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A decisive prerequisite toward systematic development of high-efficiency organic thermoelectric 

materials is not only thoroughly understanding the microscopic physical processes controlling the 

performance, but also precisely correlating such processes and the macroscopic properties to the 

basic chemical structures. Here by using multiscale first-principles calculations, we rationalize the 

interplay among thermoelectric properties, microscopic transport parameters, and molecular struc-

tures for the whole family of small-molecule organic thermoelectric materials, and concurrently 

formulate general molecular design principles. We unveil that thermoelectric power factor of a 

wide variety of molecular semiconductors is directly proportional to a unified quality factor, and 

high-performance thermoelectric response demands to boost the intermolecular electronic cou-

pling, and to suppress the interaction of electron with lattice vibrations. Furthermore, we uncover 

that extending the π-conjugated backbones along the long axis, and maximizing the networks of 

intermolecular sulfur···sulfur contacts meet our proposed material design rule. 

 

1. Introduction 

Due to their unique characteristics, such as flexibility, inexpensiveness, low toxicity, ease of pro-

cessing, etc., organic thermoelectric (TE) materials have sparked intense research interest over the 

past two decades, and they exhibit tantalizing prospect for numerous innovative applications, in-

cluding wearable energy conversion devices, medical devices, and the Internet of Things.[1] The 

efficiency of a TE material hinges on the dimensionless figure of merit, 𝑧𝑇 = (𝑆2𝜎𝑇)/𝜅, where S, 

σ, κ, and T are the Seebeck coefficient, conductivity, total thermal conductivity, and temperature, 
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respectively. Hitherto, a series of enormous breakthrough in TE polymers have given a substantial 

push to organic thermoelectrics.[2–4] For example, the record-high figure of merit (0.75)[5] of poly-

mer-based TE materials is demonstrated to be comparable to the zT (~ 1)[6] of the best conventional 

inorganic ones at room temperature. For small-molecule organic TE materials, persistent efforts 

have been directed toward enhancing their properties,[7] such as tuning of carrier concentration[8], 

molecular structure modification[9], and application of external pressure[10]. Nevertheless, develop-

ment of high-performance small-molecule organic TE materials is still an exacting challenge, and 

the lack of a methodical and systematic material design guideline is currently one of the adamant 

and paramount conundrums. 

  In design of molecular semiconductors with high-performance TE response, we are currently con-

fronted with two main difficulties. Firstly, at molecular level, organic semiconductors show chem-

ical and structural diversity,[11] which urgently demands the establishment of unambiguous struc-

ture-property relationships based on a large number of complex systems. Only if precisely corre-

lating macroscopic performance to molecular structure, we can attain rational materials design 

principles. However, this crucial work is still far from completion. Secondly, in molecular aggre-

gates, the π-conjugated molecules are self-assembled by intermolecular forces; such unique non-

bonding nature is at the root of their diverse packing arrangement, inherent structural disorder, 

moderate electronic coupling, and unusual electron-vibration interaction.[12] Whereas, how these 

microscopic factors dictate macroscopic TE interconversion, and how they link to chemical struc-

ture, remain elusive and have not been comprehensively explored before. 

  To overcome the aforementioned issues, we herein systematically investigate the p-type TE per-

formance of 28 prototypical small-molecule organic semiconductors based on a multiscale com-

putational approach combining ab initio molecular dynamics (MD) simulations, density-functional 

modeling, density functional perturbation theory (DFPT), Boltzmann transport equation, and de-

formation potential (DP) theory. By establishing an intuitive molecular picture, we quantify the 

interplay among TE properties, microscopic physical processes, and basic chemical structures for 

a wide variety of molecular semiconductors. Our results reveal that TE power factor of molecular 

semiconductors is proportional to a unified quality factor (QF), and strong intermolecular elec-

tronic coupling and weak electron-vibration interaction are responsible for high power factor. More 

importantly, we offer a general design rule for molecular TE materials. 

 

2. Results and discussion 
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2.1. Inherent Structural Disorder in Small-Molecule Organic Semiconductors 

Six small-molecule organic semiconductors with good reported intrinsic hole mobilities are first 

studied, and these materials are widely believed to be prototypes for state-of-the-art systems for a 

wide range of organic electronics applications. This series consists of molecules with rigid planar 

moieties or molecules with multiple rigid moieties linked by rotatable bonds (Figure 1a − 1f). 

Naphthalene and pentacene consist of the linearly-fused benzene rings. BTBT and DNTT consist 

of linearly-fused benzene and thiophene rings without rotatable bonds, and BSBS contains fused 

benzene and selenophene rings. DPA consists of multiple rigid moieties bridged by rotatable bonds. 

Furthermore, this series of semiconductors exhibits a typical herringbone packing motif in the ab 

plane (Figure 1a − 1f), and such packing structure is very common in many molecular organic 

semiconductors. 

