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ABSTRACT 

The reorganization energy (λ), which quantifies the structural rearrangement of a molecule when 

accommodating a charge, is a key parameter in the evaluation of charge mobility in molecular solids. 

However, it is unclear how λ is influenced by conformational isomerism, which co-exist in amorphous 

solids. Here, we examine the conformational space of a family of model amorphous organic hole transport 

materials (HTMs), derived from triphenylamine in a core-arm template, and probe the effect of 

conformational complexity on λ. We observe an extreme dependence of λ on the conformer geometry of 

sterically congested HTMs, which to the best of our knowledge has not been described previously. These 

results serve as a cautionary tale that, while extracting the reorganization energy from a single molecular 

conformer optimized in the gas phase may be appropriate for rigid and sterically unencumbered structures, 

it is not for many state-of-the-art HTMs that contain multiple bulky substituents. 
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Charge transport layers are crucial for the high 

efficiency of organic photovoltaics and light-emitting 

diodes. The search for new charge transport materials 

is a driving force behind research aiming to optimize 

the architecture of optoelectronic devices.1-3 

Amorphous organic hole transport materials (HTMs) in 

particular are industrially attractive due to their low 

cost of fabrication, modular synthesis, solution 

processability and amenability to vapor deposition 

techniques.4,5  

Charge mobility is the key property that governs the 

performance of a bulk HTM. In amorphous HTMs, the 

charge transport process can be approximated using the 

hopping transport picture. In the nonadiabatic limit, the 

rate constant k for a charge hopping between two 

molecules is described by the Marcus rate equation6,7: 

𝑘 =
2𝜋

ℏ
 |𝑉|2

1

√4𝜋𝜆𝑘𝐵𝑇
𝑒𝑥𝑝 (−

(𝜆 + 𝛥𝐺°)2

4𝜆𝑘𝐵𝑇
) 

where 𝑉 is the electronic coupling between the two 

sites, λ is the reorganization energy, 𝛥𝐺° is the 

difference between the free energy of the initial and 

final states (i.e. the driving force), 𝑘𝐵 is the Boltzmann 

constant, T is the temperature and ℏ is the reduced 

Planck constant. There is, therefore, great interest in 

evaluating and finding methods to modulate the key 

parameters 𝑉 and λ as a means to maximize charge 

mobility. 𝑉 is defined for two diabatic states of a charge 

transfer molecular dimer and it is strongly dependent 

on the relative orientation of the dimer. In 

computational studies, these dimers are either 

generated from the most stable configuration of the 

dimer in the gas phase, or by taking all possible 

molecular pairs from a simulated bulk morphology.8-13 

By contrast, the reorganization energy, which expresses 

the change in free energy caused by structural 

relaxation upon the accommodation of a charge, can be 

computed from the neutral and cationic potential 

energy surfaces of a single molecule.  

Given the relative ease of evaluating reorganization 

energies, the minimization of λ is often used as a 

descriptor in the computational screening and design of 

materials with promising charge transport 

behaviour.10,14,15 There is, however, an inconsistency in 

the literature with regards to the method by which to 

evaluate λ. In some instances, many individual 

structures are extracted directly from an amorphous 

mixture generated using QM/MM methods10, although 

this is computationally demanding. For a reduced 

computational cost, neutral and charged structures may 

instead be optimized with constrained soft internal 

coordinates (e.g. dihedrals) to mimic the restrictive 

effect of nearby structures in the bulk environment.8,9 

This often leads to very small reorganization energies, 

as these techniques confine the low-energy vibrational 

modes. And yet, these modes may be the most 

important for charge transfer, given that they are the 

energetically most available modes at room 

temperature. Alternatively, λ may simply be extracted 

from a single conformer which has been optimized in 

the ground state at a density functional theory (DFT) 

level.11,16 Although this approach in general works well 

for rigid compounds, its validity for flexible and bulky 

structures such as hole transport materials, where many 

conformers may appear in an amorphous morphology, 

has not been verified and warrants thorough 

investigation. Finally, while QM/MM-simulated bulk 

geometries (as described above) have also been used to 

study the environmental effects on reorganization 

energy, the targeted systems have been primarily rigid, 

and thus the effect of the bulk on conformational 

variation in flexible molecules has not been 

investigated. 

 
Figure 1: The six model HTMs studied in this work, 

containing a benzene core (red), and para-methoxy 

substituted arms derived from diphenylamine (DPA, 

orange) and triphenylamine (TPA, blue). 
 

