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Twist and Shout: A surprising synergy between aryl and 
N-substituents defines the computed charge transport properties 
in a series of crystalline diketopyrrolopyrroles  

Jesus Calvo-Castro,* c Sebastian Maczka,a Connor Thomson, a Graeme Morris, a Alan R. Kennedy, b 
and Callum J. McHugh*a  

The influence of sytematic variation of aryl and N-substitution on predicted charge transport behaviour in a series of 

crystalline diketopyrrolopyrroles is evaluated. A correct combination of substituents is revealed to maximise those 

properties which dictate device performance in organic single crystals based upon this structural motif. For electron 

transport, furan and N-alkyl substitution emerge as optimal molecular design strategies, whilst phenyl structures bearing 

N-benzyl substituents are shown to offer the most significant promise as highly sought after crystalline hole transport 

materials. 

Introduction 

In crystalline charge mediating organic materials, control of 

molecular solid state aggregation and π-π stacking can 

exert a dramatic impact on intermolecular electronic 

properties which define delocalised band transport and 

localised, thermally activated hopping of charge carriers.1-4 

Electronic coupling, or charge transfer integrals for 

hole/electron transport, th/e, describe the extent of 

wavefunction overlap and are related to the strength of the 

π-π interactions between molecules and play a significant 

role in either description.5-7 Inner-sphere reorganisation 

energy for holes/electrons, λh/e, characterises the change in 

energy between charged and neutral molecular states, 

owing to geometrical relaxation of the localised molecular 

environment and can be detrimental to transport 

behaviour when charge hopping is predominant. Large 

intermolecular interaction energies, ΔECP, are highly 

desirable in organic semiconductors to preserve the 

integrity of crystalline intermolecular interactions involving 

π-π stacking, and to perpetuate band structure. 

Thermally-induced slippage of π-π stacking domains can 

result in considerable variation in th/e, which can ultimately 

be detrimental to carrier mobility. Regardless of the 

mechanism of charge transport involved however, it is 

generally accepted that an increase in electronic coupling,  

 

th/e, minimal electron-phonon coupling, λe/h and large 

values of ΔECP are desirable.5, 8, 9 

Diketopyrrolopyrrole (DPP) based materials are exciting 

charge transfer mediators, with high mobilities reported in 

organic field effect transistors (OFETs).10-26 Our group are 

engaged in the rational design of crystalline and thin film 

DPP architectures27-33 and have demonstrated in a number 

of phenyl core-substituted N-benzyl DPPs that small 

structural variations, particularly involving halogenation, 

can profoundly influence supramolecular packing via 

manipulation of single crystal intermolecular interactions.28, 

29, 31, 32 We have pioneered the application of Truhlar’s 

M06-2X density functional in the theoretical analysis of 

charge transfer integrals, reorganisation energies and 

interaction energetics in DPPs,27-33 many of which are 

comparable or supersede those computed for the single 

crystal structures of state of the art organic semiconductors 

such as rubrene.29 The M06-2X semilocal density functional 

has been shown to quantitatively agree with state-of-the-

art quantum mechanical calculations describing non-

covalent interactions through its inclusion of important 

medium distant London dispersion forces.34, 35   

All of the DPP single crystal structures reported by us 

previously involve core phenyl substituents and incorporate 

N-benzyl substitution of the lactam nitrogen atoms. It is 

widely perceived in the literature that phenyl DPPs should 

display poor charge transport behaviour as a consequence 

of deviation from planarity of their core phenyl/lactam 

dihedral angles and as a result they are usually overlooked 

in favour of more elaborate heteroaromatic structures.36-39 

It is proposed that conjugated backbone twists in N-

alkylated phenyl DPPs are detrimental to the formation of 
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strong solid state π-π interactions and that their flexibility 

also contributes to an increase in inner sphere 

reorganisation energy.36 Thus, significant effort has been 

placed on development of chalcogen based DPPs with core 

phenyl rings replaced by planar thiophene, furan or 

selenophene groups.36-39 We are however, not aware of any 

studies which critically evaluate charge transfer integrals, 

interaction energetics or reorganisation energies in the 

design of heteroaromatic DPPs and their phenyl 

equivalents. In addition, there have been no reports in the 

literature of heteroaromatic DPPs incorporating N-benzyl 

substitution in their molecular design.  