  In small-molecule organic semiconductors, the weak intermolecular forces result in the distinctive 

structural dynamics. Directly probing such unique structural dynamics is the first step to correlate 

the charge dynamics and TE transport to the structure. Hence, we first study the structural dynamics 

of this series of materials via ab initio MD simulations (see Method Section and Section 1 of SI for 

computational details). Figure 1a − 1f show the representative snapshots of the morphology of each 

material. It can be seen that the herringbone packing motif of each compound overall remains un-

changed, in spite of the thermally induced molecular motions. Accurate total energy calculation 

for each snapshot reveals that the energy of each transient configuration is approximately kBT − 

3kBT higher than that of ideal crystal, indicating the shallow energy landscape for molecular sem-

iconductors at room temperature (Figure S8 and S9). The distributions of intermolecular center-to-

center distances for all the materials show the typical Gaussian statistics (Figure 1g, Figure S10 

and S11). The average values of the distributions of centroid distance are near those for ideal crys-

tals, and their standard deviations fall in the range of 0.1 – 0.3 Å (Figure 1h and Table S2), near to 

the experimental measurement (~ 0.13 Å) for crystalline pentacene.[13] Due to very different nature 

of chemical bonding (i.e., van der Waals interactions versus covalent bonds), the thermal fluctua-

tions of intermolecular center-to-center distances are larger than those of intramolecular bond 

lengths (Taking BTBT as an example, the standard deviations of C−C and S−C bond lengths are 

0.028 and 0.035 Å, respectively, Figure S12). 

  To quantitatively describe the degree of inherent structural disorder induced by thermal fluctua-

tions, we calculate the paracrystallinity (g) parameter, which is defined as the standard deviation 

of intermolecular distance distributions (Δd) normalized by the average intermolecular distance (d) 
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(i.e., 𝑔 = ∆𝑑 𝑑⁄ ). Paracrystallinity characterizes the cumulative position disorder in a material, 

which is usually used to measure the degree of structural disorder.[14] Generally, highly ordered, 

perfectly crystalline materials have a paracrystallinity of < 1%, and semicrystalline systems (such 

as polymers and glasses) show a paracrystallinity of > 10%.[14] Figure 1i demonstrates that the 

paracrystallinities for the six compounds are in the range of 1% – 4%. The paracrystallinity of > 

1% demonstrates the existence of inherent structural disorder, which is further confirmed by our 

simulated radial distribution function (Figure S13). Yet, it should be noted that their small paracrys-

tallinity clearly shows that the degree of structural order for these molecular semiconductors is 

closer to that for the highly ordered solids rather than that for the far paracrystalline materials. For 

reference, the paracrystallinity of around 1% for crystalline 6,13-bis(triisopropylsilylethynyl)pen-

tacene was detected;[14] our computed paracrystallinities for these six systems are close to such 

measured value. Interestingly, although the standard deviations of intermolecular centroid distance 

distributions are much larger than those of intramolecular bond length distributions, the paracrys-

tallinities for these materials (1% − 4%) are comparable with the ratios of standard deviation to 

mean value for intramolecular bond lengths (2%, Figure S12). 

2.2. TE Transport Parameters: from Electronic Structure to Electron-Vibration Interaction 

By calculating electronic structures of isolated molecules, we demonstrate that as the π-conjugated 

length increases (such as from naphthalene to pentacene, and from BTBT to DNTT), the highest 

occupied molecular orbital (HOMO) energy is elevated (Figure S14); such obvious size depend-

ence of HOMO energy reveals the delocalized behavior of corresponding wavefunctions in the 

molecules (Figure S15).  

  The valence bandwidth quantifies the coupling of the delocalized HOMO among the π-conjugated 

molecules. Figure 2a shows the fluctuations of valence bandwidth owing to the thermal fluctuations 

of intermolecular centroid distance. As with the intermolecular centroid distance, the distributions 

of bandwidth also exhibit the Gaussian statistics, similar to the previous observation that the fluc-

tuations of electronic couplings in pentacene and tips-pentacene dimers follow the Gaussian distri-

butions.[15] The average values of bandwidth are around those for ideal crystals (Figure 2b), and 

their standard deviations fall in a relatively lower and narrow range of 50 – 80 meV (i.e., ~ 2kBT – 

3kBT, Figure 2b). Importantly, the average bandwidth is more sensitive to the geometric structure 

than the standard deviations. As an example, pentacene possesses a larger HOMO bandwidth (590 

meV) than naphthalene (398 meV); this is because longer π-cores introduce stronger π···π and 

C−H···π interactions, shorten adjacent intermolecular distances (Figure 1g and Table S2), and 
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thereby result in larger electronic couplings. For the same reason, the bandwidth of DNTT (627 

meV) is larger than that of BTBT (368 meV). We find that substituting with heteroatom with larger 

van der Waals radius introduces intermolecular heteroatom interactions, and leads to stronger elec-

tronic couplings; therefore, BSBS shows a larger bandwidth (540 meV) than BTBT (368 meV). 

Similarly, our recent study demonstrated that the dense intermolecular Se···Se contacts can re-

markably enlarge the band dispersions in poly(nickel-ethylenetetraselenol).[16] In addition, the ma-

terials consisting of more benzene rings (such as pentacene, DNTT and DPA) have larger band-

width than those consisting of more aromatic heterocyclic rings (such as BTBT) (Figure 2a). This 

finding can be also seen from the band structures of ideal crystals (Figure S16), and quasi-degen-

eracy of the valence bands (in naphthalene and BTBT) implies the relatively weak HOMO coupling 

among π-cores. 

