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ABSTRACT. Disk-shaped molecules with large aromatic π-surface are a class of organic 

semiconductors of which the charge carrier transport properties could be greatly facilitated by 

preferred intermolecular stacking of the π-surfaces. The optical and electronic properties are not 

only determined by the core aromatic structure of these disk-shaped molecules, but also strongly 

dependent on the sidechains, which directly impact the molecular self-assembly behavior in 

condensed phases. Triphenylene-tris(naphthaleneimidazole) (TP-TNI) is a recently reported n-

type semiconductor featuring a large π-core and branched sidechains with an electron 

transporting mobility reaching 10-4 cm2V-1s-1. In order to further improve material performance, a 

detailed study is needed to understand the dependence of carrier transporting properties on both 

the core electronic structure and the sidechain. Here we present the detailed synthesis and 

characterization of a TP-TNI derivative bearing linear sidechains, which has demonstrated a field 

effect electron transport mobility up to 1.3×10-3 cm2 V-1 s-1. The more than one order 

improvement of electron transport properties over the branched side chain homologue can be 

correlated to ordered twisted packing in the thin film, as revealed by in situ variable temperature 

grazing incidence wide-angle X-ray scattering (GIWAXS) studies. In-depth theoretical 

understanding of the frontier orbitals, reorganization energies and charge transfer integrals of 

TP-TNI molecules have provided further insight into the relationship between molecular 

stacking geometry and charge transporting properties. 
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INTRODUCTION 

Disk-shaped molecules containing polycyclic aromatic cores represent one class of organic 

semiconductors with controllable self assembly and anisotropic transporting properties.1-3 The 

strong intermolecular interactions between the large planar aromatic surfaces incur favorable 

tendency for such molecules to stack into one-dimensional (1D) columns, which can serve as the 

preferred charge carrier transporting pathway through inter-stack hopping. In the solid state, 

these 1D columns can further organize into two dimensional suprastructures.4 Both the long-

range order in these suprastructures and the orientation of the columns play a key role in 

determining the electronic properties of these organic semiconductors. Depending on the nature 

of the aromatic core, these disk-shaped materials can be either hole-transporting, electron 

transporting, or ambipolar. There are abundant examples of hole-transporting disk-shaped 

molecules, however these with good electron-transporting properties remain underdeveloped and 

thus require much more research endeavor.3 From a molecular design point of view, the nature of 

the charge carriers could be empirically engineered by adjusting the electron density of the 

aromatic unit. Introduction of electron deficient nitrogen atoms5-8 onto the aromatic core has been 

an effective method in endowing n-type characteristics. An emerging trend in recent n-type disk-

shaped molecules is manifested in the ladder-conjugated molecules containing rylene imide 

building blocks.9-13 Previously we have demonstrated that fusing a triphenylene core with three 

aroyleneimide imidazoles gave rise to novel n-type disk-shaped molecules with enhanced optical 

properties and well-positioned frontier orbitals. The TP-TNI-BC15 molecule (Scheme 1), which 

is based on a naphthaleneimide-fused trimeric core and bears three branched sidechains,12 has 

displayed a decent field effect electron mobility of 1.3×10-4 cm2 V-1 s-1 based on solution 

processed organic field effect transistor (OFET) devices. While promising, there is clearly more 



 

 4 

room for fine tuning the charge transporting characteristics, which calls for both theoretical 

understanding and synthetic modification of molecular details that concern both the aromatic 

core and the sidechains. On the one hand, a detailed study on the electronic structure of the large 

π core of TP-TNI, and the implication on the reorganization energy and charge transfer integral 

would provide a better understanding of the relationship between intracolumnar stacking and 

charge transport.14 On the other hand, experimental alteration of the sidechain structures could 

influence the solid state packing geometry and subsequently charge transporting properties.15 

In this work, we address the two aspects of the TP-TNI system by (a) experimentally 

introducing linear sidechains in place of the original branched ones to investigate the impact on 

the thermotropic solid-state packing behavior and charge transporting properties in thin film 

transistors, and (b) theoretical modeling focusing on the aromatic core of TP-TNI, including 

detailed analysis of frontier orbital energy, optical transitions and reorganization energy of single 

molecules, and charge transfer integral of dimers. The introduction of linear sidechains has led to 

significantly improved OFET device characteristics, which can be correlated with the structural 

changes revealed by in situ GIWAXS studies. Theoretical modeling provides further in-depth 

understanding of the relationship between molecular structures and the related optoelectronic 

properties. 

