electron-hole mixing 

coefficient
S1 3.38 0.38

S2 2.81 0.42
D‒A dimer

S3 0.49 0.84
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S1 7.67 0.34

S3 6.46 0.37
S5 0.93 0.82

A‒D‒A‒D

tetramer

S6 3.28 0.73

 

Figure 9. (a) Electron hole distribution in the excited states S1, S3, S5 and S6 calculated at CAM-

B3LYP/6-31G(d,p) level of theory on π-stacked D‒A‒D‒A tetramer; (b) the heat maps of one 

electron transition density matrix for the S0→S1, S0→S3, S0→S5 and S0→S6 transitions in the π-

stacked D‒A‒D‒A tetramer.
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Charge carrier transport in 1:1 perylene:TCNQ cocrystal

The electron and hole transport in molecular semiconductors occur via hopping mechanism. The 

rate of charge carrier transport kT via hopping mechanism can be expressed following Marcus-

Hush equation61:

 (kT): 𝑘𝑇 =  4𝜋2

ℎ
 1

4𝜋𝜆𝑘𝐵𝑇
 𝑡2𝑒𝑥𝑝 ― (∆𝐺𝑜+ 𝜆)2

4𝑘𝐵𝜆𝑇   Equation (4). 

The terms t, λ, and ∆G° denote transfer integral, reorganization energy, and free energy of electron 

transfer respectively.

The charge carriers in mixed stack D‒A cocrystals can occur via both super-exchange and direct 

pathways. An electron (or a hole) is transported from the LUMO of one acceptor (or the HOMO 

of one donor) molecule to the LUMO of consecutive acceptor (or the HOMO of the next donor) 

molecule via the HOMO of bridging donor (or the LUMO bridging acceptor) molecule. The super-

exchange electron integral is calculated by the energy splitting of the LUMO (i.e., LUMO and 

LUMO+1 orbital) of the π-stacked A‒D‒A molecular trimer, while the super-exchange hole 

transfer integral is computed from the energy splitting of the HOMO (i.e., HOMO and HOMO-1 

orbital) of the π-stacked D‒A‒D trimer. In addition, the electron and hole transfer can also take 

place by direct transfer between the nearest donor or the acceptor molecules.62-65 The transfer 

integral values corresponding to direct electron or hole transfer are calculated from the energy 

splitting of LUMO of the nearest acceptor dimer and the energy splitting of the HOMO of the 

nearest donor dimer respectively.66  The reorganization energy (λ) term corresponds the energy 

requirement due to change in geometry of a molecule and its surroundings when it accepts or ejects 

an electron (i.e., hole formation). The total reorganization energy is a sum of internal (λint) or 

external (λext) terms. The λint presents the energy required for the change in molecular geometry 

upon D·+ or A·- formation from neutral D/A molecule, while the energy required for the change in 

the geometries of surrounding molecules is expressed by λext term.67
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Figure 10. (a) Super-exchange electron transfer integral calculated from A‒D‒A trimer; (b) super-

exchange hole transfer calculated from D‒A‒D trimer.

The super-exchange electron (te
super) and hole (th

super) transfer integral values in the cocrystal are 

45 and 48 meV respectively indicating an ambipolar transport along the mixed π-stack (Figure 10). 

We have checked the symmetry and energies of the frontier molecular orbitals on perylene and 

TCNQ to find the origin of ambipolar transport. The HOMO (-4.96 eV) of perylene and the LUMO 

of TCNQ (-4.81 eV) are energetically closer, and both possess vertical ungerade symmetry (Figure 

11a). Hence, the LUMO of the TCNQ molecule acts as the bridging orbital for the super-exchange 

hole transport from the HOMO of one perylene molecule to the HOMO of perylene molecule 

(Figure 11b). Similarly, the HOMO of perylene molecule acts as the bridging orbital for the 

electron transport from the LUMO of one TCNQ molecule to the LUMO of consecutive TCNQ 

molecule (Figure 11b). We have shown the importance of bridging HOMO-1 orbital on the donor 

in super-exchange mediated electron transport in our previous study.15 The HOMO-1 orbital of 

perylene is energetically much lower (-5.75 eV) than the LUMO of TCNQ (Figure 11a). As a 

result, this orbital is not supposed to act as the bridging orbital for super-exchange mediated 

electron transport process in 1:1 perylene:TCNQ cocrystal. The direct hole (th
direct) and electron 