Motivated by these shortcomings, in the present study, 

we systematically examine the influence of core aryl and 

N-substitution on the electronic behaviour predicted from a 

series of experimentally determined DPP single crystal 

structures. We report the preparation and characterisation 

of new thiophene and furan N-benzyl DPP single crystal 

structures and compare their intrinsic supramolecular 

packing behaviour to phenyl and N-(n-hexyl) equivalents. 

Through consideration of computed interaction energies, 

ΔECP, charge transfer integrals, th/e, and reorganisation 

energies, λh/e, as determined from the crystal extracted π-π 

stacks and their molecular geometries, it is clear that the 

correct combination of aromatic and N-substituents is 

crucial in order to maximise those properties which can 

influence overall charge transport behaviour in these 

molecular crystals.  

Results and Discussion 

Synthesis and single crystal structure description 

Novel N-benzylated thiophene and furan DPPs were 

obtained according to Scheme 1 and their structures 

determined by single crystal X-ray diffraction (ESI). 

Synthesis20, 29, 40, 41 and single crystal structures29, 39, 41, 42 of 

the phenyl N-benzyl DPP and N-(n-hexyl) equivalents have 

been reported previously. In the present study, the six 

structures, PBDPP, TBDPP, FBDPP, PADPP, TADPP and 

FADPP (CCDC numbers 980388, 1506132, 1506131, 

786510, 737422 and 1440140 respectively) were adorned 

names in the form of XYDPP, arising from their topology, 

where X and Y represent substitution of the central DPP 

core (P = phenyl, T = thiophene, F = furan) and nitrogen 

atoms (B = benzyl, A = n-hexyl) respectively. 

 

 

 

 

Scheme 1 XDPP Synthetic Route. (i) C4H3SCN or C4H3OCN, Na, t-amyl alcohol, 

reflux; (ii) BnBr, K2CO3, DMF, 120 °C. Blue and red solid lines illustrate the DPP 

long, Δx and short, Δy molecular axes respectively. 

All of the structures are characterised by molecules with 

crystallographically imposed centrosymmetry. In each case, 

cofacial π-π stacking domains are exhibited, propagating 

along the respective crystal axes as illustrated in Figure 1 

and Table 1. The phenyl and furan structures (PADPP, 

PBDPP, FADPP and FBDPP) and the N-alkyl thiophene 

derivative, TADPP, display 1-dimensional π-π stacking 

regimes; with π-π dimer topology that is dependent on aryl 

and N-substituents. Surprisingly to us, the N-benzyl 

thiophene structure, TBDPP, is different from the other 

structures in the series in that it exhibits 2-dimensional π-π 

stacking, with the emergence of a cruciform arrangement 

of the π-π stacking dimers, similar to that reported by us 

previously for a fluorinated phenyl substituted DPP59 

(Figure 2). Unlike the fluorinated species however, the 

orthogonal π-π stacking dimer propagating along the 

crystallographic b-axis in TBDPP is extremely slipped and 

accordingly we predict reduced wavefunction overlap and a 

lower transfer integral from this particular π-π stacking 

motif. 

Figure 1 Illustration of displacements along the long molecular axis, Δx (left) 

and short molecular axis, Δy (right) for each of the investigated DPP 

architectures  
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Table 1 Features of crystal extracted π-π stacking dimers 

System Δx / Å Δy / Å Δz / Å π-π stacking 

axis 

Space group 

PADPP 3.57 2.32 3.54 b P21/c 

PBDPP 4.52 0.05 3.44 a P-1 

FADPP 3.57 0.15 3.31 b C2/c 

FBDPP 

TADPP 

TBDPP 

4.11 

4.04 

2.96 

1.78 

0.05 

3.26 

3.38 

3.53 

3.45 

b 

b 

a 

C2/c 

P21/c 

P21/n 

 

 