RESULTS AND DISCUSSION 

TP-TNI synthesis and characterization. TP-TNI derivative containing linear C12H25 side 

chains, named as TP-TNI-C12, was synthesized by the condensation reaction between 

hexaaminotriphenylene and the corresponding monoanhydride bearing a n-dodecyl chain.12 TP-

TNI-C12 was obtained as an inseparable statistic mixture of cis- (symmetric) and trans- 
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(asymmetric) isomers with a ratio of 1:3, both having good solubility in solvents such as CH2Cl2 

and CHCl3. Thermogravimetric analysis (TGA) indicated high thermal stability of TP-TNI-C12 

above 450 oC (Figure S1). Corresponding differential scanning calorimmetry (DSC) studies 

revealed no thermal transitions within the range between 20 oC and 350 oC, and thus the lack of 

liquid crystalline mesophase (Figure S2). UV-vis spectroscopic studies of the TP-TNI-C12 

solution indicated a broad lowest frequency absorption peak spanning 430 and 710 nm, with a 

peak centered at 515 nm (ε = 23900 M–1 cm–1) and a shoulder peak at 607 nm (ε = 12100 M–1 

cm–1). In comparison, the branched TP-TNI-BC15 also displays a broad but narrower absorption 

peak that extends only to 650 nm and peaks at 515 nm (ε = 25600 M–1 cm–1) (Figure 1). Both 

compounds show even broader absorption spectra when casted into thin films. An absorption 

feature at around 607 nm emerges in the thin film of TP-TNI-BC15, and for TP-TNI-C12, the 

absorption in the corresponding spectrum became more intensified. These results suggest that the 

absorption feature at around 607 nm is a result of molecular aggregation. The contrast in solution 

suggests that the TP-TNI molecules with linear side chains are significantly more aggregated 

than the branch-chain substituted one. When going from solution to thin films, molecular 

aggregation is promoted in both cases, while the relatively higher intensity at 607 nm in TP-TNI-

C12 correlates well with its stronger aggregation tendency. An optical bandgap of 1.86 eV can 

be estimated for TP-TNI-C12 from the solution absorption onset. The lowest occupied molecular 

orbital (LUMO) energy level was estimated to be -3.7 eV from cyclic voltammetric studies 

(Figure S3). The highest occupied molecular orbital (HOMO) energy level was thus determined 

to be -5.6 eV based on the optical bandgap. The strong tendency of molecular aggregation was 

also evidenced by the formation of long fibril structures upon addition of methanol into the 

CHCl3 solution of TP-TNI-C12 (Figure 2). 
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Scheme 1. The isomeric structures of TP-TNI molecules bearing linear (TP-TNI-C12) and 

branched sidechains (TP-TNI-BC15). The black arrow indicates closer atomic contacts in the 

trans-isomer.  

 

  

Figure 1. Normalized UV-vis spectra of TP-TNI-BC15 and TP-TNI-C12 from their CHCl3 

solutions and thin films (TP-TNI-BC15, black lines; TP-TNI-C12, blue lines; solution, solid 

lines; thin film, dotted lines). The thin films for TP-TNI-BC15 and TP-TNI-C12 are made by 

spincast and dropcast, respectively. The latter shows scattering due to film inhomogeneity.  
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Figure 2. SEM of TP-TNI-C12 nanofibers in (a) larger and (b) smaller areas. Scale bars are 2 

µm and 0.2 µm in (a) and (b), respectively. 

Charge transport properties. Charge transport properties of TP-TNI-C12 were evaluated in 

thin film FETs, using the bottom gate/top contact OFET configuration with 

octadecyltrichlorosilane (OTS)-modified SiO2 as the dielectric layer. Gold (Au) was used as the 

source/drain electrodes, and the scratched n-doped Si worked as the gate electrode. TP-TN-C12 

films were prepared by drop-casting 100 µL dichloromethane solution of active materials (0.1 

mg mL-1) onto OTS-SiO2 as films prepared by spincasting gave poor surface coverage. The 

optical image (Figure S4), revealed that dropcasted films were not uniform, but gave much better 

surface coverage of active layer, which allowed electron mobility measurement using FET 

device architecture. It suggests that the measured mobilities should be deemed as lower bound of 

the materials transport properties, which could be improved through optimized thin film 

deposition process. When thermal treatment was applied, the thin films were heated at 120 οC for 