LUMO+1
-3.454 eV

LUMO
-3.544 eV

te
super = 

(ELUMO+1 – ELUMO)/2 
= 45 meV

(a)

HOMO-1
-6.417 eV

HOMO
-6.321 eV

th
super = 

(EHOMO – EHOMO-1)/2 
= 48 meV

(b)
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(te
direct) transfer integrals calculated from the nearest D‒D and A‒A dimers are 8.5 and 7.0 meV 

respectively (Figure S8 in SI).

Figure 11. (a) Energy and symmetry of frontier molecular orbitals on perylene and TCNQ 

calculated at B3LYP/6-31G(d,p) level of theory on optimized gas phase geometries; (b) super-

exchange hole and electron transfer processes in 1:1 perylene:TCNQ cocrystal.

We have calculated the internal reorganization energy (λint) of the perylene and TCNQ moieties 

from a four point energy model as described in Figure S16. The internal hole reorganization energy 

of perylene is 147 meV. This small value of λint corresponds with the minimal changes in the 

respective C‒C and C=C bond-lengths from neutral perylene to perylene radical cation as follows:

C‒C and C=C bond-lengths in neutral perylene: 1.430, 1.476, 1.390, 1.375, 1.420, 1.435, 1.433 Å.

C‒C and C=C bond-lengths in perylene cation: 1.452, 1.451, 1.392, 1.390, 1.414, 1.430, 1.428 Å.
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The C≡N, C‒C and C=C bond-lengths in the optimized neutral and anionic geometries of TCNQ 

are listed. The C≡N bond-lengths in optimized neutral and anionic geometries of TCNQ are 1.165 

and 1.170 Å respectively. The C‒C and C=C bond-lengths in the optimized geometry of TCNQ: 

1.427, 1.390, 1.447, 1.355 Å. The respective C‒C and C=C bond-lengths found in the anionic 

radical geometry of TCNQ: 1.416, 1.432, 1.425, 1.375 Å (Table S3 in SI). The change in bond-

lengths in TCNQ upon ionization is more prominent than that observed for the ionization in 

perylene, and this explains the higher value of λint (255 meV) for TCNQ in comparison to perylene.

The internal electron reorganization energy value of TCNQ from our calculation matches well 

with the value (250 meV) reported in the literature.69 The comparison of electron and hole transport 

rates in perylene:TCNQ cocrystal was done by considering an activationless transport process70 

i.e., the free energy of charge carrier transport ∆G≠ = 0. 

As the ∆G≠ = ∆G°+λ = 0, the ∆G° = -λ and the rate of charge carrier transfer,

 𝑘𝑇 =  4𝜋2

ℎ
 1

4𝜋𝜆𝑘𝐵𝑇
 𝑡2 as exp(0) = 1. 

The ratio of rate of the hole and electron transfer rates, kh
T/ke

T = [(48+8.5)2/√147]/[(45+7)2/√255] 

= 1.55, considering the super-exchange and direct electron and hole transfer integral values, and 

the internal hole reorganization energy of perylene and the internal electron  reorganization energy 

of TCNQ. This implies that the perylene:TCNQ cocrystal is an ambipolar charge carrier material. 

It is pertinent to note that 1:1 perylene:TCNQ cocrystal system was deemed as an n-type 

semiconductor from experimental mobility value measurements in the literature.41a,41c In contrast, 

this cocrystal was found as an ambipolar semiconductor from DFT calculations by us and others.41b 

We are not sure of the origin of disparity between theoretical and experimental results. 

