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A series of push-pull carbazole-based compounds has been experimentally and theoretically characterized in combination 

with the X-ray analysis of the corresponding single crystals. The introduction of the strong electron-withdrawing 

tricyanovinyl group in the carbazole core affords electron-transporting ability in addition to the characteristic hole-

transporting properties exhibited by donor carbazole derivatives.

Introduction 

Organic electroactive molecular materials offer many 

advantages for electronic and optoelectronic devices, such as 

low cost and capability of forming thin films, which enable 

fabrication of large-area and flexible devices. In addition, 

simple purification and characterization methods can be used 

due to their small size and well defined structure.1 

 In the field of organic electronics, both p- and n-type 

organic semiconductors are required for device fabrication. In 

terms of charge mobility and air stability, the development and 

performance of p-type semiconducting materials has been 

higher relative to the n-type and ambipolar counterparts. 

Therefore, research efforts are currently focused on the search 

of new n-type or ambipolar semiconducting materials.2 For the 

design of new n-type organic semiconductors, materials with 

high electron affinities to facilitate charge injection and 

ambient stability are required.3 Energy levels and band gaps of 

small organic molecules can be easily modulated by the design 

of appropriate charge-transfer compounds. The push-pull 

electronic structure generates low band gap materials with the 

possibility to control the ionization potential (IP) and electron 

affinity (EA). 

 The incorporation of the strong electron-withdrawing 

tricyanovinyl group in push-pull organic compounds has been 

explored in combination with various π-systems giving 

promising materials for organic electronics.4–7 This work is 

focused on a series of push-pull compounds containing 

tricyanovinyl and carbazole fragments. Carbazole derivatives 

are well-known hole-transporting materials,8 due to the 

electron-donating capability of the carbazole unit. The 

carbazole moiety possess a series of advantages relative to 

other building blocks of organic electroactive materials.9 

Firstly, carbazole is a cheap and easy available product. 

Secondly, it is a highly stable compound in the different 

chemical and environmental conditions due to its fully 

aromatic configuration. Moreover, the nitrogen atom and 3,6 

positions can be easily chemically substituted with a wide 

variety of functional groups in order to modulate the optical 

and the electrical properties, as well as other physical 

properties as solubility and glass transition temperature.10 

 Carbazole derivatives incorporating the tricyanovinyl group 

have been previously reported showing high nonlinear optical 

(NLO) responses,4 but to the best of our knowledge the charge 

transport properties of this type of materials are here 

described for the first time. Here we focus on the modification 

of the characteristic hole-transporting properties of the 

carbazole derivatives by the introduction of the strong 

electron-withdrawing tricyanovinyl group affording a push-pull 

system with high electron affinity. The electron-donating 

nature of the carbazole unit was modulated by alkylation of 

the nitrogen atom and by the introduction of the electron-

donating methoxy group in the ortho position with respect to 

the tricyanovinyl fragment. The effect of the substitution 

patterns of the carbazole core in terms of thermal, optical, 

electrochemical and charge-transporting properties is here 

reported. Single crystal X-ray analysis and theoretical 

calculations gave insight into the relationship between the 

molecular structure of the organic semiconductors and the 

charge mobilities determined by the time-of-flight (TOF) 

technique. 

Results and discussion 
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Scheme 1 displays the preparation of the series of 

tricyanovinyl containing compounds: 3-(1,2,2-tricyanovinyl)-

9H-carbazole (1), 2-methoxy-3-(1,2,2-tricyanovinyl)-9H-

carbazole (2), 9-methyl-3-(1,2,2-tricyanovinyl)-9H-carbazole4a 

(3) and 2-methoxy-9-methyl-3-(1,2,2-tricyanovinyl)-9H-

carbazole (4). The key synthetic step is the introduction of the 

strong tricyanovinyl electron-withdrawing group into the 

electron rich carbazole unit. Compounds 1–4 were obtained in 

a simple and direct method by heating the corresponding 

carbazole precursor with tetracyanoethylene in anhydrous 

N,N-dimethylformamide (DMF) at 50 °C. Tricyanovinyl 

derivative 1 was prepared from 9H-carbazole, whereas 3 was 

prepared after methylation under standard conditions of 9H-

carbazole. The synthesis of the 2-methoxy-substituted 

carbazole parent compound required for the preparation of 

tricyanovinyl-based compounds 2 and 4 is shown in Scheme 2. 

Firstly, the Suzuki coupling reaction of 1-bromo-2-

nitrobenzene with 4-methoxyphenylboronic acid afforded the 

intermediate 4’-methoxy-2-nitro-1,1’-biphenyl (5). Secondly, 

the Cadogan cyclization reaction of 5 with triethyl phosphite 

gave 2-methoxy-9H-carbazole (6). Hence, compound 6
11 was 

obtained through an alternative methodology consisting of a 

two-step process that rendered 9-methyl-2-methoxy-9H-

carbazole12 (7) after a methylation process under standard 

conditions. 

 All the compounds were entirely characterized by 1H NMR 

and 13C NMR spectroscopies and mass spectrometry. The 

crystal structures of compounds 3 and 4 were determined by 

single-crystal X-ray analysis. Suitable single crystals were 

grown by slow evaporation from the corresponding 

chloroform solutions. Fig. 1 shows the Oak Ridge Thermal 

Ellipsoid Plot (ORTEP) projections of molecules 3 and 4. The 

detailed crystallographic data can be found in Table S1–S2† in 

the ESI. 

 The introduction of the methoxy group in the ortho 

position with respect to the tricyanovinyl unit influences the 

twist angle between the tricyanovinyl and the carbazole 

planes. Whereas molecule 3, containing no methoxy 

substitutent, adopts an almost planar conformation with an 

angle of 1.31°, the ortho methoxy-substituted analogue 4 

shows a deviation of the planarity with a twist angle of 48.30°, 

because of the steric hindrance caused by the methoxy group.  

 Thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) measurements were performed to 

investigate the thermal properties of carbazole derivatives 1–4 

(Table 1 and Fig. S1† in the ESI). All the compounds possess 

high thermal stabilities with high onset decomposition 

temperatures in the range of 248 to 305 °C. DSC thermograms 

confirmed the crystalline nature of this series of tricyanovinyl 

derivatives. N-Methyl derivatives 3 and 4 showed a melting 

process during the first heating scan together with an 

exothermic peak during the cooling scan owing to the 

crystallization process, whereas the non-alkylated analogues 1 

and 2 melted with decomposition. 

 

Scheme 1 Synthesis of tricyanovinyl derivatives 1–4.  

 

Fig. 1 X-ray crystal structures of molecules 3 and 4, showing the 50% 

probability displacement. 

 

Scheme 2 Synthesis of 2-methoxy-9H-carbazole intermediates 6 and 7. 

Table 1 Thermal and optical properties for tricyanovinyl-substituted 

derivatives 1–4. 

 

Compd. Td (°C) 
a 

Tm (°C) 
b 

Tc (°C)
 b

 
λabs, max (nm) 

c 

[ε (mol
-1

 dm
3
 cm

-1
)] 

1 289 309 - 288 (19 044), 467 (27 062) 

2 248 255 - 295 (19 147), 464 (19 580) 

3 301 245 231 290 (19 667), 490 (32 090) 

4 305 249 197 293 (17 947), 486 (22 627) 

a Onset decomposition temperature (Td) obtained from TGA performed 

at a heating rate of 20 °C min-1. b Melting point (Tm) and crystallization 

temperature (Tc) obtained from DSC performed at a scan rate of 10 °C 

min-1
. 

c Measured in 10 µM dichloromethane solutions at room 

temperature. 
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 The UV-vis absorption spectra of 10 μM dichloromethane 

solutions of compounds 1–4 are shown in Fig. 2 and the 

corresponding optical data are collected in Table 1. All 

compounds exhibit similar absorption spectra with absorption 

in the UV zone with a maximum peaking around 288–295 nm, 

characteristic of the carbazole moiety, and a second broad and 

intense absorption band centred in the range of 464 to 490 

nm, which is assigned to the intramolecular charge transfer 

from the electron-donating carbazole moiety to the electron-

withdrawing tricyanovinyl group. N-Alkyl derivatives 3 and 4 

show a red-shift of the charge transfer absorption band of 23 

and 22 nm, respectively, in comparison to the non-alkylated 

counterparts 1 and 2. The strong donor-acceptor character of 

these molecules allows the coverage of the UV and the visible 

region of the electromagnetic spectrum. 

 Electrochemical properties were investigated by cyclic 

voltammetry (Table 2 and Fig. S2† in the ESI). Compounds 1–4 

show two reduction waves, being the first one quasi-reversible 

and the second one irreversible, together with an irreversible 

oxidation wave. Consistent with the strong electron-donating 

capability of the 2-methoxy group, compounds 2-methoxy 

substituted 2 and 4 are less easily reduced and more easily 

oxidized, exhibiting lower electron affinity (EA) and ionization 

potential (IP) values, than the non-substituted counterparts 1 

and 3. Ionization potentials and electron affinities range 

between 6.34–6.46 and 4.32–4.40 eV, respectively. The 

amphoteric redox properties indicate the potential behaviour 

of this series of compounds for both hole and electron 

transport. 

 The structures of compounds 1–4 were explored by full 

optimization of the molecular structure by density functional 

theory (DFT) calculations employing B3LYP/6-31+G(d) level of 

theory in vacuum. The twist angles between the tricyanovinyl 

and carbazole planes of the optimized molecular structures 

were calculated to be 19.7° and 41.0° for 3 and 4, respectively. 

The difference between the above-mentioned twist angles 

with those of the crystal forms (1.31° and 48.3° for 3 and 4, 

respectively) could be attributed to the presence of 

intermolecular interactions between molecules in the solid 

state. 

 The highest occupied molecular orbitals (HOMO) are 

mainly localized at the electron rich carbazole moiety with 

some contribution of the tricyanovinyl and the methoxy 

moieties, evidencing their influence on the energy of IP (Fig. 3). 

Compounds 2 and 4 show the lowest values of theoretical 

adiabatic IP levels (i.e. 5.94  eV) due to the attached electron-

donating methoxy group (Table 2). These values follow the 

same trend and are close (±0.3 eV) to the IP values obtained 

from the electrochemical measurements (Table 2). The 

efficient withdrawing effect of the tricyanovinyl moiety leads 

to localization of the lowest unoccupied molecular orbital 

(LUMO) mainly on the tricyanovinyl group. Compounds 1 and 

3, without the methoxy substitution, exhibit the highest EA 

energy values (i.e. 4.03 eV). The relationship between the 

IP/EA energy, or probability of the band gaps engineering 

between the frontier molecular orbitals, and the rotation 

probability of the tricyanovinyl group in the neutral, cationic 

Table 2 Electrochemical properties for tricyanovinyl-substituted carbazole derivatives 1–4. 

 

Compound Ered,1
0  

(V) 
a 

Eonset
red  

(V) 
b
 Eonset

ox  
(V) 

b 
EA (eV) 

c
 IP (eV) 

 c 
Egap (eV) 

c 
EA

DFT
 (eV) 

d 
IP

DFT 
(eV) 

d 

1 –1.07 –0.99 1.07 4.40 6.46 2.06 4.03 6.07 

2 –1.14 –1.06 0.95 4.33 6.34 2.01 3.96 5.94 

3 –1.08 –1.00 1.06 4.39 6.45 2.06 4.03 5.98 

4 –1.14 –1.07 0.98 4.32 6.37 2.05 3.96 5.94 

a Standard potential of the first reduction redox couple (Ered,1
0 ) and b onset reduction potential (Eonset

red ) and onset oxidation potential (Eonset
ox ) vs Fc+/Fc 

estimated from cyclic voltammetries of 1 mM dichloromethane solutions at a scan rate of 100 mV s-1. c Estimated from cyclic voltammetries as EA = 

Eonset vs. Fc+/Fc
red  + 5.39, IP = Eonset vs. Fc+/Fc

ox
 + 5.39, and Egap = IP – EA. d Estimated adiabatic IP and EA values by B3LYP/6-31+G(d) and PCM model in 

dichloromethane. 