30 min, followed by slow cooling to room temperature in 1 h. All the devices displayed typical 

n-type transporting behavior, with output and transfer characteristics summarized and compared 

in Figure 3 and Table 1. Devices from as-cast thin films showed an average and a highest 

electron mobility (μ) of 4.3×10-4 cm2 V-1 s-1 and 6.7×10-4 cm2 V-1 s-1, respectively. Upon thermal 

(b)(a)
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annealing, the average electron mobility increased to 1.0×10-3 cm2 V-1 s-1, with the highest 

reaching 1.3×10-3 cm2 V-1 s-1. The on/off ratios of both devices were on the order of 104, while 

the Vth of annealed devices decreased from 18 V to 12 V, an indication of less charge trapping 

sites in the annealed thin films. The electron mobility of TP-TNI-C12 is one order higher than 

that of the TP-TNI-BC15 (see Table 1),12 suggesting that the linear chains facilitate 

intermolecular organizations that are more favorable for charge transport. This is in accordance 

with the different steric effects imposed by the side chains, as branching in side chains lead to 

intracolumnar stacking with different twist angles and π-stacking distances that are detrimental to 

charge transport. The enhanced electron mobility from thermal annealing also suggested 

improved molecular ordering upon thermal treatment, although the featureless DSC curve failed 

to reveal any thermotropic behavior in the thin film. We have thus turned to other alternative 

characterization method to probe solid-state molecular reorganizations. 

 

Figure 3. (a) Output and (b) transfer characteristics of OFETs based on TP-TNI-C12 thin films 

before (black) and after (red) thermal treatment. Output curves were recorded within the range of 

VDS as -5 V to 40 V under VGS = 0, 10, 20, 30, 40 V. Transfer characteristics were recorded under 

VDS = 40 V. 
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Table 1. Summary of OFET characteristics of TP-TNI molecules.  

 

Compound 
Film 
deposition 

µe
 avg,a 

cm2 V-1 s-1 

µe
dev,a 

cm2 V-1 s-1 

µe
max 

cm2 V-1 s-1 

Vth 

V 
IOn/IOff 

TP-TNI-C12 As cast 4.3×10
-4
 1.8×10

-7
 6.7×10

-4
 18 10

4
 

TP-TNI-C12 Annealedb 1.0×10
-3
 1.6×10

-7
 1.3×10

-3
 12 10

4
 

TP-TNI-BC15 As cast 2.0×10
-5
 9.7×10

-6
 2.9×10

-5
 18 10

4
 

TP-TNI-BC15c Annealedb 8.5×10
-5
 4.1×10

-5
 1.3×10

-4
 8 10

4
 

aaverage of 2-8 pixels on 1-2 chips. bannealed at 120 oC for 30 mins, and then slowly cooled 
down to room temperature. cfrom reference 9. 

 

Thermal responsive self-Assembly of TP-TNI-C12 by in situ variable temperature 

GIWAXS studies. Synchrotron GIWAXS has been a very useful tool in providing in-plane and 

out-of-plane molecular packing information in thin films. In addition, in situ variable 

temperature studies could provide details of real time structural changes with better sensitivity 

than conventional thermal characterizations. As revealed by GIWAXS studies, TP-TNI-C12 does 

undergo substantial structural reorganization that corresponds to changes of both intracolumnar 

and intercolumnar assembly upon thermal annealing, the enthalpy changes of which probably 

were too small to be detected by DSC.  

The GIWAXS pattern of TP-TNI-C12 thin film at room temperature displays a strong in-plane 

π-stacking peak with a d spacing of 3.50 Å (Figure 4), which appears as a strong peak at 1.79 Å-1 

in the in-plane linecut but is absent in the out-of-plane linecut (Figure 5). This localized 

diffraction clearly indicates that the π-stacking columns resulted from intermolecular stacking of 

TP-TNI-C12 molecules are laying parallel to the substrate. This preferred orientation of columns 
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is commensurate with the strong out-of-plane peaks, which corresponds to hexagonally packed 

columns with an intercolumn distance of 33 Å. This distance is larger than the column diameter 

defined by the aromatic core (~24 Å) but smaller than that of the columns counting both the core 

and fully extended peripheral groups (~52 Å), implying that there is side chain interdigitation 

between TP-TNI-C12 molecules from adjacent columns. The in-plane linecut also indicates a 