Slipped cofacial π-π stacking behaviour is often 

regarded as a key structural feature leading to the 

emergence of semiconductor bands in organic materials.34, 

43, 44 In the single crystal structures described herein, the 

degree of long and short molecular axis slip and inter-dimer 

separation is markedly variable, which we attribute to the 

combined influence of the DPP core aryl and N-substituents 

in each case. Accordingly, in the phenyl substituted 

structures, N-benzylation in PBDPP versus N-alkylation in 

PADPP affords a reduction in both the short molecular axis 

π-π dimer slip (Δy = 0.05 and 2.32 Å for PBDPP and PADPP 

respectively) and in the inter-dimer separation (Δz = 3.44 

and 3.54 Å for PBDPP and PADPP respectively); but 

increases the long molecular axis π-π dimer slip from Δx = 

3.57 Å in PADPP to Δx = 4.52 Å in PBDPP. In each of the 

furan based architectures, we find that N-benzyl 

substitution is detrimental to a close π-π dimer 

configuration, and is responsible for an increase in the long 

and short molecular axes slip and the inter-dimer 

separation compared with the equivalent N-alkylated 

structure. For the thiophene based analogues, the impact 

of N-substitution is in stark contrast to the behaviour 

observed in the phenyl equivalents. We note that N-

benzylation in this case actually affords a considerable 

increase in the short molecular axis slip (Δy = 0.05 and 

3.26 Å for TADPP and TBDPP respectively), whilst at the 

same time facilitates a significant reduction in the long 

molecular axis slip (Δy = 4.04 and 2.96 Å for TADPP and 

TBDPP respectively) compared to N-alkylation. In the 

thiophene structures, N-benzylation also exerts a positive 

influence on inter-dimer separation, with Δz = 3.45 Å in 

TBDPP compared to Δz = 3.53 Å in TADPP. It is clear, as 

discussed by us previously,28, 29, 31, 32 when engineering π-π 

stacking dimer interactions and their spatial overlap in DPP 

single crystals to maximise wavefunction overlap and 

electronic coupling between monomers, that careful 

consideration of both the core aryl and N-substituents is 

required (vide infra). 

The dihedral angle between core aryl rings and the DPP 

central core was determined for each structure. It was 

observed in line with previous reports,36 that regardless of 

substitution on the lactam nitrogen atoms, phenyl based 

systems always exhibit greater dihedral angles than their 

near-planar thiophene and furan equivalents (32.7/22.5(2), 

0.6/1.0(5) and 9.1/3.7(4) ° for PADPP/PBDPP, 

FADPP/FBDPP and TADPP/TBDPP respectively). The lower 

dihedral angles observed in thiophene and furan containing 

motifs are associated with a greater number of stabilising 

intramolecular interactions compared to the phenyl 

substituted equivalents. Close intramolecular interactions 

between the electronegative chalcogen atoms and 

electropositive methylene hydrogen atoms were observed 

in the thiophene and furan systems (H---S/O = 2.37/2.42 

and 2.55/2.51 Å for FADPP/FBDPP and TADPP/TBDPP 

respectively). In addition, relative positions of the benzyl 

and alkyl N-substituents with respect to the plane of the 

DPP core were investigated. We observed that in all cases, 

benzyl groups exhibit lower dihedral angles than their alkyl 

equivalents (110.9/102.4(2), 95.9/79.0(3) and 95.6/81.7(3) ° 

for PADPP/PBDPP, FADPP/FBDPP and TADPP/TBDPP 

respectively).  

 

Figure 2 TBDPP cruciform π-π stacking arrangement (centre space filled 

representation) illustrating slipped π-π dimer configurations 

(crystallographic axes are labelled) 

 

Substituent effects on intermolecular interactions for nearest 

neighbouring dimer pairs  

We have previously reported a DPP model system 

describing the energetic profile observed when two fully 

planar non N-substituted phenyl DPP monomers are 

displaced with respect to one another from a fully eclipsed 

geometry across their long molecular axes (Δx).28, 29 Herein, 

we applied this approach to equivalent thiophene (TDPP) 

and furan (FDPP) 1-dimensional flyby analyses using the 

M06-2X density functional at the 6-311G(d) level. 

Systematic variation of the intermolecular displacement 

(Δx) between planar thiophene and furan monomers was 

measured across a distance of 15.3 Å in 0.3 Å increments 

while retaining Δy = 0.0 Å and restricting the optimised Δz 

distance between dimers to 3.6 Å. Remarkably, the 

potential energy surfaces (PES) of both the thiophene and 

furan models replicate that obtained from the phenyl 

system, PDPP (HDPP in the original publications)28, 29 almost 

entirely, with the same number of energy minima observed 

at the same approximate long molecular axis (Δx) position 

a 

b 
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and consistent with their similar frontier molecular orbital 

surfaces (Figure 3).  