HTMs are often designed using a core-arm template, 

whereby large and orthogonally oriented arms are used 
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to prevent aggregation and preclude crystallization of 

the transport layer.5 The design of the arms influences 

bulk morphology, and an increased number of arms 

reduces reorganization energy12,17 and improves charge 

mobility.12,18,19 Furthermore, the interactions involving 

these arms at the organic-inorganic interface of 

perovskites are critical components of an effective 

HTM.20,21 However, the presence of such sterically 

congested and flexible arms may lead to a complex free 

energy landscape due to significant intramolecular 

interactions, which are challenging to model,22,23 and 

the consequences of conformational diversity on λ are 

currently unclear. 

To address this, we studied a family of six model core-

arm HTMs composed of a benzene core and branched 

phenylamine arms with methoxy substituents (see 

Figure 1). Di- and tri-phenylamine arm moieties are 

ubiquitous in the high-performance HTMs 

incorporated in dye-sensitized and perovskite solar 

cells5 and organic light-emitting diodes.2 The 

compounds differ from one another with respect to the 

arm substitution pattern on the central ring – para (p), 

meta (m) and ortho (o) – and in the size of the arms: 

diphenylamine (DPA) and triphenylamine (TPA). 

These substitutions enable us to establish the effect of 

sterically congested environments and inter-arm 

interactions on reorganization energy. All of these 

structures24-27 (or their synthetic precursors28,29) have 

been reported experimentally, and p-TPA has already 

been used as a HTM in perovskite solar cells.25 

Furthermore, these structures are of interest in 

electrochemistry for their charge transfer properties, as 

electronic coupling both via the benzene spacer 

(through-bond) and between the arms (through-space) 

are predicted.26,27 

The conformational landscape of these six compounds 

was established using replica exchange molecular 

dynamics30 (REMD) enhanced sampling at 300 K at the 

DFTB-D3BJ level. These are shown as 2D free energy 

maps in Figure 2 (further information is given in the 

computational details in the SI). The minimum and 

maximum distances between any two oxygens of the 

methoxy substituents were used as collective variables. 

 
Figure 2: Free energy maps and relevant conformers for para, meta and ortho-substituted DPA (orange) and TPA (blue) 

structures. Labels indicate clustering of points following DFT optimization, and a representative conformer from each 

cluster is given. Free energy surfaces were obtained from REMD simulations at the DFTB-D3BJ level. 
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We took a small sample of 500 structures equally 

separated in time from the thermalized replica at 300K 

and optimized them in the gas phase using DFT at the 

B3LYP(D3BJ)/6-31G(d,p) level. The DFT-optimized 

structures migrate to well-defined clusters on the free 

energy plots, labelled with letters in Figure 2, which 

map closely to the most highly populated regions 

identified by REMD.  

It is clear from Figure 2 that p-DPA, p-TPA and m-TPA 

exhibit very little variation in geometry, while m-DPA, 

o-DPA and especially o-TPA exhibit a more complex 

conformational landscape. Given that both para-

substituted compounds behave as rigid rotors, it is 

unsurprising that the O-O distances in p-DPA and p-

TPA do not change significantly, and that the free 

energy difference between rotamers is negligible. In m- 

DPA and m-TPA, the conformers differ with respect to 

rotations about the amines. Depending on the rotation, 

the benzene rings of the m-DPA arms are either close 

enough (~4 Å) to enable π-π interactions (m-DPAA, 

where the subscript A refers to the cluster labelled in 

Figure 2), or are non-interacting (m-DPAB). The 

supplementary benzene ring in m-TPA increases the 

distance between the arms, thereby preventing interarm 

interactions and simplifying the conformational space.  

In o-DPA, the proximity of the arms restricts 

conformational freedom: the benzene rings from each 

arm are either slightly disarticulated (o-DPAA), or face-

to-face in a π-stacked configuration (o-DPAB). In 

contrast, multiple clusters (o-TPAA-F in Figure 2) 

separated by shallow energy barriers are found in the 

two-dimensional free energy surface of o-TPA, due to 

the flexibility introduced by the additional benzene 

rings and the increased geometric possibility of 

interactions between the adjacent arms. These 

conformational clusters can be classified into those 

whose arms are oriented in an end-to-end fashion and 

have limited contact with one another via one terminal 

benzene ring of each arm (o-TPAA-D), and those with 

arms which are completely co-facial to one another and 

exhibit significant non-covalent interactions (o-TPAE-

F). We term the latter arrangements ‘self-aggregated’. 

Only one cluster (o-TPAG) does not show any evidence 

of interarm interactions, such that the minimum O-O 

atom distance reported is simply the distance between 

the two oxygen atoms on the same arm (~9.6 Å).  