(001) peak with d spacing of 32.4 Å, suggesting an additional long-range period along the 

column attributed to the twisted columnar structure that contains ten (32.4/3.5 = 9) disk-shaped 

molecules. Since a rotation of roughly 120o is needed for superposition of the first and tenth 

molecule in one period, a rotation angle between adjacent disk-shaped molecules can be 

determined by 120o/9 to be around 13o. As the temperature is increased up to 357 oC, more high 

order diffraction peaks appear, which suggest the rearrangement of the columns into more 

ordered hexagonal packing. From the stack of in-plane linecuts it is found that the π-π stacking 

distance increases slightly from 3.50 to 3.57 Å as the temperature increases, concomitantly the 

coherence length of the π-stacks also increases from 3.0 nm to 4.4 nm, indicating that at higher 

temperature the intramolecular stacking becomes more relaxed and the molecules have a higher 

tendency to form longer stacking columns. The increased coherence length at higher temperature 

lead to less defects states, which correlate well with the reduced threshold voltage in annealed 

devices. On the other hand, the intercolumnar spacing increases at elevated temperature, an 

indication of decreased interchain interactions between alkyl side chains. When the thin film is 

cooled back to 40 oC, the high crystallinity remains as indicated by the retention of multiple 

diffraction peaks which can be indexed according to a hexagonal unit cell. Meanwhile both the 

intercolumnar spacing and the π-stacking distance decrease simultaneously, yet the number of 

molecules per period in the twisted columnar structure remains to be 10 (30.5/3.45 = 9). 
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Altogether these changes suggest that these disk-shaped molecules become more organized 

following thermal induced inter- and intracolumnar rearrangements, and are able to remain 

higher crystallinity while undergoing small lattice relaxation. The thermally enhanced 

intercolumnar and intracolumnar order is consistent with the significantly improved electron 

mobility observed in thermally annealed FET devices. 

 

Figure 4. In-situ GIWAXS patterns of TP-TNI-C12 at different temperatures: (a) 23 oC, (b) 131 

oC, (c) 201 oC, (d) 256 oC, (e) 312 oC, (f) 356 oC, (g) 367 oC, (h) cooled down to 40 oC.  
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Figure 5. Stack of (a) horizontal and (b) vertical linecuts; (c) plot of the coherence length and π-

π distance against temperature. 
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Theoretical modeling of the TP-TNI core. The electronic structures and properties of the TP-

TNI core were modeled, taking into consideration of both the cis- and trans- isomers. In spite of 

the fact that side chains play an important role in the packing of the molecules in the columns, 

they have little effect on the reorganization energy and transfer integral calculations.14,16-18 Thus, 

the long alkyl chains were replaced by methyl groups in the calculations to reduce the 

computational cost unless stated otherwise. All theoretical calculations were performed using the 

Gaussian09 (revision D.01) suite of programs.19 Full geometry optimization was carried out on 

cis and trans isomers of TP-TNI (Scheme 1) at the Density Functional Theory (DFT) level by 

using the Becke’s three-parameter B3LYP exchange functional20,21 and 6-31G** basis set. The 

geometries of the neutral and charged, anionic and cationic, selected compounds were fully 

optimized in gas phase and vibrational frequencies were calculated to check that all are positive 

values. HOMO and LUMO frontier molecular orbitals, band gap, electron affinity and ionization 

potential, internal reorganization energy, transfer integral and charge mobility for holes and 

electrons have been calculated on the basis of density functional theory (DFT). The vertical 

excitation energies, oscillator strengths and configurations involved in the electronic transitions 

were evaluated using the ground-state optimized geometries and time-dependent density 

functional theory (TD-DFT) at the B3LYP/6-31** level of theory. The cis and trans isomers 

were modeled in CHCl3 solution using the polarizable continuum model (PCM) and the linear 

response formalism.22,23 

 As described in the literature, 14,16,24 the charge transport within a discotic phase mainly 

occurs through a hopping regime. The rate of charge hopping k between two adjacent discs can 

be estimated to first approximation on the basis of semi-classical Marcus theory25 according to: 
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k = 4π

2

h
1

4πλκ
B
T
t2exp −λ

4κ
B
T

⎡

⎣
⎢

⎤

⎦
⎥  (1) 

where the reorganization energy (λ) and the charge transfer integral (t) are the two key 

parameters. The charge transfer integral t for a dimer was estimated following the so-called 

projective method using the code J-from-g0.26,27 As discussed in previous studies,14  we will only 

consider the internal reorganization energy and the external contribution will be neglected. 

