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Abstract: Truxene and its derivatives have been extensively employed for various applications 

and are considered as promising dopant-free hole transport materials (HTMs) in perovskite solar 

cells (PSCs). Yet, a systematic exploration of their performance for this specific application remain 

lacking. Here, multiscale simulations are used to investigate the key structure-property 

relationships of truxene derivatives featuring distinct variations to the parent core. Specifically, 

the role of heteroatoms, alkyl chains, and substitution site on the most relevant electronic, transport, 

and stability properties to high performing PSCs are assessed. Our findings demonstrate that each 

of the considered truxenes are potential alternatives to the current state-of-the-art HTM Spiro-

OMeTAD. 
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Introduction 

Due to their high power conversion efficiency (PCE), solution processability, and relatively 

low production cost,1,2 organic-inorganic metal halide perovskite solar cells (PSCs) are 

tremendously attractive. Efficient light absorbing perovskites such as methylammonium lead 

iodide (MAPbI3), exhibit wide absorption ranges over the complete visible solar spectrum.3 While 

bare perovskite materials display ambipolar transport, high charge carrier mobility, and long 

charge carrier lifetimes that facilitate the design of hole/electron transport layer (HTL/ETL) free 

PSCs,4–6 their corresponding PCE have not exceeded 14%. On the other hand, PSCs containing hole 

transport layers have reached PCEs over 20%.7 Clearly, HTLs are highly beneficial, if not 

necessary for high-performing PSCs8,9 making it crucial to design and test suitable hole transport 

materials (HTMs).10,11 

Since Grätzel and Park’s incorporation of Spiro-OMeTAD into the first solid-state PSC in 

2012,12 it has become the prevalent HTM choice. However, its high synthetic cost (~$600g–1) and 

complicated purification procedure prevent large-scale commercial production.13,14 In addition, 

pristine Spiro-OMeTAD suffers from relatively poor hole mobility (μ=2×10-5–2×10-4cm2V-1s-1).15–18 In 

practical PSC device fabrication, Spiro-OMeTAD and other HTMs with low hole mobilities are 

usually doped with ionic additives such as bis- (trifluoromethylsulfonyl)imide lithium salt (Li-

TFSI) to increase their conductivity and enhance the overall PSC performance.16,19 Yet these 

additives are detrimental to the long-term stability of PSCs due to their deliquescent nature.20 

Consequently, dopant-free HTMs with high hole mobility arise as an appealing alternative, 

affording high PCE without simultaneously sacrificing the device stability.14,20–26  
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Among the dopant-free HTMs reported to date, truxene-based HTMs are promising 

candidates exhibiting a much higher hole mobility and similar glass transition temperature (Tg) 

compared to Spiro-OMeTAD, leading to PSCs with high PCE and good thermal stability.25,27,28 

Following its first reported synthesis in 1894, truxene and its derivatives have been exploited for 

diverse applications - non-linear optics, two-photon absorption, transistors, organic light-emitting 

diodes, molecular resistors, lasers, liquid crystals, supercapacitors, and photovoltaics – thanks to 

the feasibility and variety of peripheral functionalizations.25,29,30 However, in contrast to other 

applications, only a surprising small number of truxene HTMs have been investigated for PSCs 

applications25,27,28,31–34 despite the virtually infinite number of structural possibilities. The purpose of 

this work is thus to address this gap and establish the key features of truxene-based materials that 

lead to promising HTMs for PSCs.  
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An ideal HTM for a PSC should fulfill several requirements35 that can be categorized into 

three main aspects: electronic properties, hole transport properties and stability (also see Scheme 

1), discussed below. 

(1) Electronic properties: (a) A suitable energy level alignment between the perovskite and the 

HTL would facilitate the hole injection and suppress the recombination at the interface, ultimately 

maximizing the open circuit voltage (Voc).23,36,37 To fulfill this requirement, the HTM should possess 

an ionization potential (IP; sometimes approximated as minus HOMO) close to, but not higher 

than the IP, (sometimes referred to as minus valence band maximum, VBM) of a given perovskite 

material:38,39  

𝛥𝐼𝑃 = 𝐼𝑃%&' − 𝐼𝑃)*+,-./01* > 0                                     (1) 

A too large 𝛥𝐼𝑃 would reduce the efficiency of the hole injection and result in a poor PCE.22,40 