  By interacting with charge carriers, lattice vibrations play a crucial role in the TE transport of 

molecular semiconductors. Usually, both electron-vibration scattering matrix element (|M|2) and 

scattering time (also known as relaxation time, τ) are used to quantitatively describe the strength 

of interaction of electrons with vibrations.[17] Scattering time measures the average time between 

two consecutive electron scattering processes, which depends upon not only electron-vibration 

scattering matrix element but also band dispersion (see Section 7 of SI for details).  

  On the basis of DFPT, we calculated the frequency-dependent electron-phonon coupling and elec-

tron-phonon scattering rate (τ−1) for naphthalene (Figure S17). Our results distinctly demonstrate 

that the low-frequency acoustic vibrational modes play a leading role in the electron-vibration scat-

tering, because the selection rule of this process enables such modes to strongly interact with the 

charge carriers. Therefore, we herein employ DP theory[18] that is applicable to low-energy acoustic 

phonon scattering, to explore the electron-vibration interaction (see Method Section and Section 1 

of SI for computational details). Additionally, our deeper analyses suggest that for naphthalene, 

approximately 90% of couplings between electron and different vibrational models fall below 10 

meV at room temperature, smaller than kBT and 30 times smaller than its bandwidth, apparently 

proving weak electron-vibration interaction (Figure S17). Our calculated electron-phonon coupling 

is consistent with the room-temperature measured ones for crystalline pentacene films (~ 11 

meV)[19] and for rubrene single crystals (< 20 meV)[20] by photoemission spectroscopy. 

  Elastic constant and DP constant are the two key parameters to describe the interactions of charge 

carriers with low-energy acoustic phonon (see Figure 2c, 2d, and Table S3 for their values). We 

find that the elastic constant of BSBS is greatly lowered after introducing the selenium atom to the 
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π-cores. This is because the nearest distance of two selenium atoms in BSBS is 3.8 Å, approxi-

mately equaling to the sum of van der Waals radiuses of two selenium atoms, and the repulsive 

interactions among intermolecular selenium atoms play roles, enlarging the intermolecular centroid 

distance (Table S2). On the contrary, in BTBT, the nearest distance of two sulfur atoms is 3.5 Å, 

shorter than the sum of van der Waals radiuses of two sulfur atoms (3.6 Å), which leads to S···S 

attractive interaction, and shortens the intermolecular centroid distance (Table S2). Owing to its 

small elastic constant, BSBS shows the largest electron-phonon scattering matrix element among 

these materials (Figure 2e). Moreover, the scattering times of our studied semiconductors are in 

the range of several to hundred femtoseconds (Figure 2f). Our evaluated scattering time of penta-

cene (27.7 fs) is consistent with the previously reported one (31 fs)[21]. For DPA, weak electron-

phonon interaction and large bandwidth (487 meV) bring long scattering time (101 fs). However, 

owing to dramatic softening of low-frequency acoustic modes, BSBS shows the smallest scattering 

time (Figure 2f). Interestingly, introducing more benzene rings to the π-cores (such as from naph-

thalene to pentacene, and from BTBT to DNTT) weakens the electron-vibration interaction and 

thereby increases the scattering time (Figure 3e and 3f). 

2.3. TE Response Performance 

Nowadays, subtly regulating the free carrier concentration via chemical doping is deemed to be 

one of the most successful strategies to optimize the TE performance of organic semiconduc-

tors.[1,22,23] Therefore, we tune each TE transport coefficient for each material by controlling the 

free carrier concentration. For small-molecule organic semiconductors, it is believed that achieving 

a high doping efficiency and thereby a high free carrier concentration is difficult;[24] nevertheless, 

realization of carrier concentration of around 1019 cm−3 is realistic (see Section 7 of SI for details). 

Hence, in the following, we will focus on the TE performance below 1019 cm−3. We employ Boltz-

mann transport theory[25] that is proven to be applicable for these materials, to calculate the TE 

transport coefficients (see Method Section and Section 1 of SI for details). It is found that for each 

material, as the hole concentration rises to 1019 cm−3, the Seebeck coefficient decreases dramati-

cally (Figure 3a), while both the conductivity and the power factor (S2σ) increase monotonically 

(Figure 3b and 3c); such tendency accords with the experimental observations through chemical 

doping.[3] 

  Within the concentration range of interest, owing to the order of conductivity of DPA > BTBT > 

DNTT ≈ pentacene > naphthalene > BSBS (Figure 3b), the power factor follows the same order 

(Figure 3c). To further analyze the key factors determining the power factor, we extract the hole 
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mobility for each material. It is demonstrated that the direction-averaged mobility also shows the 

same order, i.e., DPA > BTBT > DNTT ≈ pentacene > naphthalene > BSBS (Figure 3d), which 

obviously proves that mobility is a crucial quantity controlling power factor in small-molecule 

organic semiconductors. Experimentalists demonstrated that due to the mobility enhancement, a 

significant improvement of room-temperature power factor (from 0.15 to 2 μW m−1 K−2) in 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane doped pentacene thin films was achieved by chang-

ing the blend doping to the interfacial doping.[26] This representative examples further verify the 

crucial importance of a large intrinsic mobility to a high power factor of a molecular semiconduc-

tor. Among these materials, DPA shows the highest mobility and power factor, because of its de-

cent bandwidth (487 meV, Figure 2a) and exceedingly long scattering time (101 fs, Figure 2f). 