 

Fig. 2 UV-vis absorption spectra of 10 µM solutions of compounds 1–4 in 

dichloromethane. 

 

Fig. 3 Computed spatial distributions of HOMO and LUMO orbitals of a) 3 

and b) 4 (isovalue is 0.032).  
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and anionic states of molecules 3 and 4 were estimated using 

the potential energy surfaces (PES) scans. The PES scans of the 

neutral, cationic and anionic states of molecules 3 and 4 were 

conducted by rotating the tricyanovinyl moiety in steps of 20° 

from 0 to 360°. The rotation barriers for 3 and 4 were 

estimated to be of 23 and 14 kJ mol-1, respectively. From PES 

analysis, the tricyanovinyl moiety vibrations for all states of 3 

and 4 within the intervals of twist angles from –40° to +40° for 

3, and –60° to –30° together with 30° to 60° for 4 are possible 

in vacuum at room temperature, due to the rotation barriers 

at those intervals are lower than the thermal energy kbT = 2.48 

kJ mol-1, where kb is the Boltzmann constant and T is the 

temperature. The PES scans are depicted in Fig. S3† in the ESI. 

 The charge transport properties of the vacuum-evaporated 

layers of compounds 1–4 were studied by the time-of-flight 

(TOF) technique (Table 3). The attachment of the strong 

electron-withdrawing tricyanovinyl group to the carbazole 

moiety impacts on the charge-transporting properties and as a 

result electron transport is observed in the layers of these 

carbazole-based compounds. Representative TOF transients 

for electron transport of compound 2 are displayed in Fig. 4. 

TOF transients and the dependency of hole and electron drift 

mobilities on the square root of the electric field for this series 

of compounds are collected in Fig. S4–S7† in the ESI. Transient 

curves in the linear scale for all compounds show a dispersive 

pattern. Nevertheless, transit times could be determined in 

the log-log scale. 

 The layers of tricyanovinyl derivatives 1 and 3 showed only 

electron transport. N-Methyl-substituted compound 3 

exhibited the highest electron mobility of all the series of 7.2 × 

10-4 cm2 V-1 s-1. Hole transport was not detected in the layers 

of these compounds by TOF technique. Remarkably, the 

introduction of the electron-donating methoxy group in the 

ortho position with respect to the tricyanovinyl fragment in 

compounds 2 and 4 afforded ambipolar properties. The N-

alkylated derivative 4 showed more balanced electron and 

hole mobilities of 9.3 × 10-5 and 2.4 × 10-4 cm2 V-1 s-1, 

respectively, than the non-alkylated analogue 2. Significant 

differences in the charge mobility parameters, specifically the 

zero-field mobility (µ0) and the Poole-Frenkel field dependence 

parameter (α), were observed for the layers of compounds 1–4 

(Table 3, Figures S4–S7† in the ESI). According to the Gaussian 

disorder model13 (see eqn S1 in the ESI), the field dependence 

parameter (α) is related to the energetic disorder parameters 

(��	and Σ), which at the same time depend on the molecular 

structure.14,15 Therefore, the differences in the charge mobility 

parameters at low fields (µ0) among the here studied 

derivatives can be attributed to the differences in the 

energetic disorder parameters. 

 In order to gain insight into the fundamentals of the 

relationship between the chemical structure and the above 

mentioned electrical properties of this series of compounds, 

DFT calculations were performed. In a first instance, the 

reorganization energies (λ) for holes and electrons were 

estimated for compounds 3 and 4. The reorganization energy 

may be defined as the relaxation energy of a molecule from 

the geometry of the neutral state to the charged (anion and 

cation) state and from the charged to the neutral state. The 

reorganization energies in vacuum for holes (λ+) were 

calculated to be 75.4 and 289 meV and for electrons (λ−) 344 

and 352 meV for 3 and 4, respectively. However, it should be 

mentioned that the structures of molecules 3 and 4 in the solid 

state are different than those predicted in vacuum, because 

the rotation of the groups attached to the carbazole core 

should be fixed by intermolecular forces. Indeed, Vaissier et 

al.16 showed that performing DFT calculations on the isolated 

molecules systematically underestimates the energy barrier to 

charge transfer, which is important to take into consideration 

when designing conductive molecular materials. Taking into 

account the twist angles obtained from the single crystal 

structures (i.e. 1.31° for 3 and 48.3° for 4, Fig. 1) for the solid 

state, the calculation of the reorganization energies was 

carried out again as previously, showing values for holes (λ+) of 

Table 3 Hole and electron mobility data for the layers of tricyanovinyl-based compounds 1–4 obtained by the TOF technique. 

 

 Electrons Holes 

Compound µe (cm
2 

V
-1 

s
-1

) [F (V cm
-1

)] 
a 

µ0 (cm
2 

V
-1 

s
-1

) 
b 

α (cm V
-1

)
1/2  c

 µh (cm
2 

V
-1 

s
-1

) [F (V cm
-1

)] 
a 

µ0 (cm
2 

V
-1 

s
-1

) 
b 

α (cm V
-1

)
1/2  c

 

1 2.6 × 10-4 [4.8 × 105] 6.4 × 10-7 0.0087 - - - 

2 3.1 × 10-5 [9.5 × 105] 2.3 × 10-8 0.0072 1.8 × 10-4 [9.5 × 105] 4.4 × 10-7 0.0061 

3 7.2 × 10-4 [4.0 × 105] 1.3 × 10-4 0.0027 - - - 

4 9.3 × 10-5 [7.1 × 105] 2.6 × 10-6 0.0042 2.4 × 10-4 [7.1 × 105] 7.2 × 10-6 0.0042 

a Electron (µe) and hole (µh) mobilities at the corresponding electric field (F). b Zero-field mobilities (µ0). c Field dependence parameter (α) of a Poole-

Frenkel type mobility (� � ����	
/�
). Measurements were determined in air and at room temperature. The thickness of the vacuum evaporated 

layers varied from 0.8 to 5.0 µm. 