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 3 Counterpoise corrected interaction energies for FDPP (red), 

PDPP (grey) and TDPP (yellow) as a function of intermolecular slip, Δx 

and computed frontier molecular orbitals (insert), M06-2X/6-311G(d) 

We report global thiophene and furan energy minima 

corresponding to ca. Δx = 3.3 Å and local minima for both at 

ca. Δx = 1.5, 5.1, 7.5 and 10.0 Å. Regardless of aryl 

substituent, for N-benzyl structures, we find that crystal 

derived π-π dimer long molecular axis slip is centred close 

to the predicted PES global minimum (4.52, 2.96 and 4.11 Å 

for PBDPP, TBDPP and FBDPP respectively). It is 

noteworthy, particularly for the thiophene and furan 

N-benzyl analogues, that despite a constrained short 

molecular axis slip of Δy = 0.0 Å in the model systems, the 

most stable thiophene and furan model dimer predictions 

are consistent with their respective π-π crystal structure 

geometries, where a substantial increase in short molecular 

axis slip is observed in both of the π-π dimers compared to 

the corresponding phenyl equivalent (Δy = 0.05, 3.26 and 

1.78 Å for PBDPP, TBDPP and FBDPP respectively). For the 

N-alkyl structures, thiophene and furan analogues are well 

represented by their model dimers, where a reduced short 

molecular axis slip (Δy = 0.15 and 0.05 Å for FADPP and 

TADPP respectively) predominates and the experimentally 

observed long molecular axis slip lies close to the predicted 

PES global minimum (Δx = 3.57 and 4.04 Å for FADPP and 

TADPP respectively). In the corresponding phenyl structure, 

despite an increase in short molecular axis slip as a result of 

N-alkylation (Δx = 2.32 Å in PADPP compared with Δx = 0.05 

Å in PBDPP) the observed long molecular axis slip (Δx = 3.57 

Å) is also consistent with the theoretical global minimum. 

The influence of core-DPP aryl and N-substitution on the 

intermolecular interactions of crystal derived nearest 

neighbour dimer pairs was investigated for each of the 

structures (specific dimers are denoted in Roman numerals 

with reference to ESI). Consistently larger intermolecular 

interaction energies were computed when comparing N-

benzylation to N-alkylation. In considering N-benzylated 

structures, the largest total intermolecular interaction 

energy (Table 2) was observed for PBDPP and the lowest 

for TBDPP (-294.7, -267.1 and -259.6 kJ mol-1 for PBDPP, 

FBDPP and TBDPP respectively); despite it exhibiting a 

greater number of nearest neighbouring dimer pairs (10, 12 

and 14 neighbours for FBDPP, PBDPP, and TBDPP 

respectively). The low intermolecular interaction energy of 

TBDPP is consistent with the small computed interaction 

energies for each of its nearest neighbour dimer pairs, with 

the exception of the π-π stacking dimer pair (III), which is 

equivalent in energy to the π-π stacking dimers of PBDPP 

and FBDPP (-70.12, -74.47 and -78.53 kJ mol-1 for PBDPP 

(VI), TBDPP (III) and FBDPP (IV) respectively). The relative 

ordering of the computed intermolecular interactions for 

these π-π dimer pairs is consistent with their degree of 

displacement along the long molecular axis as summarised 

in Table 1.  

For the N-alkylated structures, furan substitution of 

FADPP affords the largest intermolecular interaction energy 

(-250.28 kJ mol-1), with comparable energies observed in 

both the phenyl and thiophene structures (-212.12 

and -212.40 kJ mol-1 for PADPP and TADPP respectively). 

Increased stabilisation of FADPP can be accounted for on 

the basis of a greater number of nearest neighbours dimer 

pairs and π-π stacking dimer energy compared with TADPP 

and PADPP respectively.        

To develop an understanding of substituent effects on 

dimer stability we computed the intermolecular interaction 

energies for a series of cropped dimers where aryl and 

N-substituents were removed (Table 2). For the N-benzyl 

structures, significant destabilisation was observed in the 

overall interaction energy of PBDPP upon removal of either 

phenyl or benzyl substituents, with each making a similar 

contribution to the overall stability (186.6 and 188.7 kJ 

mol-1 respectively). In the thiophene system, TBDPP, we 

observed a greater degree of destabilisation on removal of 

the N-benzyl substituents compared with the thiophene 

rings (195.1 kJ mol-1 versus 163.3 kJ mol-1), whilst the 

opposite behaviour was observed for the furan equivalent, 

TBDPP (136.6 kJ mol-1 versus 159.2 kJ mol-1). Of surprise to 

us was the very small DPP-core to DPP-core stabilisation 

computed for the nearest neighbour dimer pairs in each of 

the N-benzyl derivatives, particularly for the thiophene-

containing structural motif (-26.18, -3.12 and -24.5 kJ mol-1 

for PBDPP, TBDPP and FBDPP respectively).  