We have also estimated the internal and external components of the total reorganization energy 

using QM/MM model. The unit cell was fully relaxed in both the neutral and charged optimized 

states producing the EN
geom=N and EC

geom=C terms of the total reorganization energy. One perylene 

or one TCNQ molecule was considered in the QM layer and at B3LYP/6-31G(d,p) level of theory, 

while other molecules were considered within the MM layer at universal force field (UFF) with 

the polarization embedding and charge equilibration (QEq).71 The terms EC
geom=N and EN

geom=C 

denote single point charged total energy carried out at the optimized neutral geometry, and single 

point neutral total energy carried out at the optimized charged geometries, respectively. The total 

reorganization energy λtot (i.e., λint + λext) is calculated following the four point energy model: λtot 

= 1/2 × (EC
geom=N ‒ EC

geom=C + EN
geom=C ‒ EN

geom=N) Equation (5)72
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The external reorganization energy of 1:1 perylene:TCNQ cocrystal is only 12 meV using 

universal force field for the MM region and one TCNQ molecule in the QM region, in contrast, 

the value of externa reorganization energy is 49.8 meV using universal force field for the MM 

region and one perylene molecule in the QM layer. These values indicate that the perylene:TCNQ 

cocrystal has low external reorganization energy which is favourable for charge carrier transport 

since thermal energy loss is expected to be small. The difference in the external reorganization 

energy value when calculated using TCNQ or perylene can be explained by the relative size of the 

two molecules and their effect in packed crystal structure. The larger size of perylene molecule is 

expected to have more prominent effect on the neighbouring molecules compared to the effect 

exerted by small sized TCNQ molecule. 

Band structure analysis of perylene:TCNQ cocrystal

The band structure of perylene:TCNQ cocrystal was calculated with both the generalized gradient 

approximation (GGA) PBE functional and the HSE06 hybrid functional at the experimental unit 

cell and optimized geometries. The hybrid exchange-correlation functional HSE06 is in general 

considered to be more accurate for bandgap calculations in comparison to most DFT functionals. 

However, the HSE06 functional is still reported to under-estimates the bandgap value with an 

mean error of typically 0.2-0.25 eV.73 

Figure 12. (a) Band structure of 1:1 perylene:TCNQ cocrystal calculated on experimental 

geometry with hybrid HSE06 functional using Monkhorst-pack 5×3×2 mesh of k-points and 500 

eV energy cut-off and Gaussian smearing; (b) the bands near VBM and CBM are shown.

(a) (b)
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The band structure is plotted along the high symmetry points in the first Brillouin zone (Figure 

12a), and the coordinates of high symmetry points of the first Brillouin zone are listed in Table S4 

in SI. The perylene:TCNQ is an indirect bandgap semiconductor with the valence bond maxima 

residing at the high symmetry Г (0, 0, 0) point while the conduction band minima (0, 0.25, 0) is 

not a high symmetry point (Figure 12 and S10 in SI). The calculated bandgap values of the 

cocrystal with HSE06 functional on the experimental and optimized unit geometries are 0.92 and 

0.91 eV. In contrast, the bandgap calculated with GGA functional PBE is considerably smaller 

with the value being only 0.25 eV (Figure 12b). Two noticeable curvatures are found in the valence 

and conduction bands, viz. along the B (0, 0, 0.5) → A (-0.5, 0, 0.5) direction indicating the 

crystallographic a axis, and along the E (-0.5, 0.5, 0.5) → C (-0.5, 0.5, 0) direction indicating the 

crystallographic c axis respectively (Figure 12). The first one is the direction of π··π stacking 

between the donor and acceptor, i.e., the direction of super-exchange electron or hole transfer. The 

second curvature along the crystallographic c axis does not indicate any non-covalent interaction 

bonded chain of donor or acceptor molecules, but rather the close proximity of the neighbouring 

donor or acceptor molecules along the c axis (Figure 13).

Figure 13. Different directions of electron and hole transport in 1:1 perylene:TCNQ cocrystal: 

(1) super-exchange electron/ hole transfer, (2) direct electron transfer, (3) direct hole transfer.