 

 

Fig. 4 TOF transients for electron transport for compound 2. Inset shows 

one of the transient curves in the linear plot. 
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64.4 and 249 meV and for electrons (λ−) of 310 and 369 meV 

for 3 and 4, respectively, following the same trend as the 

obtained values estimated in vacuum. Thus, the calculated 

reorganization energies for holes and electrons are similar for 

the methoxy-substituted derivative 4, but differ considerably 

for compound 3, pointing to an expected more balanced 

charge transport characteristics for the layers of compound 4. 

  The charge mobilities of compounds 3 and 4 were 

theoretically estimated in order to establish the relationship 

between the molecular origin and the different hole and 

electron transport behaviour across layers of compounds 3 

and 4 determined by the TOF technique. For this purpose, the 

crystal structures of 3 and 4 were used to generate a wide 

variety of possible hopping pathways between neighbouring 

molecules with intermolecular interactions as it is shown in 

Fig. 5 and in Fig. S8–S10† in the ESI. It should be mentioned 

that the crystal structure of compound 3 presented in this 

work is different from the one previously reported.17 

Therefore, both structures have been considered for the 

determination of the hopping pathways. According to the 

Holstein small polaron limit, a charge is localized on a single 

organic molecule.18 The rate of charge transfer between 

molecules was estimated by the Marcus theory.19 All data of 

charge mobility calculations are summarized in Table S3† in 

the ESI and the details of the theoretical calculations are given 

in the experimental section. 

 The carrier hopping pathways shown in Fig. 5 for 

compounds 3 and 4 were considered to be the most effective 

and they were selected for the charge carrier mobility 

calculations. Compounds 3 and 4 exhibit a layered 

organization. Neighbouring molecules of 3 from the crystal 

structure described here and the previously reported one17 are 

interlinked via π∙∙∙π interactions to produce antiparallel and 

parallel arrangements, respectively, showing the strongest 

intermolecular interactions among all the proposed pathways, 

with interaction energies of –111 and –76.9 kJ mol-1, 

respectively. Hence, these two carrier hopping pathways, from 

the crystal structure of 3 described here and the previously 

reported one,17 were considered for the charge carrier 

mobility calculations. On the other hand, for compound 4, 

among all the considered pathways (Fig. 5c and Fig. S10† in the 

ESI), only pathway 1 and 2 were taken into account for the 

charge carrier mobility calculations due to the significant site 

probabilities of 0.76 and 0.24, respectively. Adjacent molecules 

in pathways 1 and 2 are connected via C–H∙∙∙NC hydrogen 

bonding and π∙∙∙π interactions to produce an antiparallel 

arrangement, showing the highest interaction energies of –

99.7 and –96.8 kJ mol-1, respectively, among all the proposed 

pathways. 

  For the selected pathways shown in Fig. 5 from the crystal 

structure of 3 described here and the previously reported 

one,17 the calculated coupling integral values for electrons 

were found to be higher (140 and 166 meV) than for holes 

(47.4 and 83.2 meV, respectively), pointing out that for 

compound 3 electron transport is favoured relative to hole 

transport. On the other hand, for compound 4, the coupling 

integrals for pathway 1, which showed the highest site 

probability value, were estimated to be 21.8 meV for electrons 

and 63.1 meV for holes, respectively, indicating that for 

compound 4 hole transport is more favoured. However, 

compound 4 shows comparable electronic coupling values for 

holes between neighbouring molecules (63.1 meV) to those for 

compound 3 (47.4 and 83.2 meV). According to the 

experimental results obtained by the TOF technique, 

 

 

Fig. 5 Selected carrier hopping pathways between neighbouring molecules and intermolecular interactions for a) the crystal structure of 3 reported here, b) 

the previously reported crystal structure17 of 3 and c) 4.  
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compound 3 has negligible hole mobility, whereas compound 

4 has values even larger than its electron mobility. In order to 

explain this phenomenon, the theoretical hole and electron 

charge mobilities for 3 and 4 versus the polarization, 

reorganization energies and the coupling integrals are shown 

in Fig. S11† in the ESI. First of all, it is worthy to mention that 

compounds 3 and 4 show a notable difference in the 

reorganization energies for holes (64.4 versus 249 meV, 

respectively). Secondly, Fig. S11a† and S11c† show that the 

polarization energies have a great impact on the charge 

mobilities in comparison to the coupling integrals. On the 

other hand, for compound 3, an inverted Marcus region (i.e. λ 

< ΔG) is observed for the hole mobility. In that case, the low 

reorganization energy of 3 reduces the hole mobility (Fig. 

S11b† in the ESI). Normal Marcus regions for the other 

processes were estimated. Therefore, from theoretical point of 

view, the charge mobilities are the complex of different 

parameters (i.e. the reorganization and polarization energies, 

coupling integrals and sites probabilities). 

 The calculated mobility dependence on the applied electric 

field for the modelled layers shows a good qualitative 

agreement with the data obtained from TOF experiments (Fig. 

6). The experimental and theoretical charge mobilities of 

electrons for 3 at the highest experimental electric field of 4.0 

× 105 V cm-1 were determined and calculated to be 7.2 × 10-4 

and 6.6 × 10-4 cm2 V-1 s-1, respectively. Hole mobilities for 

compound 3 were not detected by the experimental TOF 

method. However, they were predicted via our theoretical 

model to be very low on the order of 10−6 cm2 V-1 s-1. For 

compound 4, the experimental and theoretical charge 

mobilities of holes and electrons at the highest experimental 

electric field of 7.1 × 105 V cm-1 were determined and 

estimated to be 2.4 × 10-4/2.1 × 10-4 for holes and 9.3 × 10-

5/5.8 × 10-5 cm2 V-1 s-1 for electrons, respectively. 

  The presented results suggest that the charge transport 

throughout layers of compounds 1–4 depend considerably on 

the supramolecular organization, which is highly influenced by 

the ortho-methoxy substituent on the carbazole core with 

respect to the tricyanovinyl group. Indeed, the tricyanovinyl 

fragment in compound 4 is placed out of the molecular plane 

due to the steric hindrance caused by the methoxy fragment. 