Alternatively, a large negative ∆IP leads to a low Voc that decreases the PCE. (b) An HTM should 

 

Scheme 1. Critical properties for hole transport materials in perovskite solar cell. 
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exhibit a reduced absorption in the visible spectrum to minimize parasitic absorption and improve 

the solar power conversion efficiency.41,42  

(2) Hole transport properties:  The injection into the HTL at the perovskite/HTL interface is 

followed by the free hole carrier transport to the anode.43 Accordingly, an ideal dopant-free HTM 

should possess a high intrinsic hole mobility ( >10-4 cm2V-1s-1) that facilitates hole transport  and 

prevents charge recombination at the interface.44 High hole mobility may also lead to higher short-

circuit current density which enhances the PCE.45 Note that the mobility of an organic crystal is 

generally superior to its amorphous phase. However, the latter produces a uniform 

perovskite/HTM interface that results in a more efficient hole injection, especially in the 

mesoporous-structured PSCs.27,35 Hence, previously reported mobilities are mainly based on the 

amorphous morphology of a given organic molecule.44 Only the amorphous phase will thus be 

considered herein.  

 (3) Stability: (a) Highly hydrophobic HTMs are beneficial as they act as a protective layer 

boosting overall stability by retarding the ingress of moisture and, in turn, slowing the degradation 

of the perovskite.22,46–50 Experimentally, the degree of hydrophobicity can be measured by a water 

contact angle (WCA).25,49,51 The higher the WCA, the larger the hydrophobicity and the better the 

protection of the underlying perovskite layer. (b) Aside from perovskite degradation in the 

presence of water, the inherent thermal instability of the HTMs comes as another source of possible 

degradation. Because of their amorphous nature, organic HTMs can undergo a second order phase 

transition at the glass transition temperature Tg. Since operation temperatures ranging from 60-80 

°C are not unusual for practical solar cells, HTMs with relatively low Tg may suffer from significant 

thermal stress that might eventually deteriorate the performance of the PSC device.52 Therefore, 

identifying high-Tg HTMs is also of great importance.  
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In this work, the truxene core has been selected owing to its inherent high mobility, which 

eliminates the need for additives and makes truxene molecules efficient dopant-free HTMs in high-

performance PSCs.25,27,33 Analysis of these truxene derivatives revealed structure-property 

relationships that are highly relevant to PSCs possessing both high performance and high stability. 

Our computational results agree well with the recent experimental findings by Huang et al., who 

have shown that TruxC-hex-2 (Trux-OMeTAD) is a very promising HTM, with a 18.2% PCE.25 

To the best of our knowledge, this is the first computational work in which nearly every key 

intrinsic property of HTMs for PSCs have been thoroughly analyzed. Our results provide key 

insights into the rational design of truxene-based HTMs and, moreover, deliver a broad design 

strategy with an accompanying comprehensive computational protocol that for rationally 

developing HTMs and PSCs with superior performance. 
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Results 
Molecular Design 

 The examined truxene derivatives are displayed in Figure 1 with the nomenclature used 

thorough. The truxene core carrying three methoxydiphenylamine groups (OMeDPA) on 

substitution sites 3, 8, 13, is named TruxC. The effect of the heteroatom substitution is investigated 

by considering heterotruxenes such as triazatruxene (nitrogen, TruxN) and thiatruxene (sulfur, 

TruxS), which have been synthesized and considered as potential candidates in organic 

electronics.53,54 We anticipate that altering the heteroatom in the truxene core will tune the ionization 

potential (IP) and ultimately lead to a desirable Voc. In fact, it has been demonstrated that superior 

 

Figure 1. Truxene derivatives considered in this work.  
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hole transport properties can be achieved via substitution of two heteroatoms.55,56 Even though 

truxene derivatives without alkyl chains are already solution processable,57 alkyl chains have found 

wide use as solubilizing moieties in organic solvents. However, addition of alkyls chains can 

modify the molecular packing and has sizable effect on charge transport.58,59 For this reason, their 

influence on each of the properties is also of interest. A methylene unit was thus replaced with a 

C-2(hexyl) and an N-hexyl to form the TruxC-hex and TruxN-hex structures. Finally, inspired by 

the work by Zhang et al.60 regarding the 3D molecular structural effect on the overall PSC 

performance, we altered the substitution sites of OMeDPA from 3, 8, 13 to 2, 7, 12, thereby 

creating TruxC-hex-2. The computational estimates of the transport properties of these derivatives 

require extensive multiscale simulations, which are detailed in the computational detail section. 