For N-alkylated systems, we observed that in all cases, 

removal of the N-alkyl substituents on progression from 

XYDPP to structurally modified XDPP systems was less 

destabilising compared with the equivalent N-benzyl 

structures. The opposite behaviour, to a lesser extent in 

FADPP, was observed upon progression from XYDPP to 

YDPP, where the interaction energy was more significantly 

reduced upon removal of the core aryl rings. This behaviour 

is attributed to a larger contribution of the π-π stacking 

dimer energy to the overall interaction energy in the N-alkyl 

systems, which is lost upon removal of the aryl 

substituents. Likewise, removal of the N-alkyl groups has a 

diminished impact on the total energy compared with the 

N-benzyl substituents as the alkyl groups do not contribute 

as much to the total energy in all of the nearest neighbour 

dimers pairs (see ESI). 
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Table 2 Sum of counterpoise corrected intermolecular interaction energies, 

ΔECP, for modified and unmodified nearest neighbour dimer pairs 

 ΔECP / kJ mol-1 

System PADPP PBDPP TADPP TBDPP FADPP FBDPP 

XYDPP -212.12 -294.70 -212.40 -259.60 -250.28 -267.14 

XDPP -141.30 -108.10 -111.46 -64.50 -152.78 -130.50 

YDPP -41.52 -106.00 -56.46 -96.32 -95.60 -107.86 

DPP -11.66 -26.18 -22.12 -3.12 -28.32 -24.50 

 

Influence of aryl and N-substituents on computed π-π stacking 

dimer intermolecular interaction energies 

Given the importance of π-π stacking dimers in defining the 

charge transport behaviour of organic semiconductors,34, 43, 

44 the role of systematic aryl and N-substitution in 

stabilising crystal derived π-π dimer pairs in each of the 

reported structures was evaluated (Table 3). In all cases, 

N-benzylated systems were observed to surpass the 

computed intermolecular interactions compared with their 

alkylated counterparts, thus reinforcing our previous 

assertion regarding the positive role of benzyl substitution 

in enhancing the thermal stability of π-π stacking dimer 

pairs in DPP single crystals.28, 29, 31, 32 

We report for the phenyl substituted systems, PADPP 

and PBDPP, that removal of either the alkyl or benzyl 

groups affords ca. 40% destabilisation of the total binding 

energy for the π-π stacking dimer pairs. This effect can be 

attributed to an electrostatic intermolecular interaction 

between electropositive methylene protons and 

electronegative carboxylic oxygen atoms situated 2.85 Å 

apart in PBDPP and to a stabilising dispersive interaction 

between the aliphatic C6 chains and DPP core phenyl rings 

in PADPP (Figure 4). Despite a larger displacement along 

the short molecular axis in PADPP, it is interesting to note 

that on removal of the phenyl rings there is a clear increase 

in destabilisation observed in the alkylated analogue (ΔECP = 

-59.94/-10.90 and -70.12/-28.58 kJ mol-1 for XYDPP/YDPP 

dimer pairs of PADPP and PBDPP respectively). We 

associate the latter to a combination of a slipped-cofacial 

intermolecular interaction between the core phenyl rings 

and dispersive interactions between the core phenyl rings 

and alkyl chains, favoured by the closer alignment along the 

long molecular axis observed in PADPP compared to its 

benzylated equivalent. The differences in the computed 

intermolecular interactions for the artificially generated 

DPP cropped dimer pairs for PADPP and PBDPP can be 

readily understood as a result of differing displacements 

along their short molecular axes (vide supra). 

 

 

 

 

 

Table 3 Counterpoise corrected intermolecular interaction energies, ΔECP,  for 

modified and unmodified π-π stacking dimer pairs 

 ΔECP / kJ mol-1 

System XYDPP XDPP YDPP DPP 

PADPP -59.94 -33.21 -10.90 -3.77 

PBDPP -70.12 -41.89 -28.58 -12.12 

TADPP -65.45 -51.13 -18.95 -12.66 

TBDPP -74.47 -27.26 -35.48 -2.18 

FADPP -72.00 -56.58 -24.72 -12.91 

FBDPP -78.53 -45.11 -34.25 -12.01 

 

 