Taking into account that the HOMO is localized mainly at the 

electron rich carbazole moiety for both 3 and 4 compounds 

(Fig. 3), the twisted structure of compound 4 implies a face-to-

face interaction between adjacent donor carbazole fragments, 

whereas for compound 3 the planar structure shows slipped 

cofacial interactions between the adjacent donor carbazole 

units (Fig. 5). From the charge transport point of view, 

theoretical calculations pointed that the inverted Marcus 

region of 3 could explain the enhancement of the hole mobility 

observed for 4 in comparison to that recorded for 3. On the 

other hand, considering that the LUMO is mainly localized in 

the tricyanovinyl unit, a greater overlap between LUMOs of 

neighbouring molecules is expected for the planar compound 

3 than for compound 4, since the accepting tricyanovinyl 

groups of neighbouring molecules are closer in compound 3 

(Fig. 5 and Table S3† in the ESI). This feature is corroborated 

with the higher calculated coupling integral values for 

electrons for compound 3 with respect to that for holes. 

Accordingly, compound 3 showed the highest electron 

mobilities observed both experimentally and theoretically. 

Conclusions 

The charge transport properties of a series of push-pull 

carbazole-based compounds bearing the strong electron-

withdrawing tricyanovinyl group have been examined. All the 

compounds exhibited high thermal stability and charge-

transfer absorption bands in the visible region, together with 

hole and electron transport ability due to the amphoteric 

redox properties. TOF measurements confirm that the 

substitution of the carbazole core with the electron-

withdrawing tricyanovinyl group is a useful strategy to achieve 

electron-transporting materials. N-Alkylated derivatives 3 and 

4 showed enhanced charge transport properties in comparison 

to the non-alkylated analogues 1 and 2. In addition, ambipolar 

properties could be detected by the TOF technique by the 

additional incorporation of the electron-donating methoxy 

group in the ortho position with respect to the tricyanovinyl 

fragment. In this way, almost balanced electron and hole 

mobilities of 9.3 × 10-5 and 2.4 × 10-4 cm2 V-1 s-1, respectively, 

were attained for compound 4 at high electric fields under 

ambient conditions, whereas the non-methoxy substituted 

carbazole derivatives 1 and 3 exhibited exclusively electron 

transport. Although the electron-donating methoxy 

substituent might modulate the charge-transporting 

properties, as well as the HOMO and LUMO levels, by 

controlling the donor strength of the carbazole core and the 

molecular planarity, the analysis of the single-crystal structures 

by X-ray analysis together with the theoretical calculations 

suggest that the charge transport properties of the layers of 

this series of push-pull derivatives are highly influenced by the 

supramolecular organization. The planar structures of 

compounds 1 and 3 favour LUMO-LUMO interactions between 

neighbouring molecules, resulting in the enhancement of the 

 

Fig. 6 Visualization of the experimental (symbols) and predicted (lines) 

charge mobilities of 3 and 4. 
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electron transport. On the contrary, the twisted structures of 

compounds 2 and 4 induce face-to-face π∙∙∙π interactions 

between adjacent donor carbazole moieties. For that 

disposition hole transport is favoured without losing the 

electron-transporting properties.  

Experimental 

Materials 

All chemicals were of commercial grade and used as received. 

9-Methyl-3-(1,2,2-tricyanovinyl)-9H-carbazole (3) was 

synthesized as already reported.4a 

 

Synthesis of 3-(1,2,2-tricyanovinyl)-9H-carbazole (1) 

9H-Carbazole (300 mg, 1.79 mmol) was dissolved in 10 mL of 

anhydrous DMF under a nitrogen atmosphere. Then, 

tetracyanoethylene (284 mg, 2.22 mmol) was added and the 

solution was stirred at 50 °C for 52 h. The cooled mixture was 

poured into a water/ice solution and the product was extracted 

with ethyl acetate. The organic layer was dried over Na2SO4, filtered 

off and the solvent was distilled off under reduced pressure. The 

crude was purified by flash column chromatography using a mixture 

of hexane and ethyl acetate (3:1 v/v) as the eluent to give 

compound 1 as a red solid (176 mg, 37%). 1H NMR (400 MHz, 

Acetone-d6): δ = 11.27 (s, 1H), 8.94 (d, J = 2.0 Hz, 1H), 8.32 (d, J = 7.9 

Hz, 1H), 8.21 (dd, J = 8.8 Hz, J = 2.0 Hz, 1H), 7.82 (d, J = 8.8 Hz, 1H), 

7.67 (d, J = 8.2 Hz, 1H), 7.58–7.54 (m, 1H), 7.39–7.35 (m, 1H) ppm. 
13C NMR (100 MHz, DMSO-d6): δ = 143.9, 140.7, 140.7, 127.7, 126.9, 

123.9, 123.3, 122.0, 121.1, 121.0, 119.7, 115.0, 113.4, 113.3, 112.6, 

112.2, 86.3 ppm. HRMS (ESI-MS): m/z: calcd for C17H9N4: 269.0822 

(M+H)+; found: 269.0818. 

 

Synthesis of 2-methoxy-3-(1,2,2-tricyanovinyl)-9H-carbazole (2) 

6 (300 mg, 1.52 mmol) was dissolved in 10 mL of anhydrous DMF 

under a nitrogen atmosphere. Then, tetracyanoethylene (241 mg, 

1.88 mmol) was added and the solution was stirred at 50 °C for 48 

h. The cooled mixture was poured into a water/ice solution and the 

product was extracted with ethyl acetate. The organic layer was 

dried over Na2SO4, filtered off and the solvent was distilled off 

under reduced pressure. The crude was purified by flash column 

chromatography using a mixture of hexane and dichloromethane 

(1:4 v/v) as the eluent to give compound 2 as a red solid (185 mg, 

41%). 1H NMR (400 MHz, Acetone-d6): δ  = 10.91 (s, 1H), 8.58 (s, 

1H), 8.14 (d, J = 7.8 Hz, 1H), 7.55 (d, J = 8.1 Hz, 1H), 7.45–7.41 (m, 

1H), 7.31 (s, 1H), 7.30–7.26 (m, 1H), 4.09 (s, 3H) ppm. 13C NMR (100 

MHz, DMSO-d6): δ  = 156.9, 145.7, 140.6, 138.4, 126.3, 124.2, 122.2, 

120.6, 120.0, 117.2, 114.6, 112.9, 112.5, 111.7, 110.6, 94.2, 91.6, 

56.3 ppm. HRMS (ESI-MS): m/z: calcd for C18H9N4O: 297.0782 (M–

H)–; found: 297.0784.  