 Electronic Properties 

Ionization potentials were computed using ΔSCF method with different density functionals 

and methods suggested by Li et al.61,62 of which ΔSCF method with B3LYP functional and methods 

suggested by Li et al. had an excellent agreement with experiment (see ESI). For simplicity, 

discussions on IP refer to results by ΔSCF method with B3LYP functional. The energy level 

alignments shown in Figure 2 illustrate the effect of the IP tuning through heteroatom substitution. 

Swapping C for N decreases the IP by 0.13 eV, while sulfur increases in to 5.35 eV, close to 

MAPbI3 (5.43 eV). The hexyl chains enlarge the IPs by ~0.1 eV for both TruxN and TruxC, aligning 

the HOMO of TruxC-hex nearly perfectly with the valence band maximum of MAPbI3. A closer 

inspection of the geometries of TruxC-hex and TruxN-hex reveals that the relative proximity 

between the hexyl chains and the neighboring OMeDPA groups influence the dihedral angles 

between the phenyl groups of OMeDPA and the planar truxene core. This geometrical constrain 

directly correlates with the increase in IP (see ESI). Yet, the benefit associated with the 
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incorporation of alkyl-chains is lost if the substitution sites of OMeDPA are varied (TruxC-hex à 

TruxC-hex-2, IP=5.14 eV). Overall, these truxene variants outperform Spiro-OMeTAD in terms 

of ∆IP. Among them, TruxS and TruxC-hex exhibit the most promising energy alignment with the 

perovskite layer suggestive of a high Voc. 

UV-Visible absorption spectra were computed using linear response time-dependent density 

functional theory (see computational details) for Spiro-OMeTAD and truxenes (Figure 3). The 

extent of overlap between the two spectra (absorption and solar irradiance) is indicative of parasitic 

loss. Small spectral overlap is preferred since only little amount of solar energy would be wasted 

(see Figure S5). The computed spectra are in reasonable agreement with experimental results 

(Table S4). In the visible range, Spiro-OMeTAD shows a larger overlap with the solar spectral 

irradiance as compared to truxenes. Moreover, the ionic additives create a number of oxidized 

 

Figure 2. Energy level diagram for perovskite, Spiro-OMeTAD and truxenes. The numerical 

values of Spiro-OMeTAD and truxenes are minus computed IPs the B3LYP/6-31G(d,p) level. 

The VBM of perovskites are taken from ref 26 and 33. 
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Spiro-OMeTAD molecules, which enlarge the absorption in the visible range and result in a larger 

parasitic loss (Figure S5).42,64 In the truxene series, the heteroatom substitution increases the spectral 

overlap, especially for the nitrogen case (larger peaks at 368 nm). Altering the OMeDPA sites 

induces a higher absorption peak at 385 nm, which makes TruxC-hex-2 the largest overlap with 

the solar spectrum among all of our truxene derivatives. Overall, truxenes considered here show 

smaller overlap with solar spectrum as compared to Spiro-OMeTAD. Furthermore, dopant-free 

truxenes can avoid introducing additional cation species, leading to lower parasitic loss in visible 

range.  This makes them promising HTM candidates in inverted or tandem PSC design in terms of 

lower parasitic loss.  

Transport Properties  

 

Figure 3. Computed UV-visible absorption spectrum of each molecule at the TD-B3LYP/6-

31G(d,p) level and the standard AM1.5 solar spectral irradiance (ASTM G-173; Global Tilt).63 
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Hole transport properties were computed for the amorphous phase of truxenes using a 

multiscale approach that combines classical molecular dynamics simulations, kinetic Monte Carlo 

techniques and electronic structure computations (see Computational Details). Non-adiabatic 

semi-classical Marcus charge-transfer theory65,66 was applied to evaluate hole transport mobility, in 

which the high-temperature limit the hopping rate between different sites is defined as: 

𝜔05 =
𝐽𝑖𝑗
2

ℏ ;
𝜋

𝜆𝑘𝐵𝑇
exp D−

EΔ𝐸𝑖𝑗−𝜆H
2

4𝜆𝑘𝐵𝑇
J                            (2) 

where T is the temperature, Jij is the transfer integral between sites i and j, ΔEij is the site energy 

difference (i.e., Ei − Ej) and λ the reorganization energy. Equation (2) shows that, taken together, a 

smaller reorganization energy (λ) and a larger transfer integral (J) result in faster hole transport. 