It is important to note that thiophene and furan N-benzyl 

substituted systems exhibit greater intermolecular 

interactions than their alkylated analogues (ΔECP = -65.45/-

74.47 and -72.00/-78.53 kJ mol-1 for TADPP/TBDPP and 

FADPP/FBDPP respectively). Removal of the alkyl or benzyl 

groups was observed to lead, in all cases to a decrease in 

the stabilisation of these π-π dimer pairs. This decrease was 

observed to be more significant on removing the benzyl 

groups in both thiophene and furan substituted systems 

(ΔECP = -65.45/-51.13, -74.47/-27.26, -72.00/-56.58 and -

78.53/-45.11 kJ mol-1 for XYDPP/XDPP dimer pairs of 

TADPP, TBDPP, FADPP and FBDPP respectively), which we 

relate to a greater number of intermolecular H-bonding 

interactions for the N-benzyl derivatives as illustrated in 

Figure 5. Whereas, intermolecular electrostatic interactions 

between electropositive methylene hydrogen atoms and 

electronegative carbonyl oxygens were observed in FADPP 

and FBDPP (separated by 2.82 and 2.86 Å respectively), 

additional intermolecular H-bonding interactions were also 

observed in FBDPP between the electronegative furan 

oxygen atoms and the electropositive methylene hydrogen 

atoms, located at a distance of 2.75 Å and facilitated by the 

larger displacement of the monomers in the dimer pairs 

along the short molecular axis (vide supra). In turn, the 

equally large destabilisation computed for the TBDPP dimer 

pair, produced as a result of removal of the benzyl groups 

can be rationalised by a closer (H---O = 2.37 and 2.89 Å for 

TBDPP and TADPP respectively) intermolecular H-bonding 

interaction between the methylene hydrogen atoms and 

the electronegative carbonyl oxygens. Lastly, it was 

observed that in line with phenyl based systems, thiophene 

and furan containing structures also exhibit a greater 

destabilisation of N-alkyl substituted dimer pairs on 

removal of the core rings (ΔECP =-59.94/-10.90, -70.12/-

28.58, -65.45/-18.95, -74.47/-35.48, -72.00/-24.72 and -

78.53/-34.25 kJ mol-1 for XYDPP/YDPP dimer pairs of 

PADPP, PBDPP, TADPP, TBDPP, FADPP and FBDPP 

respectively) This behaviour is associated to an optimised 

thiophene/furan-DPP core interaction in the alkylated 

systems facilitated by their closer alignment along the short 

molecular axis unlike that observed in the benzylated 

analogues (vide supra). 
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Figure 4 Capped stick representation of π-π stacking dimer pair of 

PBDPP (top) and PADPP (bottom), with illustrated close interatomic 

contacts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Capped stick representation of π-π stacking dimer pair of 

FADPP, FBDPP, TADPP and TBDPP, with illustrated close interatomic 

contacts 

 

Charge transfer integrals for π-π stacking dimer pairs. 

In light of the crucial role of electronic coupling in defining 

the efficiency of charge transfer in organic semiconductors, 

we determined hole and electron transfer integrals, th/e, for 

the π-π stacking dimer pairs of the six reported systems.5-7 

To explore the influence of substitution on dictating their 

transport behaviour, th/e were also computed for a series of 

systematically cropped dimer pairs (Table 4). In all cases, 

transfer integrals were determined using the energy 

splitting in dimer methodology (ESI), as reported by us 

previously.28, 29, 31, 32, 44 

 

Table 4 Computed hole (th) and electron (te) transfer integrals for modified 

and unmodified π-π stacking dimer pairs 

 th/te / kJ mol-1 

System XYDPP XDPP YDPP DPP 

PADPP 1.71/1.52 1.29/1.16 0.59/.28 0.56/.41 

PBDPP 10.69/6.13 9.78/5.95 3.20/5.77 4.67/4.89 

TADPP 7.78/15.54 7.71/14.98 5.66/6.62 7.88/5.69 

TBDPP 6.00/5.47 5.39/4.84 5.38/3.40 5.65/3.21 

FADPP 2.78/20.40 3.20/19.90 5.87/3.00 8.74/2.95 

FBDPP 4.53/15.05 4.79/14.89 3.26/9.31 3/17/9.13 

 

Via analysis of the computed th/e we conclude that the π-π 

stacking dimer pair of PBDPP exhibits the largest hole 

transfer integral for all of the investigated systems, with 

electronic coupling approaching that of rubrene (th = 10.69 

and 12.40 kJ mol-1 for π-π dimer pairs of PBDPP and 

rubrene respectively). Of considerable interest to us was 

the significant deterioration in the magnitude of the 

transfer integrals for both holes and electrons upon alkyl 

substitution on the lactam nitrogen atoms with phenyl 

substitution (th/te = 10.69/6.13 and 1.71/1.52 kJ mol-1 for π-

π dimer pairs of PBDPP and PADPP respectively), which can 

be readily accounted for as a consequence of the dimer 

stacking displacements exhibited by these systems (vide 

supra) and subsequent lower wavefunction overlap as 

illustrated in Figure 6. On progression from phenyl to 

thiophene based architectures this scenario was reversed, 

with a greater hole and electron transfer integral observed 

for the alkylated thiophene member compared with its 

benzylated equivalent (th/te = 6.00/5.47 and 7.78/15.54 kJ 

mol-1 for π-π dimer pairs of TBDPP and TADPP 

respectively). 