 

Synthesis of 2-methoxy-9-methyl-3-(1,2,2-tricyanovinyl)-9H-

carbazole (4) 

7 (380 mg, 1.80 mmol) was dissolved in 10 mL of anhydrous DMF 

under a nitrogen atmosphere. Then, tetracyanoethylene (297 mg, 

2.32 mmol) was added and the solution was stirred at 50 °C for 72 

h. The cooled mixture was poured into a water/ice solution and the 

product was extracted with ethyl acetate. The organic layer was 

dried over Na2SO4, filtered off and the solvent was distilled off 

under reduced pressure. The crude was purified by flash column 

chromatography using a mixture of hexane and dichloromethane 

(1:1 v/v) as the eluent to give compound 4 as a dark green solid 

(353 mg, 63%). 1H NMR (400 MHz, DMSO-d6): δ = 8.57 (s, 1H), 8.10 

(d, J = 7.7 Hz, 1H), 7.64 (d, J = 8.2 Hz, 1H), 7.53–7.49 (m, 1H), 7.44 (s, 

1H), 7.33–7.29 (m, 1H), 4.08 (s, 3H), 3.93 (s, 3H) ppm. 13C NMR (100 

MHz, DMSO-d6): δ = 157.2, 146.3, 141.6, 138.2, 126.3, 124.0, 121.8, 

120.9, 120.0, 116.6, 114.6, 112.9, 112.4, 110.5, 110.1, 93.1, 91.6, 

56.5, 29.6 ppm. HRMS (ESI-MS): m/z: calcd for C19H13N4O: 313.1084 

(M + H)+; found: 313.1090.  

 

Synthesis of 4’-methoxy-2-nitro-1,1’-biphenyl (5) 

A mixture of 1-bromo-2-nitrobenzene (4.27 g, 21.14 mmol), 4-

methoxyphenylboronic acid (3.38 g, 22.24 mmol) and 

Pd(PPh3)4 (1.22 g, 1.06 mmol) in 25 mL of aqueous K2CO3 2M 

and 30 mL of benzene under a nitrogen atmosphere was 

stirred at 90 °C for 2 h. Then, the mixture was cooled down to 

room temperature, treated with water and neutralized. The 

product was extracted with dichloromethane and the organic 

layer was dried over Na2SO4, filtered off and the solvent was 

distilled off under reduced pressure. The crude was purified by 

flash column chromatography using a mixture of hexane and 

ethyl acetate (50:1 v/v) as the eluent to give compound 5 as a 

yellow oil (4.15 g, 86%). 1H NMR (400 MHz, CDCl3): δ = 7.80 (d, 

J = 8.0 Hz, 1H), 7.61–7.56 (m, 1H), 7.46–7.42 (m, 2H), 7.27–

7.24 (m, 2H), 6.97–6.94 (m, 2H), 3.85 (s, 3H) ppm. 

 

Synthesis of 2-methoxy-9H-carbazole (6) 

A mixture of 5 (3.95 g, 17.23 mmol) in 9 mL of triethyl 

phosphite was heated at 160 °C under a nitrogen atmosphere 

for 2 h. After cooling down to room temperature, hexane was 

added and the mixture was stirred for 10 min. The product was 

collected by suction filtration yielding compound 6 as a white 

solid (2.39 g, 70%). 1H NMR (400 MHz, Acetone-d6): δ = 10.18 

(s, 1H), 7.99 (d, J = 7.8 Hz, 1H), 7.96 (d, J = 8.6 Hz, 1H), 7.44 (d, J 

= 8.1 Hz, 1H), 7.31–7.26 (m, 1H), 7.15–7.11 (m, 1H), 7.03 (d, J = 

2.3 Hz, 1H), 6.81 (dd, J = 8.6 Hz, J = 2.3 Hz, 1H), 3.86 (s, 3H) 

ppm. 13C NMR (100 MHz, Acetone-d6): δ = 160.1, 142.4, 141.0, 

125.0, 124.2, 121.6, 120.0, 119.7, 117.7, 111.4, 108.8, 95.4, 

55.7 ppm. 

  

Synthesis of 2-methoxy-9-methyl-9H-carbazole (7) 

NaH (445 mg, 11.13 mmol, 60% dispersion in mineral oil) was added 

to a solution of 6 (1.96 g, 9.94 mmol) in 18 mL of anhydrous DMF 

under a nitrogen atmosphere. The solution was stirred at room 

temperature for 30 minutes. Then, methyl iodide (693 μL, 11.13 

mmol) was added and the mixture was stirred at room temperature 

for 45 minutes and then treated with water. The aqueous layer was 

extracted with dichloromethane and the organic layer was dried 

over Na2SO4, filtered off and the solvent was distilled off under 

Page 7 of 11 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

Pu
bl

is
he

d 
on

 0
3 

Fe
br

ua
ry

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
n 

D
ie

go
 o

n 
04

/0
2/

20
17

 0
8:

59
:3

9.
 

View Article Online
DOI: 10.1039/C6CP08078B

http://dx.doi.org/10.1039/c6cp08078b


ARTICLE Journal Name 

8 | J. Name., 2016, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

reduced pressure. The crude was purified by flash column 

chromatography using a mixture of hexane and dichloromethane 

(9:1 v/v) as the eluent to give compound 7 as a white solid (1.86 g, 

89%). 1H NMR (400 MHz, Acetone-d6): δ = 8.01 (d, J = 7.8 Hz, 1H), 

7.98 (d, J = 8.5 Hz, 1H), 7.46 (d, J = 8.2 Hz, 1H), 7.39–7.34 (m, 1H), 

7.18–7.14 (m, 1H), 7.08 (d, J = 2.2 Hz, 1H), 6.82 (dd, J = 8.5 Hz, J = 

2.2 Hz, 1H), 3.92 (s, 3H), 3.87 (s, 3H) ppm. 13C NMR (100 MHz, 

CDCl3): δ = 159.3, 142.5, 141.2, 124.5, 123.1, 121.1, 119.5, 119.1, 

116.8, 108.3, 107.4, 93.0, 55.8, 29.2 ppm. 