Likewise, smaller energy disorder (σ; spread of the hopping site energy differences) also leads to 

higher hole mobility.67,68 Hole mobility along with all these related components of the truxene 

derivatives are presented in Figure 4. Energy disorder did not show sizable variation upon 

structural modification. However, a large increase in reorganization energy occurs upon inclusion 

of hexyl chains (Figure 4a). Varying the substitution sites of OMeDPA can attenuate the 

unfavorable enhancement in reorganization energy.  

The distribution function of the squared transfer integral (Figure 4b) gives a good description 

of the high value region (10-3~10-2 eV2) that significantly contributes to hole mobility. The effect of 

the heteroatom is pronounced as illustrated by the largest spread of TruxN, followed by TruxS and 

TruxC. The hexyl chains deteriorate the electronic coupling between the cores lowering the 

distribution curve significantly. This deterioration becomes clear when analyzing the radial 

distribution function (RDF) between the centers of geometry (COG) of the truxene cores as 

depicted in Figure 4c. The first peaks for the bare truxene are located in the 4-5 Å range. In sharp 
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contrast, the substituted truxenes show no peak in this region with a sizable band appearing only 

at larger distances (³10 Å), which is associated with significantly lower transfer integrals. 

The relative arrangement of truxene molecules is best represented by the 2D color maps 

shown in Figures 5, S10 and S11. Two descriptors, the distance between the COG of the truxene 

cores (dab) and the angle between the normal truxene planes (θab) are used for the x- and y-axis in 

Figure 5(a). Each color-coded dot depicts the occurrence of a given configuration along the 

molecular dynamic trajectory (see computational details) with the color denoting the value of the 

square of the transfer integral (Figure 5c and 5d). Comparisons of the 2D color maps reveals the 

presence of a region associated with face-to-face dimer configurations of TruxC, which are absent 

 

Figure 4. (a) Energy disorder vs. reorganization energy plot, (b) probability density distribution 

of transfer integral square, (c) radial distribution function between centers of geometry of truxene 

cores and (d) averaged hole mobility of amorphous phase of each molecule. 
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in TruxC-hex. These face-to-face configurations possess large Jij
2

 values (order of 10-2), which 

promote hole mobility. After examining each case in Figure S10 and S11, it becomes clear that the 

presence of hexyl chains prevents the favorable face-to-face truxene arrangement. Further analysis 

of Figure 4(b) and Figure S10, clarifies the wide-spread transfer integrals of TruxN, which arises 

not only from the higher overall populations around 5 Å, but also from the higher transfer integral 

(~10-1 eV2) at the same (distance, angle) configurational space compared to TruxC and TruxS. A 

similar reasoning applied to the comparison of TruxN-hex and TruxC-hex.  

The hole mobilities for each molecule are then computed on the basis of all the properties 

discussed above (Figure 4d). The computed mobilities are systematically one order of magnitude 

lower than the experimental results, which is consistent with the known underestimation of the 

transfer integral by the ZINDO method (see computational details).69  

In the absence of hexyl chains, truxene and heterotruxenes show remarkably similar hole 

mobilities in the order of 10-3 cm2V-1s-1. In contrast, the substituted truxene derivatives exhibit 

mobilities one order of magnitude lower than the bare analogues in line with the absence of face-

to-face arrangements (vide supra). Considering the underestimation of the computed hole 

mobilities, values in the 10-3 ~ 10-2 cm2V-1s-1 range are likely to be measured experimentally for the 

core lacking alkyl chains. Assuming that other conditions remain unchanged, they would 

outperform the PCE of their counterpart bearing alkyl chains. Also noteworthy is the increase in 
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hole mobility brought about by modifying the OMeDPA position, which originates from a 

reduction of the reorganization energy giving a nearly 1.5-fold enhancement (Table S5). 