The optical bandgap of 1:1 perylene:TCNQ cocrystal calculated from the Tauc plot is 0.80 eV 

(Figure 14a) considering an indirect optical bandgap material according to the equation:

a

b
c
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(αhυ)1/2 = hυ – Eg        Equation (6);

while α is the absorption coefficient and hυ is the photon energy. The S0→S1 (E = 1.52 eV), S0→S2 

(E = 2.70 eV), and S0→S3 (E = 3.20 eV) transitions are clearly observed in the Tauc plot. The 

oscillator strength of S0→S1 transition in the NIR region has small value (0.073) compared to the 

S0→S2 and S0→S3 transitions in the visible region, but the oscillator strength (f = 0.07) for the 

S0→S1 transition is not negligible leading to absorption in the NIR region as can be observed from 

the Tauc plot. The optical bandgap calculated from the interpolation is 0.80 eV considering an 

indirect optical bandgap. The exciton binding energy (Eb) of the cocrystal is calculated from the 

difference between the optical bandgap and the DFT estimated electronic bandgap. The small 

value of exciton binding energy (0.12 eV) for Per:TCNQ cocrystal indicates efficient exciton 

dissociation and potential as organic photovoltaic material. However, this value of exciton binding 

energy might not be fully accurate by considering the reported under-estimation of electronic 

bandgap by HSE06 functional. It is pertinent to mention that we have also made a Tauc plot 

considering direct optical bandgap by following the equation, 

(αhυ)2 = hυ – Eg        Equation (7). 

The estimated direct optical bandgap is 2.70 eV, however, this bandgap value does not correspond 

to the absorption features of the cocrystal or to the DFT calculated electronic bandgap value 

(Figure S11 in SI). 

Figure 14. (a) Tauc plot of 1:1 perylene:TCNQ cocrystal considering indirect optical bandgap; (b) 

spectroscopic limited maximal efficiency (SLME) calculated using experimental unit cell 

(a) (b)
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geometry, HSE06 functional, 500 eV energy cut-off, Gaussian smearing, and Monkhorst-pack 

5×3×2 mesh of k-points.

To understand the potential of the 1:1 perylene:TCNQ cocrystal as a photovoltaic material, we 

have calculated the ‘spectroscopy limited maximum efficiency’ (SLME) parameter proposed by 

Yu and Zunger from the periodic DFT study.76 The SLME value calculation was performed by 

using the VASPKIT’s optical property evaluation tools.77 The SLME parameter indicates the 

maximum theoretical photo-conversion efficiency of a material. The cocrystal shows a SLME 

value of 24 % at a thin film thickness 1000 nm, which indicates remarkable theoretical photo-

conversion efficiency for an organic semiconductor. This high SLME value at lower thin film 

thickness is surprising for an indirect bandgap material, and, in part is a direct consequence of the 

values of the fundamental bandgap (0.92 eV) and the direct allowed bandgap (0.93 eV) being very 

similar. The high SLME value of the 1:1 perylene:TCNQ cocrystal is also attributed to the system 

absorbing both in the visible and NIR region. The SLME parameter takes account of a material’s 

absorption in standard AM 1.5 G solar spectrum which spans from 280-2000 nm (0.62-4.42 eV) 

range. The 1:1 perylene:TCNQ system shows absorption spanning from 325-1150 nm (1.08-3.82 

eV), and utilizes a wide range of AM 1.5 G solar spectrum to have high SLME value.

To understand the relation between the band structure features and the SLME values, we have 

investigated the optical properties of two reported semiconductor D‒A cocrystals (Figure S12 in 

SI) viz. 1:1 1-aminopyrene:TCNQ and 1:2 CBP:(TCNQ)2 (CBP = π-donor 4,4′-bis(carbazol-9-

yl)biphenyl) with electron dominant transport features.78-79 Both the 1-minopyrene:TCNQ and 

CBP:(TCNQ)2 corystals have indirect bandgap. The cocrystal 1-aminopyrene:TCNQ shows 

spectroscopic limited maximal efficiency value 23 % at thin film thickness 1000 nm, while the 

fundamental bandgap and the direct allowed bandgap values for the cocrystal are 0.81 and 0.85 

eV respectively. Similarly, the CBP:(TCNQ)2 cocrystal shows the SLME value 29 % at thin film 

thickness 1000  nm with the fundamental bandgap and the direct allowed bandgap values being 

0.92 and 0.97 eV respectively. The direct bandgap materials are known for efficient photon 

absorption even at low material thickness, resulting in high SLME values. In contrast, the indirect 

bandgap materials does not absorb photon efficiently at low material thickness, and this causes 

low SLME values. In contrast, achieving high SLME value with low thin film thickness is possible 

for the indirect bandgap organic materials if the difference between the fundamental bandgap and 

the direct allowed bandgap is considerably small, as this will help to minimize the non-radiative 
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recombination pathways.75 The commercial indirect bandgap semiconductor materials Cs3AlTe3 

and Cu3TlS2 have SLME values nearly 25 %. The difference between the indirect bandgap and 

direct allowed bandgap in Cs3AlTe3 is 0.07 eV, and this difference is 0.14 eV for Cu3TlS2.75 The 

difference between the indirect bandgap and direct allowed bandgap is ≤ 0.05 eV in our studied 

cocrystals, which leads to higher SLME values for these systems.