 

Instrumentation and methods 

Silica gel (SDS, 230–240 mesh) was used for flash column 

chromatography. 1H NMR (400 MHz) and 13C NMR (100 MHz) 

were collected on a Varian Mercury instrument. NMR spectra 

have been processed with the MestReNova software. Chemical 

shifts have been determined taking the signal of the solvent as 

the reference. High-resolution mass spectrometry (HRMS) was 

performed on a LC/MSD-TOF Agilent Technologies apparatus 

by means of the electrospray (ESI-MS) technique. Single-crystal 

analyses were performed on a D8 Venture System equipped 

with a multilayer monochromator and a Mo microfocus (λ = 

0.71073 Å). The frames were integrated with the Bruker SAINT 

software package using a narrow-frame algorithm. The 

structure was solved using the Bruker SHELXTL Software 

Package and refined using SHELXL.20 
CCDC-1517415 

(compound 3) and CCDC-1517414 (compound 4) contain the 

supplementary crystallographic data for this paper. These data 

can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/structures. Thermogravimetric analyses 

(TGA) were performed on a TA Instruments Q50 at a heating 

rate of 20 °C min-1 under a nitrogen atmosphere. Differential 

scanning calorimetry (DSC) measurements were recorded on a 

TA Instruments Q2000 calorimeter at a scan rate of 10 °C min-1 

under nitrogen atmosphere. UV-Vis spectra were registered in 

a Varian Cary UV-Vis-NIR 500E spectrophotometer. Cyclic 

voltammograms were carried out in a microcomputer-

controlled potentiostat/galvanostat Autolab with PGSTAT30 

equipment and GPES software. A cylindrical three-electrode 

cell was used. The reference electrode was a Ag/Ag+ electrode 

(0.01 M AgNO3 in acetonitrile). The counter and working 

electrodes were a platinum wire and a glassy-carbon 

electrode, respectively. All voltammetric curves were recorded 

under quiescent conditions, at a scan rate of 100 mV s-1 and 

under an argon atmosphere. All solutions were prepared in 

dichloromethane (1 mM) and tetrabutylammonium 

hexafluorophosphate (0.1 M) was used as the supporting 

electrolyte. The ionization potential and electron affinity 

values were estimated from the onset of the first oxidation 

and reduction peaks, respectively, as IP = Eonset vs. Fc+/Fc
ox

 + 5.39 

and EA = Eonset vs. Fc+/Fc
red  + 5.39, where 5.39 eV corresponds to 

the formal potential of the Fc+/Fc couple in the Fermi scale.21  

 

TOF measurements 

The samples for the TOF measurements were prepared by the 

thermal vacuum evaporation technique with a base pressure 

below 10−6 mbar. The layers of the compounds were deposited 

on pre-cleaned indium tin oxide (ITO) coated glass substrates 

with thicknesses in the range of 0.8–5.0 µm followed by 

deposition of 80 nm of aluminium using a mask. The thickness 

of the organic layers was measured with a profilometer. The 

area of the obtained devices was 0.06 cm2. Photo generation 

of charge carriers was carried out by light pulse through the 

ITO. For hole mobility measurements positive voltage was 

applied to the ITO electrode, whereas for electron mobility 

measurements negative voltage was applied. A Keithley 6517B 

electrometer was used to apply external voltages with a 

pulsed third-harmonic Nd:YAG laser EKSPLA NL300 working 

(pulse duration was 3–6 ns, wavelength 355 nm). A digital 

storage oscilloscope Tektronix TDS 3032C was used to record 

the TOF transients. The transit time (tt) was determined by the 

kink on the curve of the transient in the log-log scale. The drift 

mobility (µ) was calculated by the formula µ = d2/Utt, where d 

is the layer thickness and U is the surface potential at the 

moment of illumination. 

 

Details of theoretical calculations 

All structures were optimized and the molecular orbitals were 

generated by using density function theory (DFT) semi-local 

hybrid functional B3LYP and 6-31+G(d) basis set with a diffuse 

function (+). The adiabatic IP and EA energies were estimated 

using same functional and basis set and the Cramer-Truhlar 

quantum mechanical continuum solvation model (SM8)22 in 

dichloromethane (ɛ = 8.9).  The electrostatic potential map 

(EPM) at the same level of theory was calculated in order to 

understand the electron density and the strength of the 

bonding interactions present in the molecules. The rotation 

probability of the tricyanovinyl moiety and the single point 

energies of compounds 3 and 4 were analysed via the 

theoretical potential energy scan experiment using the same 

level of theory, where rotation steps of 20° were used. The 

intermolecular interaction energies between molecules for 

compounds 3 and 4 were estimated using the basis set 

superposition effect (BSSE) concept and at wB97X-D functional 

with the London dispersion corrections and 6-311G(d) basis 

set.23 The dimers of molecules from X-ray analysis were 

generated. For the intermolecular interactions visualization, 

the Mercury 3.7 program was used.  