Stability 

Hydrophobicity was evaluated by computing the water contact angles of Spiro-OMeTAD and 

the truxene series, as illustrated in Figure 6. Both intrinsic (dopant free) Spiro-OMeTAD and 

TruxC-hex-2 show good agreement with experimental observations (70°~74.5°15,48 and 90.4°25, 

respectively), which justifies the method utilized here (see Computational Details and ESI). The 

 

Figure 5. (a) Two descriptors used in 2D color map. (b) Face-to-face dimer configuration of 

truxene molecules. The 2D map colored with transfer integral square for (c) TruxC and (d) 

TruxC-hex. 
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WCA ordering for the truxenes without hexyl chains is: TruxC > TruxS > TruxN. The extent of 

hydrophobicity can be adjusted by incorporating heteroatoms, which leads to differences as large 

as 13.1° (TruxC vs. TruxN). The inclusion of hexyl chains increases the WCA considerably: by 

24.5° for TruxC and 22.8° for TruxN, as expected from the hydrophobic nature of the alkyl chains. 

Modification of OMeDPA substitution site was found to decrease WCA by ~10°. 

Estimations of the glass transition temperature are shown in Figure 7. In comparison with 

the known experimental values, our Tgs are systematically ~40°C higher for Spiro-OMeTAD and 

TruxC-hex-2, due to the much faster cooling rate adopted in molecular dynamic simulations.
70 

Despite this overestimation, the qualitative comparisons among the truxene derivative is valuable. 

The heteroatom substitution from C to N and C to S leads to a serious decrease in Tg of 28°C and 

36°C, respectively. Adding hexyl chains also reduced Tg by 28°C for TruxC and 10°C for TruxN. 

A decrease in Tg upon inclusion of long alkyl chains has been previously observed.71 For small 

organic molecules, this phenomenon can be explained by the concept of free volume (Vfree), which 

has been invoked to elucidate the influence of the chain length (n) on Tg for poly-(n-alkyl 

methacrylates) polymers.72 The longer the alkyl chains, the further the molecular separation. This 

 

Figure 6. Molecular dynamics simulation cell and computed water contact angle for intrinsic 

Spiro-OMeTAD and truxenes. 
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free volume facilitates the molecular motions, which in turn, lower Tg. Vfree was evaluated by 

subtracting the average volume of a molecule in the amorphous phase (Va) by the volume of 

molecule in the gas phase (Vg): 

𝑉L+** = 𝑉M − 𝑉N                                                         (3) 

Our result confirms that the addition of hexyl chains increases Vfree by 182 Å3/molecule for 

TruxC and 214 Å3/molecule for TruxN. Changing the substitution sites of OMeDPA as in TruxC-

hex-2 also lower Tg in comparison to TruxC.  

It should be noted that the computed WCA and Tg of Spiro-OMeTAD are the intrinsic one. 

We want to stress that since, in practical applications, Spiro-OMeTAD is always doped to 

compensate for its poor hole mobility, a comparison between dopant free truxenes and doped 

 

Figure 7. Computed and experimental glass transition temperature. The experimental value of 

intrinsic Spiro-OMeTAD are taken from ref 52. The experimental Tg of TruxC-hex-2 is 

approximated by that of TruxC-propane-2 in ref 28 since it is not available. 



 17 

Spiro-OMeTAD is more reasonable. In this respect, all truxenes considered here outperform the 

doped Spiro-OMeTAD in terms of both water contact angle (56°)46 and glass transition temperature 

(<100°C).52  

Solubility 

Solution-processable HTMs should be soluble in common organic solvents. For this reason, 

the Hildebrand73 and Hansen74 solubility parameters were computed for chlorobenzene to evaluate 

their relative tendency of the truxenes to dissolve.75,76 The cores free of hexyl chains tend to dissolve 

more easily in chlorobenzene than the substituted species (Table S7), likely because the hexyl 

chains hinder the solvent access and prevent the formation of favorable solute/solvent π -π 

interactions. At the first glance, this result might appear counter-intuitive since the addition of 

alkyl chains generally enhances compound solubility in organic solvents. Yet, the factors 

governing the solubility of a solute in a given solvent are rather complexes and various (e.g., 

molecular structures, polarity and types of interaction between solute and solvent). If one considers 

hexane (i.e., alkyl chains) rather than benzene-like solvent, the trends are opposite to that of 

chlorobenzene following the “like dissolve like” rule.  Overall, since TruxC-hex-2 and TruxN-hex 

have already been shown to be solution processable in common benzene-like organic solvent 

(chlorobenzene and toluene),25,27 it is envisioned that other truxenes without hexyl chains will also 

be processable in these solvents. 