 

 

Figure 6 Illustration of the supramolecular orbitals of PADPP and PBDPP 

TBDPP FBDPP 

TADPP FADPP 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

0

20

40

60

80

100

0 20 40 60 80

λ h
/e

/ 
kJ

 m
o

l-1

Dihedral angle, θ / °

The computed te identified for the π-π stacking dimer pair 

of TADPP is considerable, and denotes a two-fold increase 

from that computed by us for rubrene (te = 15.54 and 7.50 

kJ mol-1 for π-π stacking dimer pairs of TADPP and rubrene 

respectively). Remarkably, replacement of alkyl for benzyl 

substituents on the lactam nitrogen atoms in the thiophene 

systems afforded a dramatic decrease in the computed te, 

which we ascribe to the increased displacement along the 

short molecular axis upon benzyl substitution (vide supra) 

and associated decrease in LUMO wavefunction overlap, 

illustrated in Figure 7. In the benzylated thiophene 

analogue TBDPP, ambipolar charge transfer is predicted, 

with notable th/te anticipated for the π-π stacking dimer 

pair (th/te = 6.00/5.47 kJ mol-1). We compute the largest 

electron transfer integral in any of the systems for the π-π 

dimer pair of FADPP (th/e = 2.78/20.40 kJ mol-1). Unlike the 

scenario described for TABDPP/TBDPP however, we also 

report a large computed te for the π-π stacking dimer pair 

of the benzylated analogue, FBDPP, consistent with a 

reduced short molecular axis shift observed in the furan 

based system upon benzyl substitution (Δy = 0.05/3.26 and 

0.15/1.78 Å for π-π dimer pairs of TADPP/TBDPP and 

FADPP/FBDPP respectively). In conclusion, it is clear that 

systematic substitution of the lactam nitrogen atoms, as 

well as of the core aryl rings can result in significant 

changes to intermolecular displacements and hence charge 

transfer properties in these DPP single crystals. 

 

Figure 7 Illustration of the LUMO supramolecular orbitals of TADPP (left) and 

TBDPP (right). 

To broaden our understanding of substituents effects in 

controlling the charge transfer properties of the crystal 

structures described, we computed hole and electron 

transfer integrals for a series of systematically cropped 

dimer pairs. The effect of N-substitution on the computed 

transfer integrals can be understood by comparison of 

XYDPP and XDPP dimers. We report negligible changes on 

removal of either alkyl or benzyl groups, which is in line 

with the very limited extension of the HOMO/LUMO 

wavefunction onto the N-substituents, as previously 

reported by us. In turn, significant differences were 

observed on progression from XYDPP to artificially 

generated YDPP dimer pairs. In all cases, a reduction of the 

computed th/te was observed, with the exception of the 

hole transfer integral for FADPP (th = 2.78 and 5.87 kJ mol-1 

for dimer pairs XYDPP and YDPP of FADPP respectively). Via 

inspection of the computed supramolecular orbitals, we 

associate this behaviour to a decrease/increase in the 

bonding/anti-bonding character of the HOMO(-1) and 

HOMO supramolecular orbitals respectively (ESI). In 

addition, of interest to us was reversal of the th/te values 

computed for our flagship hole transport architecture, 

PBDPP, on progression from XYDPP to YDPP (th/te = 

10.69/6.13 and 3.20/5.77 kJ mol-1 for dimer pairs XYDPP 

and YDPP of PBDPP respectively). In short, we observed a 

more significant decrease of th compared to te on removal 

of the core phenyl rings, and hence a reversal in magnitude 

of the charge transfer integrals; this behaviour associated 

to an increase in the antibonding character of the ungerade 

LUMO(+1) on progression from XYDPP to YDPP in PBDPP 

(ESI). 