  Overall, our calculated mobilities for these materials agree with the measured ones (Figure 3d). 

For instance, the evaluated a-, b-, and c-axis mobilities for pentacene are 10.2, 3.6 and 3.0 cm2 V−1 

s−1, respectively, consistent with the experimental reports (11.2 cm2 V−1 s−1 [27] and 3 cm2 V−1 s−1 

[28]) for pentacene single crystals at room temperature by field-effect measurements. Besides, the 

calculated mobilities for DNTT along a, b, and c axes are 5.6, 6.1 and 6.0 cm2 V−1 s−1, respectively, 

in line with the field-effect measured ones (6.8 and 7.5 cm2 V−1 s−1)[29] for single-crystal DNTT at 

room temperature.  

  Figure 3e displays the power factors of each semiconductor at three specified carrier concentra-

tions together with those of some prototypical p-type organic TE materials. It reveals that the power 

factor increases monotonically as the concentration rises from 1017 to 1019 cm−3. For example, 

pentacene exhibits the power factors of 6.3 and 39 μW m−1 K−2 at free carrier concentrations of 

1017 and 1018 cm−3, respectively (Figure 3e), close to the experimental result (20 μW m−1 K−2)[30] 

for iodine doped pentacene thin films at room temperature. Since as aforementioned, achieving a 

high free carrier concentration is difficult, we believe that improving doping efficiency and thereby 

elevating free carrier concentration are of importance to further enhance the power factor of a given 

material. Besides, it is worth noting that well-ordered molecular stacking is also key to efficient 

charge transport for molecular semiconductors, so further optimizing their TE performance re-

quires to finely control the doping level, and concurrently to minimize the negative effects of do-

pants on the ordered packing structure. 

  Comprehensively understanding the nontrivial charge transport in molecular semiconductors is 

undeniably full of challenge, let alone TE transport. We note that recently various new theoretical 

frameworks were proposed to describe the complex microscopic charge transport mechanism, such 
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as classical Marcus localized hopping model[31], tunneling enabled hopping model[32], polaron band 

model[33], transient localization model[34], and so on[35,36]. Among them, transient localization the-

ory can smoothly connect with the standard delocalized band picture when thermally induced mo-

lecular motions is weak.[34] We have proven above that inherent structural disorder is very small in 

our studied materials; thus, according to the transient localization description, band transport 

should dominate these systems. Besides, our calculated weak electron-phonon coupling also cor-

roborates this point. On the other hand, we do not want to exclude any possibility of charge local-

ization effect which is ignored in this benchmarking study. We believe that quantitatively predict-

ing charge and TE transport properties in molecular semiconductors without any empirical param-

eters based on a more elaborate model is indeed a necessary and formidable task that deserves to 

be further systematically explored. 

2.4. Effect of Thermally Induced Inherent Structural Disorder 

Hereto, we have established that a wide band dispersion and a long scattering time (i.e., weak 

electron-vibration interaction) give rise to a high intrinsic mobility and thereby a good power factor 

for molecular TE materials. So now, another relevant key question arises: what effect does inherent 

structural disorder have on the charge dynamics and TE performance? Since our computational 

scheme naturally includes such effect, it is not difficult to explore this question. 

  Figure 4a shows that the averaged intermolecular centroid distances along each direction are close 

to those of ideal crystals with a small error function (Δerf) of 1.00 – 1.05. Such a small difference 

in geometric structure leads to a close-to-one Δerf for band dispersion (Figure 4b). Interestingly, for 

some materials (such as DNTT and DPA), the thermal fluctuations slightly narrow the bandwidth; 

on the contrary, for naphthalene, pentacene, BTBT and BSBS, they enlarge the bandwidth. Using 

angle-resolved photoelectron spectroscopy, experimentalists detected that the room-temperature 

delocalized HOMO-derived band dispersion for a pentacene ultrathin film is larger than the DFT 

calculated one.[37] Our computed result for pentacene is accordant with such experimental meas-

urement. 

  Figure 4c reveals that the thermal fluctuations have little influence on the scattering times with a 

Δerf of 1.18, due to the small fluctuations in band dispersion. In general, the ensemble-averaged 

mobilities based on equilibrated morphology are close to those based on ideal crystals for this series 

of materials (Figure 4d). This finding is supported by the measured little correlation of mobility 

and thermal fluctuations for molecular semiconductors by ultrafast spectroscopy.[38] To further 

confirm the little impact of inherent structural disorder on the TE transport for these materials, we 
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study the relationship between ensemble-averaged bandwidth, scattering time, mobility, and 

paracrystallinity (Figure S21). Our results suggest that there is little correlation between bandwidth, 

scattering time, mobility, and paracrystallinity. Additionally, the calculated Seebeck coefficient, 

conductivity and power factor based on equilibrated morphology are close to those based on ideal 

crystals (Figure S22 and S23), further corroborating the little effect of inherent structural disorder 

on the TE transport for these systems. 