Summary 

The electronic, structural features, hole transport properties and stabilities of the investigated 

truxenes and the reference Spiro-OMeTAD (intrinsic and doped) are summarized in Figure 8. The 

following structure-property relationships emerge from the examination of the different 

derivatives. 
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Comparison of TruxC, TruxN and TruxS illustrates the effect of the heteroatom on the IP 

(increase for TruxS, decrease for TruxN) and parasitic loss (slight increase). The hole mobility 

remains virtually unchanged but the hydrophobicity and glass transition temperature decrease for 

TruxS and TruxN. The lower hydrophobicity of the heteroatomic truxenes arises from the 

enhanced local polarizability induced by the heteroatoms, making the HTM more hydrophilic. This 

is in line with the various degree of hydrophilic behavior among their small molecule analogues. 

The solubility in water is pyrrole > thiophene > cyclopentadiene, which corresponds to the order 

of the WCAs.77 

The alkyl chains influence every property investigated herein. They act as solubilizing groups 

(increasing the hydrophobicity) and, somewhat unexpectedly, they decrease the IP of both TruxC 

and TruxN because of geometrical distortions. The inclusion of hexyl chains also decreases the 

hole mobility by nearly one order of magnitude (compare TruxC, TruxN with their chain-

containing counterparts). The side chains prevent the truxene cores from adopting a face-to-face 

dimer configurations, associated with a high transfer integral. Finally, the larger hydrophobicity 

of the substituted truxene is accompanied by an unfavorable decrease in Tg. Based on these 

observations, we can conclude that adding alkyl chains may be beneficial for the properties of 

truxene as an HTM, but further studies should to identify the optimal chain length are necessary. 

 Varying the position of OMeDPA (TruxC-hex vs. TruxC-hex-2) decreases the IP and red-

shifts the absorption spectrum. It does reduce the reorganization energy by half while retaining a 

similar energy disorder and transfer integrals. All this leads to a 1.5-fold larger hole  
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Figure 8. Relative trends in the normalized computed electronic properties, transport properties 

and stability. The mobility of intrinsic Spiro-OMeTAD18 and all the properties of doped Spiro-

OMeTAD46,52 are taken from experiment. The maximum point is set with the best truxene in each 

property and zero point with intrinsic Spiro-OMeTAD. Other points are scaled based on these two 

references (see ESI).  
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mobility. Furthermore, the change in substitution site does not deteriorate Tg significantly, but still 

preserves a high hydrophobicity. These comparisons demonstrate the influence of a substituent 

and emphasize the impact of the 3D molecular shape on the properties and morphology of the 

amorphous phase.  

Overall, if only the power conversion efficiency of PSCs is considered, TruxS would be the 

best candidate tested herein owing to its excellent energy alignment and high hole mobility. 

However, PCE is not the only criterion necessary to create an ideal perovskite solar cell. In terms 

of stability, TruxC and TruxC-hex-2 would be promising hole transport materials. In addition to 

their suitable energy level alignment and hole mobility similar to TruxS, TruxC displays a mild 

hydrophobicity and high thermal stability. TruxC-hex-2, on the other hand, shows a larger ∆IP, 

medium hole mobility and possesses both high hydrophobicity and thermal stability. As compared 

to the intrinsic Spiro-OMeTAD, each of these two molecules exhibit a better performance in every 

facet. Thus, these molecules represent promising alternatives. Acknowledging that Spiro-

OMeTAD must be doped in practical applications, all of the proposed truxene derivatives represent 

superior alternatives. Simulation protocols such as those discussed in this contribution, rationalize 

the outstanding performance of TruxC-hex-2 (Trux-OMeTAD)25 through investigation from a 

molecular viewpoint by providing concrete structure-property relationship that can serve to 

identify additional candidates (TruxC and TruxS) for use in perovskite solar cell applications.  

Conclusions 

We have employed sophisticated multiscale modeling techniques to derive structure-property 

relationships for several truxene derivatives. The resulting trends in the electronic, transport 

properties and stability criteria, crucial for achieving the high-performance perovskite solar cell, 

illustrate the effects of the heteroatom substitution, alkyl chain addition and site alteration. 
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As a result of this work, several promising HTM candidates were identified as alternatives to 

Spiro-OMeTAD. A perovskite solar cell with a TruxS HTM, for example, would exhibit high PCE 

due to good energy alignment and high hole mobility. Furthermore, to ensure long-term 

performance a compromise between performance and stability is required. In this case, both TruxC 

and TruxC-hex-2 show great promise, as recently demonstrated by experiment (TruxC-hex-2).25 

Finally, the computational methodology and protocol employed here are broadly applicable for 

rationally developing HTMs and PSCs with superior performances. Within this context, in the 

future we intend to complement this rational design strategy with high-throughput screening of the 

electronic properties of various commonly used cores. 