 

Inner-sphere intermolecular interactions and 

reorganisation energies 

Inner-sphere hole and electron transfer reorganisation 

energies, λe/h, were estimated for each of the investigated 

crystal structures via their non N-substituted analogues, 

PDPP, TDPP and FDPP (Figure 8), by revisiting our 

previously reported methodology (ESI) for the 

determination of inner-sphere reorganisation energies in 

PDPP (H2DPP in the original publication).60 

 

Figure 8 Computed inner-sphere reorganisation energies towards hole, λh 

(filled circles) and electron, λe (filled triangles) transfer for PDPP (grey), TDPP 

(yellow) and FDPP (red) 

We have shown that for the PDPP model system, λe 

manifests a larger response to changes in the torsion of the 

core phenyl rings, and for dihedral angles greater than ca. 

60° a reversal of the inner-sphere reorganisation energies 

was computed with λe > λh.27 This characteristic behaviour is 

attributed to an out-of-plane rearrangement primarily 

associated to the C-C linker between the DPP core and the 

core phenyl rings. The structural re-arrangement was 
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observed to be greater in the radical anion species and to 

be minimal in radical cation geometries compared with 

their neutral equivalent (Δη = 29.33/0.11° on going from 

neutral to radical anion/cation optimised geometries at θ = 

90°). Rather surprisingly to us, analogous model systems for 

TDPP and FDPP do not exhibit this behaviour, whereby λh 

dominates the progression for all of the investigated 

dihedral angles. Importantly, we observe that for dihedral 

angles lower than ca. 35 °, which are commonly observed in 

DPP single crystal structures, computed inner-sphere 

reorganisation energies for PDPP, TDPP and FDPP are 

comparable. Furthermore, as the twist of the rings with 

respect to the DPP core is increased further than 35 °, 

larger differences are observed, with the highest electron 

and hole transfer reorganisation energies computed for 

phenyl and furan based systems respectively. Via analysis of 

the optimised geometries, we associate this behaviour to 

out-of-plane re-arrangement around the C-C link between 

DPP core and core aryl rings on progression from neutral to 

radical species, which exhibit a linear relationship with 

respect to their respective computed inner-sphere 

reorganisation energies. We conclude, for systems 

characterised by dihedral angles lower than ca 30 °, which 

are most common in DPP single crystal structures such as 

those discussed herein, that inner-sphere reorganisation 

energies should not play a differentiating role amongst 

phenyl, thiophene or furan architectures in charge transfer 

processes within the hopping regime. 

Conclusions 

In summary, we find that for all of the systems examined, 

N-benzylation ensures the largest π-π stacking interaction 

energies, ΔECP, and therefore should be considered over 

conventional alkyl substitution for solubilisation and crystal 

engineering of DPP small molecules. For optimal electron 

transport, we propose that N-alkyl and N-benzyl furan 

based DPP OSCs should be explored further, owing to their 

high computed electron transfer integrals, te and lower 

reorganisation energies, λe. Surprisingly to us and contrary 

to popular misconception, we have demonstrated that hole 

transport is predicted to be optimal in the twisted phenyl 

substituted N-benzyl DPP. Therefore, despite a more 

significant dihedral angle in this structure (20.60 °) 

compared to both alkyl and benzyl thiophene (10.04 and 

3.50 °) and furan (0.86 and 1.00 °) equivalents, N-benzyl 

substitution of the phenyl DPP is effective in facilitating 

close cofacial π-π stacking interactions between the 

conjugated monomers, enhancing their HOMO 

wavefunction overlap and maximising hole transfer 

integrals, th. In comparing computed reorganisation 

energies, λh/e, across the series we report that λe < λh for 

phenyl, thiophene and furan DPPs, and as a result, greater 

electron charge mobility over hole might be expected from 

these structures in the absence of external environmental 

influences. As highlighted previously, N-substitution 

increases λe for phenyl DPPs relative to their thiophene and 

furan equivalents, owing to the contribution of significant 

torsional relaxation to the reorganisation energy of the 

phenyl radical anion; further supporting the viability of 

furan and thiophene based DPP single crystals in processes 

that involve electron transport. Notably, we find that λh 

does not significantly vary between phenyl and 

heteroaromatic substituents; underpinning our assertion 

that contrary to popular belief, studies of phenyl N-benzyl 

DPP single crystals, especially in hole conducting OFET 

devices are in fact warranted. Accordingly, we anticipate 

our results should be of broad interest to those developing 

crystalline organic electronic materials, particularly those 

based around the DPP architecture.  

 

Experimental 

Full details regarding the preparation, characterisation, 

crystallographic analysis and theoretical modelling of 

reported compounds are available in the electronic 

supplementary information.      
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