  Through ab initio MD simulations, we indeed observe inherent structural disorder due to thermal 

fluctuations in our studied systems, consistent with the recent study.[34] Our quantitative investiga-

tions show such disorder is weak with small paracrystallinity of 1% − 4%, close to the highly 

ordered solids, which to some extent minimizes the effect of inherent structural disorder on charge 

and TE transport for these systems. We believe that the remarkable attenuation in mobility and TE 

properties can be observed in the molecular semiconductors with strong inherent structural disor-

der. 

2.5. Molecular-Level Implications for High-Performance Small-Molecule Organic TE Mate-

rials 

From the viewpoint of transport process, we have unveiled that a wide band dispersion and a weak 

electron-vibration interaction bring about a high intrinsic mobility and thereby a large power factor. 

Now, we deal with a relevant central question: from the standpoint of material design, what class 

of molecular semiconductors possess large power factor? To this end, we search a number of mo-

lecular semiconductors with well-defined crystallographic structure (Figure 5a). We aim to ration-

alize the TE performance of the whole family of small-molecule organic semiconductors. 

  On the basis of the general expressions[39] for the Seebeck coefficient (S) and conductivity (σ):  

𝑆 = −
𝑘B

𝑒

1

𝜎
∫

𝐸 − 𝐸F

𝑘B𝑇
𝜎E (−

𝜕𝑓

𝜕𝐸
) d𝐸,                                                                                                        (1) 

𝜎 = ∫ 𝜎E (−
𝜕𝑓

𝜕𝐸
) d𝐸 ,                                                                                                                                   (2) 

at a specific not-so-high carrier concentration, and considering the dominant role of low-energy 

acoustic vibrations in the transport process (as demonstrated above), the relationship between the 

power factor (S2σ) and the valence bandwidth (W), electron-phonon scattering matrix element 

(|M|2) is given in the following: 

𝑆2𝜎 ∝
𝑊

5
2

|𝑀|2
,                                                                                                                                                   (3) 
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with our defined unified quality factor (QF = 𝑊2.5 |𝑀|2⁄ ). Here, EF is the Fermi energy; σE is the 

transport function, and f is the Fermi-Dirac distribution function. Both W and |M|2 can be conven-

iently obtained from first-principles calculations (see Method Section and Section 1 of SI for com-

putational details). The detailed derivation of Equation (3) is provided in Section 7 of SI. Figure 

5b and S28 presents that for the six semiconductors shown in Figure 1, lg (𝑆2𝜎) has a good linear 

relationship with lg(QF) with a slope approaching to unity at different carrier concentrations, prov-

ing the validity of Equation (3). This relation reveals that for different molecular semiconductors 

at the same free carrier concentration, the high power factor requires not only the large band dis-

persion but also the weak interaction of electron with lattice vibrations, and the latter is controlled 

by both the high material rigidity and the small degree of change of electronic structure with vibra-

tions. Furthermore, we find that the intercept of such linear relation depends upon the carrier con-

centration. Thus, with the help of low computational cost density-functional electronic structure 

calculations, this general 𝑆2𝜎 ∝ QF relation is utilized to estimate the power factor of molecular 

semiconductors displayed in Figure 5a. We also notice that the results evaluated by this relation 

agree well with those calculated from first-principles (Figure S29). 

  Figure 5c and S30 display all these parameters in conjunction with power factors for these 28 

materials. Obviously, both the bandwidths (119 – 674 meV) and the electron-phonon scattering 

matrix elements (0.075 – 8.4 eV2 Å−3) for different materials vary largely; consequently, their 

power factors exhibit significant differences (0.075 – 8.4 μW m−1 K−2 at N = 1015 cm−3, and 32 – 

673 μW m−1 K−2 at N = 1019 cm−3, Figure 5c). We find that the molecular semiconductors with 

typical π-π stacking motif (such as 27 and 28) exhibit inferior power factors due to the small band-

width (119 and 184 meV for 27 and 28, respectively). Both the slipping of conjugated backbones 

along the long axis with respect to each other and the large side chains in the short axis are respon-

sible for such weak electronic couplings.  

  Among the materials with herringbone packing motif, except 18 (BSBS) and 22 (β,β‘-DH6T), 

most of them possess good power factor, and in particular, 10 (BTBT dimer), 15 (DATT) and 25 

(DPA) show outstanding performance (Figure 5c). For 15, its long π-core with eight fused aromatic 

rings substantially increases its rigidity along the long axis, so its long-axis elastic constant (51×109 

J m−3) is larger than those for BTBT (7) and DNTT (11) with shorter π-cores (34×109 and 39×109 

J m−3, respectively). For DPA (25), its dense intermolecular C−H···π interactions effectively 

shorten the distance between the nearest neighboring molecules,[40] which gives rise to its larger 
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band dispersion (507 meV) and higher elastic constants (29×109 and 20×109 J m−3 along the her-

ringbone packing plane, and 46×109 J m−3 along the long axis) than those of anthracene (2; band-

width: 306 meV; elastic constant: 12×109 and 11×109 J m−3 along the herringbone packing plane, 

and 16×109 J m−3 along the long axis). In BTBT dimer (10), two planar π-conjugated backbones 

are linked by the bridging carbon atoms, forming antiparallel herringbone packing arrangement, 

and such packing structure introduces dense C−H···π interaction networks.[41] Therefore, compared 

with BTBT (7), 10 exhibits larger bandwidth (521 meV) and long-axis elastic constant (50×109 J 

m−3). TTF (19) possesses a mixed packing structure, which contains both the slipped face-to-face 

π-π stacking and the tilted stacking;[42] the dense multi S···S interactions in 19 markedly enhance 

the electronic coupling, leading to its large band dispersion (674 meV) and thereby good TE per-

formance. 