Computational Details 

Electronic Properties: 

Molecular Geometry 

All the geometries of the neutral and cationic molecules were optimized using B3LYP-

78,79D3BJ80 in conjunction with the 6-31G(d) all-electron basis set. Computations related to the 

following section were performed with Gaussian09.81 

Ionization Potential 

The ionization potential (IP) were computed using a ∆SCF (delta self-consistent field) 

procedure in conjunction with different density functionals and the 6-31G(d,p) basis set (Table 

S1): 

𝐼𝑃 = ∆𝑆𝐶𝐹 = 𝐸ST − 𝐸UT                                              (4) 

where EnN/EcN is the total energy of the neutral/charged molecule in neutral geometry.  

UV-visible Absorption Spectrum 
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The UV-vis absorption spectra were computed at the TD-B3LYP/6-31G(d,p) level with the 

conductor-like polarized continuum (C-PCM)82 solvent model using tetrahydrofuran. Gaussian 

broadening with a 0.13 eV σ was adopted to generate the absorption spectrum.  

Hole Mobility: 

Amorphous Structure Construction 

The amorphous assemblies were constructed from a unit cell containing 64 molecules using 

Packmol.83 The molecules were first minimized using conjugate gradient algorithm and then 

equilibrated in the NPT ensemble (500K, 1bar) by performing classical molecular dynamics (MD) 

simulation. This equilibrated system was then extended to a 2x2x2 supercell with 512 molecules. 

Further equilibration (500K, 1bar) was performed for 5ns. Finally, a 10ns equilibration in the NPT 

ensemble (300K, 1bar) followed by another 10 ns for production run serve to generate 1000 

snapshots. The simulations were performed under periodic boundary condition using GROMACS 

package84,85,86 and the CGenFF87,88 force field along with charges obtained by the restrained 

electrostatic potential (RESP)89 procedure based on HF/6-31G(d,p). The temperature and pressure 

control used velocity rescaling with a stochastic term90 (T = 300K, τT = 1.0 ps) and an isotropic 

coupling for the pressure from a Berendsen barostat (P0 = 1 bar, χ = 4.5 × 10−5 bar−1, τP = 1.0 ps). 

The time step used in all simulation was 1 fs. Bonds involving H atoms were constrained using 

Linear Constraint Solver (LINCS) algorithm. A cutoff of 12 Å was applied to the van der Waals 

interaction through the force-switch mode. As for electrostatic interactions, the particle mesh 

Ewald (PME) method was employed with a 0.12 nm Fourier spacing.  

Hole Mobility Computation 

The hole mobilities of the HTMs were computed according to the semi-classical Marcus 

charge-transfer theory on 200 frames extracted from previous MD trajectories using the VOTCA 
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package.69,91 Within this formalism, the charges are assumed to be localized on a single molecule 

and each molecule is considered as a hopping site. The charge transfer process thus takes place 

through the hopping between different sites. The high-temperature, which limit the hopping rate 

between different sites is defined as Equation (3). The reorganization energy was computed by a 

4-point method at the B3LYP-D3BJ/6-31G*level: 

𝜆 = 𝐸UV − 𝐸UT + 𝐸ST − 𝐸SV                                           (5) 

where EnN (EcC) is the total energy of the neutral (charged) molecule in neutral (charged) geometry 

and EnC (EcN) is the energy of the neutral (charged) molecule in charged (neutral) geometry. The 

Thole model was used to compute site energy (Ei or Ej), which includes contributions from 

electrostatic interactions, polarization and external electric field.69 The partial charges needed in 

this model for neutral and charged state were generated via CHelpG method92. The transfer integral 

Jij was evaluated considering the HOMO and HOMO-1 simultaneously93 for every molecular pair ij 

in the neighbor list. This neighbor list was established for every molecular pair having a distance 

between their nearest fragments within 7 Å. Once all the parameters necessary to calculate the 

hopping rate are computed, a 1 ms kinetic Monte Carlo (KMC) simulation was performed using a 

105 Vcm-1 electric field to obtain the hole mobility. For a given snapshot (structure), the KMC 

simulations were conducted with the electric field in three different directions resulting in a total 

simulation time that correspond to three times the number of snapshots. Figure S6 illustrates that 

200 snapshots (600 KMC simulations) are already sufficient to obtain a statistically meaningful 

distribution of hole mobility. 