According to the hopping mechanism, the carrier mobility (μhop) can be calculated by the 

Einstein equation: 28 

	
µ
hop

= eD
κ
B
T

    (2) 

where T is the temperature, e is the electronic charge,  kB is the Boltzmann constant. D is charge 

the diffusion coefficient given by D = 1/2 l2k for a one-dimensional system, where only one 

neighbor is considered, being l the distance between molecules and k the hopping rate calculated 

according to equation (1). 

The geometry optimizations yield planar structures for both cis (symmetric) and trans 

(asymmetric) isomers that have very similar total energies (Table S1). The calculated frontier 

orbital energies, the relative energy levels, and the frontier molecular orbital isosurfaces are 

illustrated in Table 2, Figure S5 and S6, respectively. The LUMO energy levels are predicted 

around -3.5 eV while the HOMO energy level is around -5.9 eV and -5.8 eV for the cis and trans 

isomer, respectively. These results are in agreement with the experimental values of -3.7 eV and 

-5.6 eV for the LUMO and HOMO energy levels, respectively. For both isomers, the LUMO is 

mainly distributed over the naphthaleneimide imidazole units whereas the HOMO is localized in 
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the triphenylene central core and to some extent over the peripheral arms. The vertical transitions 

and optical bandgaps have been calculated for both isomers in CHCl3 solvent (see Table S2), 

which agree well with the experimental results.  

Table 2. Theoretical energy parameters and reorganization energies of TP-TNI (in eV).  

 HOMO LUMO ΔEH-L AIP AEA  λ+ λ- 

cis-TP-TNI	 -5.90 -3.48 2.42 6.709 2.753 0.213 0.103 

trans-TP-TNI	 -5.82 -3.53 2.29 6.611 2.802 0.208 0.106 

 

Table 2 also listed the adiabatic electron affinity and ionization potential along with the 

internal reorganization energy for holes, λ+, and electrons, λ-. For n-type materials, the electron 

affinity must be at least 3.0 eV to allow an efficient injection of electrons into the LUMO of the 

semiconductor molecules but not much higher than 4.0 eV to ensure the stability of the material 

at ambient conditions.29 The predicted electron affinity for TP-TNI is around 2.8 eV and indeed 

very close to the threshold value,30, which favors an efficient electron injection from the 

electrode and makes TP-TNI a good candidate to behave as an n-type organic semiconductor. 

The internal reorganization energy should be small enough for an efficient charge transport. The 

calculated electron reorganization energy λ- is lower than λ+ for both isomers of TP-TNI, 

favoring the creation of the negative polarons and the n-type character. The predicted value for 

λ+ in TP-TNI (∼ 0.21 eV) is higher than those calculated by Brédas et al.14  for typical discotic 

systems, such as triphenylene (0.18 eV), hexaazatrinaphthylene (0.14 eV) and 

hexabenzocoronene (0.10 eV) calculated at the same level of theory.14 On the other hand, the 

calculated λ- for TP-TNI is around 0.10 eV, which are very close, or even inferior, to those 
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calculated for triphenylene (0.26 eV), hexaazatriphenylene (0.27 eV), hexaazatrinaphthylene 

(0.10 eV) and hexabenzocoronene (0.14 eV) at the same level of theory.14
 These results bode 

well for the excellent n-type characters of TP-TNI aromatic systems. 

As having been reported in the literature,14,15,31,32 the charge transport in discotic systems 

is highly influenced by the local arrangement of stacked π-conjugated cores. The length, type 

(linear/branched) and chemical structure of the side chains along with the π-conjugated core are 

the main parameters from a molecular point of view that chemists can combine to tailor the 

charge transport properties in organic semiconductors.33-36 In spite of the fact that side chains are 

insulators, they play an important role in the functional properties of these materials because of 

the great influence on the molecular arrangement of the stacks through no-covalent interactions, 

which facilitates or hampers the stabilization of the columnar stacking. In order to predict the 

preferred orientation of the discs, the evolution of the total energy of a dimer was calculated at 