  To further corroborate our proposed material design principles, we simulate the external hydro-

static pressure effect on TE performance for compound 28 and 15 (see Section 1 of SI for compu-

tational details). Figure 5d shows that the pressurization results in the improvement of power fac-

tors. Our deep analyses demonstrate that the pressure induced more compact packing leads to the 

enlarged bandwidth, the enhanced rigidity, and thereby the elevated power factor (Figure S31 and 

S32), unambiguously confirming that strong intermolecular electronic coupling and weak electron-

vibration interaction are responsible for high power factor. Moreover, this finding first proves that 

by applying external pressure, the power factor of molecular semiconductors with π-π stacking 

mode (such as 28 with poor power factor under ambient condition) can be unprecedentedly en-

hanced, complementary to the seminal work[10] that demonstrated the enhancement of power factor 

induced by pressure in molecular semiconductors with herringbone packing motif. 

 

3. Conclusion 

To conclude, our systematic first-principles exploration reveals the relationships among TE per-

formance, non-intuitive transport processes, and basic chemical structures for emerging small-mo-

lecular organic TE materials. We find that the TE power factors of a wide variety of molecular 

semiconductors are proportional to our proposed unified quality factor. On the basis of this quality 

factor, we uncover that strong intermolecular electronic coupling, high material rigidity, and small 

change degree of electronic structure with vibrations are vital to achieve high-performance molec-

ular TE materials. Our findings are supported by the recent available experimental results and our 

hydrostatic pressure simulation. More importantly, on the basis of this material design guideline, 
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we unveil that extending the π-conjugated backbones along the long axis, and maximizing the net-

works of intermolecular S···S contacts are effective strategies for the enhanced TE performance. 

We anticipate that these atomistic-level new understandings and our proposed general molecular 

design rule will motivate rational development of molecular TE materials with higher performance. 

Besides, since each parameter in the quality factor can be conveniently attained from density-func-

tional electronic structure calculations, it is potentially applicable to rapid and high-throughput 

computational assessment of TE performance of numerous existing molecular semiconductors. 

 

4. Methods 

Ab Initio MD Simulations: The crystallographic data for our studied systems were obtained from 

the published experimental works (see Section 1 of SI for details). To directly probe the structural 

dynamics for these materials, after atomic position optimization, we performed ab initio MD sim-

ulations by the projector augmented-wave (PAW) method[43] with the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation functional[44] in Vienna Ab initio Simulation Package (VASP)[45]. For 

each material, their crystalline structure was equilibrated in the canonical (NVT) ensemble with 

Nosé-Hoover thermostat[46] for 18 ps at 298 K. The time step was set to be 1 fs. The 2 × 2 × 2 

supercells were used, and a k-mesh of 1 × 1 × 1 was utilized. For each material, 50 transient con-

figurations (i.e., 300 systems in total) were randomly extracted after reaching equilibrium (i.e., 

after 12 ps, see Section 1 of SI for details). On the basis of these 50 transient configurations, we 

constructed 50 transient unit cells for the subsequent computing. 

Electronic Structure Calculations: For each molecular semiconductor, we carried out electronic 

structure calculations for its extracted 50 transient configurations (i.e., 300 systems in total). The 

electronic structure calculations were conducted by the PAW method[43] with the PBE functional[44] 

in VASP[45]. The convergence criterion of the total energy was set to be 10−5 eV in the self-con-

sistent field iteration, and the cutoff energy for the plane-wave basis set was set to be 600 eV. The 

detailed explanation on functional and computational accuracy can be found in Section 1 of SI. 

Modeling Electron-Vibration Interaction: To investigate the contributions of different lattice vi-

brational modes to the electron-vibration interaction, we first computed accurate frequency-de-

pendent electron-phonon coupling and scattering time for the single-crystal naphthalene using 

DFPT[47] combined with Wannier function interpolation[48]. Herein, the electron-phonon coupling 
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(ge−p, in meV) can be expressed as 𝑔𝑖𝑗𝜆
e−p

(𝒌, 𝒒) = √
ℏ

2𝑚0𝜔𝜆𝒒
⟨𝑗𝒌 + 𝒒|𝜕𝜆𝒒𝑉|𝑖𝒌⟩, where ħ is the re-

duced Planck’s constant; m0 is the mass of the unit cell, and 𝜕𝜆𝒒𝑉 is the derivative of the self-

consistent potential associated with a phonon of wavevector q, branch index λ, and frequency ωλq. 