It is pertinent to mention that the SLME parameter considers photon absorption, exciton generation 

and dissociation and recombination processes. It is not related to the electron and hole transport 

processes. Transport of electron and hole to the electrodes is a major factor deciding the actual 

photo-conversion efficiency. The efficiency of a photovoltaic device does not only depend on the 

optical property of the material, but also on its charge carrier transport properties and device 

fabrication conditions like thin film engineering, electrode material and dimensions etc. Hence, 

the SLME value gives a good estimation of the theoretical maximum photo-conversion efficiency, 

but not the true efficiency of a photovoltaic device. We have discussed electron and hole transport 

pathways and corresponding transfer integral values in this study. However, the device fabrication 

is out of scope of this theoretical study. 

Conclusion 
In this work, we have elucidated the photo-physical and charge carrier transport features of 1:1 

cocrystal of perylene donor and 7,7′,8,8′-tetracyanoquinodimethane (TCNQ) acceptor with infinite 

π-stacked chains of the alternative donor and acceptor molecules. This cocrystal is characterized 

with strong charge transfer from the perylene to TCNQ moiety, which leads to absorption in the 

far red and near infra-red region of solar spectrum. The electronic bandgap of the cocrystal (0.92 

eV), small value of the exciton binding energy (0.12 eV), and the prominent electron-hole 

geometric offset in the optical excited states with significant distance between the epicenters of 

electron and hole are indicative of efficient photon absorption, exciton generation and dissociation. 

The 1:1 perylene:TCNQ cocrystal is recognized as an ambipolar semiconductor with significant 

values of the super-exchange electron (45meV) and hole (48 meV) transfer integrals along the π-

stacked ··D‒A‒D‒A·· chain. Low values of internal hole reorganization energy of perylene (147 

meV) and TCNQ (255 meV) are conducive to fast charge transport and low thermal energy loss, 

in addition this system also shows very low value for the external reorganization energy.
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The cocrystal is characterized with an indirect bandgap, however, it still shows high value (24 %) 

of ‘spectroscopic limited maximal efficiency’ (SLME) at 1000 nm thin film thickness suitable for 

thin film photovoltaic application. This intriguing feature of high theoretical photo-conversion 

efficiency is intimately linked with the very similar values of fundamental bandgap and direct 

allowed bandgap and consequently suppressing the non-radiative recombination pathways. This 

illustrates that achieving high value of theoretical photo-conversion efficiency at low thin film 

thickness with indirect bandgap organic semiconductor is possible. This fact was further supported 

by the calculating SLME for two reported semiconductor D‒A cocrystals 1-aminopyrene:TCNQ 

and CBP:(TCNQ)2 with indirect bandgaps. Both these cocrystals have very similar values of the 

fundamental bandgap and the direct allowed bandgap, and show SLME values over 20 % at 1000 

nm thin film thickness. The current study explores the opto-electronic features of a sustainable 

D‒A cocrystal that can be easily synthesized and solution processed at ambient conditions pointing 

towards promising avenues for the implementation within photovoltaic devices. Additionally, this 

study elucidates how detailed features of the band structures impact the theoretical photo-

conversion efficiency. Mostly organic semiconductors with direct bandgap have been studied in 

details. Our study first elucidated the scope of organic semiconductors with indirect bandgap for 

photovoltaic application. The D‒A organic cocrystals showed immense potential as an ambipolar 

or n-type molecular semiconductors, and the present study unravels their potential for the solution 

processible, thin film molecular photovoltaics.
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The following is the supplementary data related to this article: crystallographic parameters of 
perylene:TCNQ cocrystal, and computational details can be obtained in the ESI† section of 
online version of the article. 
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