10º intervals between 0º to 120º when one molecule is rotated with respect to another, with the 

inter-disc distance kept at 3.5 Å (Figure 6). Since TP-TNI exists as a mixture of two isomers, we 

take into consideration of three types of dimers, including cis-cis and trans-trans homodimers, 

and cis-trans heterodimers. Stacking geometries of these dimers are plotted at three 

representative rotation angles of 0o, 100o, and 120o, respectively. Figure 7 shows the energy 

barrier to rotate along the staking axis for all three dimers. The energies of the dimers are highest 

at rotation angles of 0o, which decreases significantly as the molecules rotate. A relatively flat 

energy well was observed between 10o and 100o, and a sharp rise occurs at 120o, clearly 

indicating that cofacial stacking is disfavored. Most stable arrangement was found for cores with 

a rotation angle of 40o (or 80º), and the cis-trans heterodimer has higher relative energy 

compared to the homodimers with respect to the cofacial stacking. In order to gain further insight 



 

 17 

on the influence of sidechains, calculations were also carried out on the molecules containing the 

dodecyloxy chains. As can be seen from Figure 7, relatively flat energy wells were observed in 

the rotation angle range between 10o and 90o where the steric hindrance of the side chains should 

be minimized. The theoretical calculations confirm the stabilization of the dimer when the 

rotation angle between the discs is slightly twisted (15-20 degrees) with respect to the less 

favored cofacial orientation. This result is in agreement with the experimental twist angle of 13o 

from GIWAXS studies.  

 

Figure 6. Schematic representation of the model stacked dimers at rotation angles of 0o, 100o, 

and 120o, respectively. 
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Figure 7. Relative energy of a dimer as a function of rotation angle. The solid and open symbols 

represent TNIs bearing methoxy and dodecyloxy sidechains, respectively. 

Since the transfer integral is strongly dependent on the relative position and orientation of 

the neighboring discs,32 the transfer integral for holes and electrons has thus been calculated as a 

function of the rotation angle from 0º to 120º for a dimer built from the optimized geometry of 

the monomer with the inter-disc distance kept at 3.5 Å (Figure 8 and Table S3). Not 

unexpectedly, calculations predict the highest values for both hole (t+) and electron (t-) transfer 

integrals (~0.3 eV) in the homodimers at 0º, which corresponds to a perfectly cofacial stacking. 

In the case of heterodimer, the electron transfer integral is significantly lower than the hole 

transfer integral, presumably due to less overlap of the imide arms where LUMO is primarily 

localized (Figure 6). When one molecule is rotated, a dramatic decrease of the transfer integral, 
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up to one order of magnitude improvement compared to the face-to-face orientation, is predicted 

except for the electron transfer integral of the heterodimer. In the case of homodimers, the 

electron transfer integral undergoes a more pronounced decrease due to the fact that the LUMO 

is localized in the peripheral arms. In both the trans-dimer and the heterodimer, a rise in electron 

transfer integral is predicted at a rotation angle of 100o  (see Table S3 for a full list of calculated 

hole and electron transfer integral), which correlates with better overlap of the arms as indicated 

in Figure 6. This rotational angle, which is experimentally indiscernible from a 20o rotation, is 

close to that (~13o) derived from the scattering experiment. The calculated higher t- compared to 

t+ at this angle also corroborates with the observed electron dominant transporting behavior. 
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Figure 8. Hole (t+) and electron (t-) transfer integral for the cis, trans and cis-trans isomers as a 

function of rotation of one molecule around the stacking axis (the inter-disk distance of 3.5 Å 

was fixed). 
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DFT method has shown to be very useful to predict the main parameters involved in the 

charge transport process and to establish structure-property relationships. To this point, the 

theoretical calculations over the charge injection and charge transport properties on TP-TNI have 

confirmed that it has suitable intrinsic properties to behave as n-type organic semiconductor. In 

order to estimate the dependence of the charge mobility on the intracolumnar molecular 

geometry, we have calculated the charge mobility for holes (μ+) and electrons (μ-) of the dimers 

using the equation (2) that take into account both the internal reorganization energy and transfer 

integral values (Figure 9 and Table S3). In TP-TNI there are three different hopping pairs which 

have different ability for charge transport. The calculations were performed over ideal, isolated 

dimers; therefore the results must be taken with caution because they represent the upper limit 

for the charge mobility. In the real system, the charge carrier mobility is influenced by the 

intracolumnar disorder, domain boundaries and stack dynamics, all of which could significantly 

reduce the charge mobility. Also, the polarization of the surrounding medium was neglected in 

the calculations without considering the external reorganization energy in the Marcus equation. 