The electron-phonon coupling [𝑔𝑖𝑗𝜆
e−p

(𝒌, 𝒒)] on a coarse k-point of 4 × 4 × 4 and q-point of 2 × 4 × 

2 was evaluated by using DFPT[47] in Quantum ESPRESSO[49], and then was interpolated into a 

denser k-mesh of 40 × 40 × 40 and q-mesh of 25 × 25 × 25 through using maximally localized 

Wannier functions in electron-phonon coupling using Wannier functions (EPW)[50]. The more 

computational details are provided in Section 1 of SI. 

  On the basis of the Fermi’s Golden rule, the scattering rate (
1

𝜏𝒌
, i.e., the reciprocal scattering time) 

has the form 

1

𝜏𝒌
=

2𝜋

ℏΩ
∑|𝑀|2δ(𝐸𝒌 − 𝐸𝒌′ )(1 − cos 𝜃)

𝒌′

,                                                                                             (4) 

where Ω is the volume; |𝑀|2 is the electron-phonon scattering matrix element; δ(𝐸𝒌 − 𝐸𝒌′ ) is the 

Dirac delta function; Ek is the band energy at a given k-point, and 𝜃 is the scattering angle between 

the states k and k’. The overall scattering time (τ, that can be treated as a macroscopic measurable 

quantity) was obtained based on the k-dependent one through the formula 𝜏 =
∑ 𝜏𝒌[1−𝑓0(𝐸𝒌 ,𝐸F,𝑇)]𝒌

∑ [1−𝑓0(𝐸𝒌 ,𝐸F ,𝑇)]𝒌
, 

where 𝑓0(𝐸𝒌, 𝐸F, 𝑇) =
1

exp[(𝐸𝒌−𝐸F) 𝑘B𝑇⁄ ]+1
 is the Fermi-Dirac distribution function. Here, we uti-

lized DP theory[18] to model the interaction of electron with acoustic phonon. In the DP theory, the 

scattering matrix element is written as |𝑀|2 =
𝑘B𝑇𝐸1

2

𝐶𝑖𝑖
, where E1 and Cii (ii = aa, bb and cc) are the 

DP constant and elastic constant, respectively. Both of them were obtained from first-principles 

calculations, and the details are given in Section 1 of SI. 

Boltzmann Transport Theory for TE Response Calculations: On the basis of Boltzmann transport 

equation[51], the conductivity (σ) and the Seebeck coefficient (S) take the form 

𝜎 =
𝑒2

Ω
∑ [−

𝜕𝑓0(𝐸𝒌, 𝐸F, 𝑇)

𝜕𝐸𝒌

] 𝒗𝒌𝒗𝒌𝜏𝒌

𝒌

,                                                                                                    (5) 

𝑆 =
𝑒

Ω𝜎𝑇
∑ [−

𝜕𝑓0(𝐸𝒌, 𝐸F, 𝑇)

𝜕𝐸𝒌

] (𝐸𝒌 − 𝐸F)𝒗𝒌𝒗𝒌𝜏𝒌

𝒌

.                                                                              (6) 
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Here 𝒗𝒌 =
1

ℏ
∇𝒌𝐸 is the group velocity that was attained from the first-principles band structure 

calculations. The hole mobility (μ) was calculated according to the relation, 𝜇 =
𝜎

𝑒𝑁
. The rigid band 

approximation was applied, and the TE transport coefficients were evaluated at each Fermi level. 

All the TE transport coefficients were calculated by the revised BoltzTraP program[51–53], where 

the scattering times were obtained from first-principles calculations. The detailed explanation on 

the validity of Boltzmann transport theory can be found in Section 1 of SI. To involve the effect of 

thermal fluctuations on the TE performance, for each molecular semiconductor, the 10 transient 

configurations (i.e., 60 systems in total) were randomly extracted from the above obtained 50 con-

figurations to perform the TE response calculations. The ensemble-averaged TE transport coeffi-

cients were calculated through the formulas, 𝜎 =
∑ 𝜎𝑖 ∙exp [−𝐸𝑖

total (𝑘B𝑇)⁄ ]𝑛
𝑖=1

∑ exp[−𝐸𝑖
total (𝑘B𝑇)⁄ ]𝑛

𝑖=1

 and 𝑆 =

∑ 𝑆𝑖∙exp [−𝐸𝑖
total (𝑘B𝑇)⁄ ]𝑛

𝑖=1

∑ exp[−𝐸𝑖
total (𝑘B𝑇)⁄ ]𝑛

𝑖=1

, where 𝜎𝑖 , 𝑆𝑖, and 𝐸𝑖
total are the conductivity, Seebeck coefficient, and total 

energy, respectively for the i-th transient configuration. 
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Figure 1. (a – f) The chemical structures of molecular semiconductors studied in this work, and 

their room-temperature representative snapshots of the morphologies viewed along the ab plane. 