 Nowadays, the Levich-Jortner theory for a hopping rate 

between the charged and neutral sites has been treated 

quantum mechanically. In this theory, the molecular vibrations 

are considered quantum mechanically using the Franck-

Condon factors.24 However, most intramolecular vibrational 

frequencies are above the thermal energy at room 

temperature (i.e. kbT ≈ 26 meV). Therefore, this theory is only 

acceptable in the high-temperature limit if the thermal energy 

exceeds the vibrational energy. Thus, the simpler Marcus-type 

expression19 (Eq. 1) and the intermolecular component of 

reorganization energy (Eq. 4) can be employed and it was used 

to determine the rate of charge transfer between molecules: 
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� � 	 ��ħ 	 |��|� 	 	�
������� exp �−  �!"#$%�

����� − &'()
ɛ���+              (1) 

where �  is the electron transfer rate constant for pathway i, 

Hi is the electronic coupling between the initial and final 

states, λ is the internal reorganization energy, ΔG0 is the total 

Gibbs free energy of change for the charge transfer reaction, 

kb is the Boltzmann constant and T is the absolute temperature 

(298 K). However, the influence of the electric field on the 

activation energy from Marcus theory (i.e. on ,- �
 . + 01�%�/	 4.%	but not on ΔG0) was proposed. In support of 

this idea, Pivrikas et al.25 showed that the electric field has an 

impact on the activation energy of electron transport in 

fullerene diodes. This model showed a good agreement with 

the experimental data in our previous work.26 In this 

exponential component, e is the elementary charge (1.60 ⨯	10-

19 C), F is the applied external electric field, ɛ is the dielectric 

constant (permittivity) of the material and di is the distance for 

pathway i between neighbouring donor-donor (D–D) for holes 

and acceptor-acceptor (A–A) moieties for electrons. The 

dielectric constants ɛ (permittivities) of 3 and 4 materials were 

estimated according to the Clausius-Mossotti equation (2)27,28 

which expresses the dielectric constant as: 

  

                               ɛ � 	 �1 + 5��
67 + ⨯ �1 − ���

67 +8�
                          (2) 

where α is the isotropic polarizability and V is the molecular 

volume plus the Van der Waals radius of 1 Å. The isotropic 

polarizability was calculated by the B3LYP/6-31+G(d) method. 

The ɛ values were estimated to be 3.4 and 3.2 for 3 and 4 

materials, respectively. These data show a good correlation 

with data from literature. Traditionally, the organic materials 

are characterized by low ɛ (i.e. 2–7) in the solid state.29 

However, the influence of the electric field on ɛ was ignored to 

simplify the modelling. The calculated parameters are 

provided in Table S4† in the ESI. 

 On the other hand, the charged sites are polarized by its 

surrounding environment and an external electric field, which 

in turn would cause an additional energy shift.30,31 Therefore, 

ΔG0 is the energy difference of the initial and final state of the 

charge transfer process. The Gibbs free energy was 

approximated to equation (3): 

 
                                       01� � 	−�9ɛ8�:� − ;±

                              (3) 

where P± is the polarization energy for holes and electrons, 

respectively. The polarization energy (P+ and P–) measures the 

contribution of intermolecular interactions in the solid state to 

hole and electron transport levels and includes both the 

electrostatic and polarization contributions. The P± energies 

are defined as the difference between the solid state and gas 

phase values of ionization potential and electron affinity, 

respectively.32 The crystal cells of 3 and 4 were used for 

estimation of the vertical ionization potentials (IP) and 

electron affinities (EA) by using the B3LYP/6-31+G(d) method 

in the solid state. The polarization energies for one dimension 

can be described by the formula P+ = ⅓(IPcryst – IPgas) or P– =  

⅓(EAcryst – EAgas), for holes and electrons, respectively.33 The 

values (P+ and P–) were estimated to be (–0.24, –0.20 eV) and 

(–0.24, –0.25 eV) for 3 and 4, respectively. 

 From the literature, the computed values of external 

reorganization energy are very small compared to the internal 

reorganization energy component (i.e. typically lower than 

about 9 meV).34 Moreover, the values of internal 

reorganization energy for the modelled compounds were 

calculated by the adiabatic potential energy surface method35 

and at the B3LYP/6-31+G(d) level in vacuum according to 

equation (4): 

 
                     . � =,± >�% − ,± >±%? + =,� >±% − ,� >�%?         (4) 

In this equation, E corresponds to the energy of the neutral 

molecule (go) in the geometry of cationic/anionic species (g±), 

respectively. 

 The coupling integrals are one of the key parameters 

determining charge carrier mobility. The integrals Hi for the 

pathways (see Fig. 5 and Fig. S8–S10† in the ESI) between 

molecules m and n were obtained by the site-energy overlap 

correction method (5)36 at the long-range corrected hybrid 

density functional wB97X-D and 6-311G(d) basis set in vacuum. 

 

                                 �� �	@AB$ 8

�CAB @AA!@BB%

�8CAB�                                 (5) 

where �DE�  is the electronic coupling (transfer) matrix 

element, FDE is the overlap integral, and �DD EE% are the 

energies of the neutral and charged dimer states. 

 The diffusion coefficient (D) for all migrations of electrons 

or holes between neighbouring molecules is given by the Pauli 

master equation37 (6): 

 

                                            G �	 �
�H∑ :���J��                                  (6) 

where N is the dimensionality (N=3) and :�  is the distance 

between the neighboring D–D moieties for holes and A–A 

moieties for electrons in dimer i, and pi is the probability of 

charge migration. The molecular dynamics (Monte Carlo) 

simulations based on the empirical force fields can be used to 

obtain a well-equilibrated amorphous structure of the organic 

solids.13 However, the energies of intermolecular interactions 

are not considered in this method and the injection sites with 

equal probability are used. Taking into account the 

intermolecular interactions, the probability of sites can be 

estimated by using Boltzmann distribution depending on the 

intermolecular interaction energy difference ΔEi and the 

temperature.26 The evolution equation (7) for pi is given by: 

 

                                      J� �	 �)
∑ �))

⨯ KLMN8OP)
Q�RS

∑ KLMN8OP)
Q�RS)

                                     (7) 
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 The thickness of the vacuum-evaporated layers ranged 

from 0.8 to 5.0 µm that corresponds to the distance between 

the electrodes. The possible quantity of charge hopping, which 

means how many times carriers must hop in order to reach 

across the whole film thickness, was estimated to be 104±1 

considering the distances between the neighbouring donor-

donor (D–D) and acceptor-acceptor (A–A) moieties determined 

from the crystal structures (Table S3† in the ESI). Taking into 

account this data, the probability cut off was proposed of 10-5 

for the charge mobility calculations. 

 The final drift mobility (μ) was calculated according to the 

Einstein equation (8) using the single-step approximation: 

 

                                            μ � 	 &·V���                                                (8) 

 All DFT calculations were done with the Spartan’14 

program in vacuum and at 298K.38 
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