Thus, due to the simplicity of the theoretical model, the goal was to estimate qualitatively the 

impact of the rotation angle on the charge mobility on the hopping pairs. The highest carrier 

transport mobilities are at 0º rotation angle, when the face-to-face orientation yields electron 

mobility values larger than the hole ones, ∼43 and 11 cm2V-1s-1, respectively. This face-to-face 

stacking however is least favorable as revealed in Figure 7 and inconsistent with the 

experimentally determined twisted stacking geometry. As the rotation angle starts to increase, 

significant decrease of both carrier mobilities occurs. Since the electron transfer integral is more 

affected by the rotation of the molecules in comparison to the hole transfer integral, this fact is 

reflected in the corresponding calculated electron mobilities compared to the hole mobilities, 
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resulting in hole-dominant carrier transport. However, at rotation angles around 100º, electron 

mobility still remains significantly higher than the hole mobility for the trans dimer despite both 

being significantly reduced. Thus, theoretical calculations have shown that both the electron-

dominant transport and the rotation angle calculated for the trans-trans dimer corroborate with 

these observed experimentally in TP-TNI molecules. 

 

Figure 9. Calculated hole and electron transfer mobilities for cis and trans isomers as a function 

of rotation of one molecule around the stacking axis. 

Overall, the experimental results indicate that the use of linear sidechains instead of 

branched ones can effectively enhance the order within thin films and correspondingly the 

electron transport properties. Scattering experiment suggested a twisted columnar stacking with a 

rotation angle around 13o.  Modeling results have validated that the intracolumnar stacking 

deviates from the cofacial stack and favors a rotated stacking geometry. The deviation from 
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cofacial stacking, however, is highly detrimental for charge mobilities due to the smaller overlap 

of the electronic wave function of the two molecules in the dimer, and more so for electron 

transport mobility such that the dominant carriers become holes instead of electrons at most 

rotation angles. The modeling further indicates that at rotation angles of 100o and 105º 

(indiscernible from experimental angles of 20º and 15o) for the trans-trans dimer, a higher 

electron mobility than hole mobility is resulted. Considering that the cis and trans isomers exist 

in a 1:3 ratio in the statistical mixture, majority of the interfaces between two molecules within 

the same column would be trans-trans, thus it is reasonable to correlate this rotated arrangement 

with the experimental results. It is important to bear in mind that when choosing peripheral 

substituent groups for disk-shaped molecules such as TP-TNI, one needs to achieve a balanced 

steric demand to avoid repulsion from each other, while at the same time to minimize the 

twisting that is disfavored for transfer integral and inferior for charge transport. 

CONCLUSIONS 

We have presented a comprehensive study on an n-type disk-shaped TP-TNI core by both 

experimental validation of a sidechain engineering approach to improving charge transport and 

theoretical modeling of the electronic structure, packing and charge transport. The replacement 

of the branched sidechains to linear ones has a strong influence on the self-assembly and charge 

transport properties. In situ variable temperature GIWAXS studies have provided more details on 

the temperature induced changes of inter- and inra-columnar molecular organization, which 

correlates to more than one-order improvement of electron transporting mobility when compared 

to the TP-TNI bearing branched sidechains. DFT calculations on the frontier orbitals, 

reorganization energies, and charge transfer integrals of the TP-TNI core have provided in-depth 

understanding of the optoelectronic and charge-transport properties. As the charge transport in 
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discotic systems is influenced by the local arrangement of stacked π-conjugated cores, we have 

determined the evolution of the total energy of a dimer when one molecule is rotated with respect 

to another one. Also, the evolution of the transfer integral as a function of the rotation angle has 

been estimated. While a face-to-face stacking gives the highest predicted carrier transport 

mobilities for both electrons and holes, the cofacial arrangement is energetically disfavored. 

Significant differences for the predicted values were obtained depending on the rotation angle, 

with the twisted stacking in trans dimer at a rotation angle around 100o favoring electron 

transport. The angle-dependent carrier transporting behavior shed light on the molecular stacking 

geometry in TP-TNI thin films. The findings from the combined experimental and theoretical 

investigations are of great relevance to the future design of novel organic semiconductors based 

on disk-shaped aromatic systems. 
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