The lattice vectors are displayed in the figure. The full names of these molecules and their detailed 

crystallographic information are summarized in Table S1 of Supporting Information (SI), and the 

crystal structures viewed along the ac plane are displayed in Figure S1. (g) Distribution of inter-

molecular center-to-center distance along the ab direction at 298 K. The red lines are the fitted 

Gaussian distribution. Distributions of intermolecular centroid distance along the a and b directions 

are shown in Figure S11. (h) Average (<d>) and standard deviation (SD, Δd) of intermolecular 

centroid distance along the a, b, and ab directions, respectively at 298 K. (i) Paracrytallinity (g) 

along the a, b, and ab directions, respectively at 298 K. Mean values are the direction-averaged 

paracrystallinities. 
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Figure 2. (a) Distribution of valence bandwidth (W) at 298 K. The red lines are the fitted Gaussian 

distributions. (b) Average (<W>, solid grey) and standard deviation (SD, ΔW, open violet) of va-

lence bandwidth at 298 K. (c) Elastic constant (C) and (d) DP constant (E1) along the a, b, and ab 

axes, respectively. (e) Electron-phonon scattering matrix element (|M|2) and (f) scattering time (τ) 

at 298 K. The scattering times of each extracted transient configuration and the ideal crystals are 

displayed in Figure S18. Time-averaged scattering time and standard deviation of scattering times 

of the extracted transient configurations are summarized in Table S4. 
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Figure 3. Direction-averaged (a) Seebeck coefficient (S), (b) conductivity (σ), and (c) TE power 

factor (S2σ) varying with free carrier concentration (N) at 298 K. The computed Seebeck coeffi-

cient, conductivity and power factor along each crystallographic axis are shown in Figure S19, and 

direction-averaged TE transport coefficients at free carrier concentration > 1019 cm−3 is displayed 

in Figure S20. (d) Comparison of the calculated mobility (μ) and experimental ones (cross) at 298 

K. Mean values are the direction-averaged mobilities. (e) Comparison of the evaluated direction-

averaged power factor (S2σ) at free carrier concentration (N) of 1017, 1018 and 1019 cm−3 and exper-

imental power factor (cross) of some benchmark p-type organic TE materials at 298 K. The corre-

sponding references of the published experimental works in (d) and (e) are summarized in Table 

S5. 
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Figure 4. (a) Averaged intermolecular center-to-center distance for the equilibrated morphologies 

(<d>) versus centroid distance of the ideal crystals (dideal crystal). (b) Ensemble-averaged valence 

bandwidth for the equilibrated morphologies (<W>) versus bandwidth of the ideal crystals (Wideal 

crystal). (c) Computed scattering time based on equilibrated morphology (τ) versus that based on 

ideal crystal (τideal crystal). (d) Computed mobility based on equilibrated morphology (μ) versus that 

based on ideal crystals (μideal crystal). The red dashed lines show the regions that the evaluated results 

based on the two approaches are equal. Here, we use an error function ∆erf =

exp[(1 𝑛⁄ ) ∑ |ln(𝐴 𝐴ideal crystal⁄ )|𝑛
𝑖 ],[54] to quantify the difference between the calculated physical 

quantities based on equilibrated morphology (A) and those based on ideal crystal (Aideal crystal). If 

∆erf approaching to 1, two set of data are highly similar. 
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Figure 5. (a) Chemical structures of a series of small-molecule organic semiconductors. The full 

name, packing mode, and source of crystallographic data of these materials are summarized in 

Table S6. The materials shown in Figure 1 are labeled as: naphthalene (1), pentacene (4), BTBT 

(7), DNTT (11), BSBS (18), and DPA (25). (b) Relationship between room-temperature power 

factor (S2σ) at free carrier concentration (N) of 1015, 1017, and 1019 cm−3 and QF (𝑊2.5 |𝑀|2⁄ ) for 

the six molecular semiconductors shown in Figure 1, where W is valence bandwidth and |M|2 is 

electron-phonon scattering matrix element. The red dashed lines are the linear fitted curves. The 

equations of fitted lines are lg (𝑆2𝜎) = 0.84 ∙ lg(QF) − 0.29, lg (𝑆2𝜎) = 0.81 ∙ lg(QF) + 1.37, and 
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lg (𝑆2𝜎) = 0.71 ∙ lg(QF) + 2.78 for N = 1015, 1017, and 1019 cm−3, respectively. The results at free 

carrier concentration of 1016 and 1018 cm−3 are displayed in Figure S28. (c) Valence bandwidth 

(W), electron-phonon scattering matrix element (|M|2), quality factor (QF) and power factor (S2σ) 

at free carrier concentration (N) of 1015 and 1019 cm−3, respectively at room temperature. The cal-

culated DP constant and elastic constant are displayed in Figure S30. (d) Power factors (S2σ) var-

ying with external hydrostatic pressure at free carrier concentration (N) of 1015 and 1019 cm−3 for 

compound 28 and 15, respectively. 



 

23 

 

A unified quality factor is proposed to quantify the power factor of small-molecule organic ther-

moelectric materials based on first-principles calculations. The high-performance thermoelectric 

response demands to enhance the intermolecular electronic coupling, and to inhibit the electron-

vibration interaction. Extending the π-conjugated backbones along the long axis, and maximizing 

the networks of intermolecular sulfur···sulfur contacts are effective strategies for the enhanced 

thermoelectric performance. 
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