To establish the effect of conformational complexity on 

the range of possible reorganization energies in these 

compounds, λ was computed for the DFT-optimized 

conformers using the four-point method. The 

distribution of λ for each HTM is shown as violin plots 

in Figure 3 and the regions in these plots are associated 

to the clusters labelled in Figure 2. The range of λ 

values obtained is clearly representative of 

conformational complexity observed in the free energy 

landscape. The three ‘rigid’ HTMs with non-interacting 

arms (p-DPA, p-TPA and m-TPA) exhibit the 

narrowest distributions of λ, while the HTMs with the 

geometric capacity for interarm interactions, and 

therefore more complex conformational landscapes (m-

DPA and especially o-TPA), exhibit a broader range of 

reorganization energies. The overall lower average 

values of λ in TPA compared to DPA is attributed to a 

higher delocalization of the charge across the larger 

conjugated system in the TPA family.  

 
Figure 3: Violin plots of the reorganization energy 

probability density for 500 conformers of para, meta and 

ortho-substituted DPA (orange) and TPA (blue). The 

white point indicates the average value, the black bar the 

range between the 1st and 3rd quartiles, and the whiskers 

the maximal and minimal values. Letters correspond to the 

clusters labelled in Figure 2. Neutral and cationic 

geometries were optimized at the B3LYP(D3BJ)/6-

31G(d,p) level, and reorganization energy was computed 

using the 4-point method (see the SI for computational 

details). 
 

The relationship between larger arm-arm interactions 

and increased λ can be extended to the various 

conformational clusters of the individual compounds 

(Figure 3). For instance, in m-DPA and o-DPA, the 

conformer clusters with greater interarm interactions 

(m-DPAA and o-DPAB) have systematically higher λ 

than the less-interacting clusters (m-DPAB and o-

DPAA). However, the most striking example of this 

trend is found in the conformational diversity of o-

TPA. While the non-interacting cluster o-TPAG 

displays the lowest reorganization energies (as low as 

0.14 eV), the end-to-end oriented arm clusters 
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Figure 4: Decomposition of the normal mode contributions to the total reorganization energy of 

a representative structure from each conformational cluster of o-TPA, coloured by the interacting 

(solid lines, o-TPAA-D), self-aggregated (dashed lines, o-TPAE-F) and non-interacting (dotted line, 

o-TPAG) geometries of the arms. The vibrational mode corresponding to the highest peak in the 

self-aggregated cluster (marked with *) is shown to the right with the small purple arrows, and 

the overall motion is depicted with the large blue arrows.  

o-TPAA-C and the more interacting cluster o-TPAD are 

somewhat higher, and the self-aggregated clusters o- 

TPAE and o-TPAF are significantly larger than the rest 

of the distribution, with λ values up to 0.30 eV. As with 

m-DPA and o-DPA, it is clear that conformers with 

more substantial interarm interactions contribute to 

notably higher reorganization energies than conformers 

without such interactions.   

Normal mode analysis (NMA) was performed on a 

representative system from each compound cluster to 

establish the contributions of the individual vibrational 

modes to the total molecular reorganization energy (see 

the SI for computational details). The variation in λ, 

both between conformational clusters of the same HTM 

and across the six different HTMs, lies primarily in soft 

modes below 200 cm-1 (see Figure S1 for DPA and 

Figure 4 and Figure S2 for TPA). In o-TPA, the soft-

mode contributions and overall λ of the various clusters 

correlate well with one another (see Figure S3) and with 

the degree of interaction between the arms seen in 

Figure 2, according to the general trend o-TPAG < o-

TPAA-C < o-TPAD  < o-TPAF  < o-TPAE. In o-TPAE and 

o-TPAF, the conformers with the greatest contributions 

to λ below 200 cm-1, the most significant normal mode 

is a breathing-like mode involving gliding and 

repulsion motions between the adjacent arms (see 

Figure 4 for this mode in o-TPAE). The next cluster 

with the most substantial inter-arm interactions, o-

TPAD, also exhibits a similar peak, albeit smaller than 

those in the self-aggregated clusters, while the soft 

modes in o-TPAA-C and the non-interacting cluster o-

TPAG contribute very little to the total reorganization 

energy.  

Likewise, in ortho-substituted DPA the higher λ 

observed in the cluster with the most heavily interacting 

arms (o-DPAB) is attributed to the presence of large 

normal-mode contributions in the same region, as 

compared to the less-interacting disarticulated arms in 

o-DPAA (see Figure S1). Furthermore, in both the DPA 

and TPA families, the meta-substituted isomer 

consistently displays the lowest λ, which correlates 

with reduced soft mode contributions (see Figure 3 and 

Figures S1-S2). Clearly, the dependence of λ on 

conformer geometry originates from these inter-

fragment modes, and the range of λ can be traced to the 

varying degree of interaction between an HTM’s arm 

fragments. The observation that a broad range of 

possible reorganization energies is accessible to o-TPA 

raises the question of if the high λ observed in the gas-

phase self-aggregated conformers is in any way 

representative of the λ of an amorphous mixture, or if λ 
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is strongly altered by structural changes induced by the 

bulk environment.  