Structural Analysis 
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The construction of the 2Ds map was based on the molecular pairs found in the neighbor list 

established in for the hole mobility computations. Molecular pairs with a distance between COGs 

of truxene cores larger than 3 nm was not observed. 

Hydrophobicity and Glass Transition Temperature: 

Water Contact Angle 

We employed soft-confined method to create an amorphous organic solid surface preventing 

uncontrollable roughness on the surface.94 The whole simulation procedure is illustrated in Scheme 

S1. Starting from a supercell with x=y=155.0580 Å and z=310.1160 Å, two xenon crystal walls 

were placed 120 Å apart. Using Packmol, 512 molecules were then placed between these two walls 

leading to a sandwich structure. The NVT simulation was then performed at 500K, while gradually 

decreasing the distance between the two walls until reaching the targeted density for the middle 

amorphous slabs. For each given specie, the targeted density was chosen as the bulk density. Once 

the desired density was reached, the system was equilibrated in the NVT ensemble at 300K for 10 

ns with fixed walls. Finally, the xenon walls were removed, leaving the amorphous slab ready for 

further simulations.  

The water droplet to put atop the amorphous slab was created from a water cube with 1500 

water molecules and equilibrated in the NPT ensemble (300K, 1bar) using the simple point charge 

model (SPC).95 This equilibrated cube was then placed into a 110 Å side cubic supercell and 

equilibrated in the NVT ensemble at 300K to obtain a water droplet. This droplet was placed on 

the amorphous slab and equilibrated in the NVT ensemble at 300K with fixed slab for 10 ns. The 

simulation details are similar to Amorphous Structure Construction section. The Particle Mesh 

Ewald approach with the slab correction 3dc was adopted to compute the long-range Coulombic 
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interactions.96 The readers can refer to the supporting information to read more about the method 

employed to extract the WCA from the MD trajectory. 

Glass Transition Temperature 

Starting from the previous structures with 512 molecules equilibrated under (500K, 1bar), the 

system was cooled down from 500K to 300K stepwise at 10K intervals under a constant pressure 

(1bar). For each temperature step, the step size was 2ns, and the final 500 ps was used to collect 

statistics at a frequency of 0.20 ps. The cooling rate between the successive temperatures was 0.33 

K/ps. The simulation details are similar to Amorphous Structure Construction section. The Tg is 

obtained from the intersection of two fitted lines in specific volume-temperature plot. For details, 

please refer to the supporting information. 

The volume of a molecule in the gas phase Vg is the volume enclosed by the electron density 

isosurface with an isovalue of 0.001 electrons/Bohr3 computed using B3LYP/6-31G(d,p). 

Solubility Parameters: 

The Hildebrand solubility parameter (δT) is defined as the square root of cohesive energy 

density (CED). However, this single parameter can only give reasonable prediction for non-polar 

or slightly polar molecules. In order to broaden its applicability, Hansen further divided the 

cohesive energy into three intermolecular contributions: dispersive interactions (δD), dipole-dipole 

interactions (δP), and hydrogen-bonding interactions (δH) as shown in Equation (6): 

𝛿& = √𝐶𝐸𝐷 = [𝛿\] + 𝛿)] + 𝛿%]                                            (6) 

The Hildebrand and Hansen solubility parameter were extracted from the MD simulations. Given 

that contribution from the hydrogen bond energy is not straightforward,76 we only reported the 

contribution from overall Coulombic interaction δQ, with the relation: 

𝛿^ = [𝛿)] + 𝛿%]                                                          (7) 
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The distance between the truxenes (solute) and chlorobenzene (solvent) in Hansen parameter space 

is an index for solubility, which is approximated by: 

𝑅] = 4(𝛿\a − 𝛿\])] + (𝛿)a − 𝛿)])] + (𝛿%a − 𝛿%])]	               

 		≈ 4(𝛿𝐷1 − 𝛿𝐷2)
2 + (𝛿𝑄1 − 𝛿𝑄2)

2	                                         (8) 
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