To answer this, we simulated the behavior of a self-

aggregated structure in the solid state. Obtaining a 

conformational diversity which is representative of an 

amorphous solid-state material is often done using 

force fields in a ‘melt and quench’ procedure, which 

preserves the randomly oriented nature of structures 

obtained at a higher temperature. To assess if a force 

field is an appropriate method by which to establish the 

conformational space and thus to generate a 

representative bulk morphology of the HTMs studied 

here, a REMD simulation using a classical force field 

was tested but was found to be unsuitable (see Figure 

S4). We therefore turned to a two-part QM/MM 

mechanical embedding simulation strategy to evaluate 

the effect of the bulk environment on the o-TPAE 

cluster. To generate the amorphous morphology, we 

embedded a self-aggregated structure from the o-TPAE 

cluster with 100 other o-TPAD molecules and 

performed an MD simulation, during which the self-

aggregated structure was kept frozen to avoid any 

conformational transformation. This central conformer 

and surrounding layer of structures were then extracted 

and relaxed using a subsequent QM/MM optimization 

(see the SI for computational details).  While the central 

structure remains in the self-aggregated conformation, 

the λ, which is evaluated at 0.296 eV for that particular 

conformer in the gas phase, falls to 0.200 eV in the 

bulk. This significant difference is attributed to the 

change in this HTM’s capacity to reorient its arms upon 

accommodation of the charge. To quantify this, we 

collected the difference in distance between the 

nitrogen atoms of the adjacent arms in the neutral and 

cationic geometries (dN−N). While dN−N is large for 

the self-aggregated structure in the gas phase (0.54 Å), 

it decreases substantially in the condensed phase (0.21 

Å, see Figure S5 for a summary of the change in arm-

arm distances and λ in the gas and condensed phases), 

showing that the contributions of strong interarm 

interactions which lead to high λ in the gas phase are 

lost in the bulk environment.  

The same two-step QM/MM protocol was applied to a 

structure from the most abundant cluster o-TPAD (λ = 

0.141 eV in the gas phase). The neutral and cationic 

geometries obtained in the simulated bulk lead to a 

slight increase of λ to 0.168 eV. Similarly, dN−N  

increases from 0.06 Å in the gas phase to 0.20 Å (see 

Figure S5). These results suggest that the degree of 

geometric relaxation permitted in the bulk is similar for 

both the self-aggregated and less-interacting structures, 

due to the restrictive effect of the adjacent molecules. 

This leads to overall much more similar values of λ for 

two different conformers than what is suggested by the 

conformer-dependent distribution obtained in the gas-

phase (see Figure 3).  

In conclusion, we have demonstrated a strong 

dependence of reorganization energy on conformer 

geometry in a series of model core-arm HTMs derived 

from diphenylamine and triphenylamine. Replica-

exchange molecular dynamics simulations reveal that 

the conformational space of rigid and sterically 

unhindered compounds (p-DPA, p-TPA and m-TPA) is 

uncomplicated, giving rise to a narrow distribution of 

computed reorganization energies. To the contrary, 

flexible compounds with many degrees of freedom (o-

DPA, m-DPA and especially o-TPA) exhibit a wide 

range of λ values, spanning up to 0.150 eV in the case 

of o-TPA. Substantial intramolecular interactions 

between bulky arms stabilize self-aggregated 

geometries in the gas phase and lead to the emergence 

of arm-arm ‘breathing’-like vibrational modes. These 

features contribute to surprisingly high λ values which, 

when compared to results from QM/MM simulations 

on these same geometries, are not found to be 

representative of those obtained in a bulk environment.  

It is important to highlight that such interactions are 

found widely in many solution-processible amorphous 

charge transport materials. Thus, these compounds are 

precisely among those which are most at risk for a 

severe overestimation of reorganization energy, as 

demonstrated here. In the context of screening 

materials for low reorganization energy, the approach 

of computing λ from a lowest energy conformer in the 

gas phase (e.g. following a conformation search) is 

therefore not appropriate for flexible structures, as it 

may severely overestimate λ. We stress that results 

obtained from a simulation of the bulk are preferred, 

due to the more realistic description of the effect of the 

surrounding environment on the molecule’s structural 

response to charge accommodation. Furthermore, we 

have shown that a force field which has not been 

parametrized for non-covalent interactions does not 

appropriately describe the conformational space of 

such problematic compounds. We advise that care must 

be taken in choosing the method for simulating the 

conformational diversity and resulting properties of 

flexible charge transport materials.  
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SUPPORTING INFORMATION 

Details of all computational procedures, normal mode 

analysis of representative structures, REMD(GAFF) 

free energy map, and results of QM/MM simulations. 
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