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Establishing the relationship between pressure and heat-electricity interconversion in van der 

Waals bonded small-molecule organic semiconductors is critical not only in designing flexible 

thermoelectric materials, but also in developing organic electronics. Here, based on first-

principles calculations and using naphthalene as a case study, we demonstrate an unprecedented 

elevation of p-type thermoelectric power factor induced by pressure; and the power factor 

increases by 267% from 159.5 μW m−1 K−2 under ambient conditions, to 585.8 μW m−1 K−2 at 

2.1 GPa. The underlying mechanism is attributed to the dramatic inhibition of lattice-vibration-

caused electronic scattering. Furthermore, we reveal that both restraining low-frequency 

intermolecular vibrational modes and increasing intermolecular electronic coupling are two 

essential factors that effectively suppress the electron-phonon scattering. From the standpoint 

of molecular design, these two conditions could be achieved by: extending π-conjugated 

backbones, introducing long alkyl sidechains to π-cores and substituting heteroatoms in π-cores. 
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Thermoelectric (TE) materials enabling direct heat-electricity interconversion have immense 

potential for solid-state power generation and refrigeration.[1] The energy conversion efficiency 

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

and T are Seebeck coefficient, electrical conductivity, total thermal conductivity, and absolute 

temperature, respectively. Unlike conventional inorganic TE materials, a unique characteristic 

of small-molecule organic semiconductors is their inherent softness, which gives them 

mechanical flexibility.[2] High-performance organic TE materials are an essential prerequisite 

for producing conformable, stretchable and large-area TE devices, which can be exploited as 

temperature and pressure sensors in self-powered wearable elements, electronic skins, 

biomonitors, etc.[3] In recent years, the scientific community has devoted much effort in 

developing high-efficiency small-molecule organic TE materials; impressive achievements 

have been made based on various strategies, such as controlling the carrier concentration by 

field-effect modulation[4] or molecular doping,[5] and regulating the chemical structure.[6] 

However, in terms of performance, the TE efficiency of organic semiconductors still needs to 

be largely enhanced to meet practical applications. 

  In organic semiconductors, the π-conjugated molecules are loosely assembled via van der 

Waals forces, and these weak intermolecular interactions are the origin of the large structural 

deformations when small external mechanical forces are applied. As one efficient non-synthetic 

strategy, applying external mechanical force, such as solution shear,[7] off-center spin coating[8] 

and pressurization recrystallization[9], has been used to modify the microscopic molecular 

packing structures, and thereby to regulate the carrier mobility. For example, an ultrahigh field-

effect room-temperature hole mobility of 43 cm2 V−1 s−1 was achieved in highly aligned 2,7-

dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) films by off-center spin coating.[8] 

Moreover, using solution-shearing method, the π-π stacking distance in 6,13-

bis(triisopropylsilylethynyl)pentacene films was decreased from 3.33 to 3.08 Å, consequently, 

improving field-effect hole mobility about six times from 0.8 to 4.6 cm2 V−1 s−1.[7] On the other 



     

3 

 

hand, flexible organic electronics, such as wearable smart devices,[10] electronic skins,[11] and 

soft robots[12] that integrate field effect transistors, light-emitting diodes, TE modules, 

photovoltaic arrays, etc., has been on the rise. The development of such products also calls for 

an in-depth understanding on the pressure response to material performances. However, to the 

best of our knowledge, how an external mechanical force regulates the heat-electricity 

interconversion in organic semiconductors is still uncharted territory. Based on first-principles 

calculations and taking the benchmark small-molecule organic semiconductor, naphthalene, as 

an example, we herein explore the pressure effect on its p-type TE properties and unravel the 

underlying reason. Moreover, we propose a general design rule for achieving high-performance 

small-molecule organic TE materials. 

  Here, the crystalline naphthalene structures we used were taken from the published 

experimental works, in which the crystal under 0.6 GPa was firstly grown by pressurization 

recrystallization from dichloromethane; then, the crystal grown at 0.6 GPa was compressed, 

and single crystal diffraction data were collected at 1.0 and 2.1 GPa [see details in Section 1 of 

Supporting Information (SI)].[9] We used Boltzmann transport theory to calculate the TE 

properties,[13] and modelled the electron-phonon scattering processes based on density 

functional perturbation theory (DFPT)[14] combined with Wannier function-based 

interpolation[15] by using Quantum ESPRESSO package[16] and electron-phonon coupling using 

Wannier functions (EPW) code[15] (Section 1 of SI). To achieve the optimal power factor and 

find the optimal doping level, we first tuned the TE transport coefficients of naphthalene by 

controlling its hole concentration. We found that as the hole concentration increases, the 

Seebeck coefficient decreases dramatically (Figure 1a), while the conductivity increases 

(Figure 1b). Consequently, a peak value of power factor (i.e. the maximum power factor) 

appears at the optimal hole concentration (Figure 1c). The Seebeck coefficients at the optimal 

hole concentration fall in the range of 140 ‒ 200 μV K−1 under three different pressures (Figure 

1a and Table S1). Importantly, the conductivity is significantly improved as pressure increases 
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(Figure 1b), and reaches up to 117.5 and 182.8 S cm−1 along the a and b axes, respectively at 

the optimal hole concentration under 2.1 GPa (Table S1). Due to such huge conductivity 

enhancement, the maximum power factor is enhanced remarkably along with the pressure 

increase (Figure 1c), and its increasing ratios are 10.18 and 2.672 along the a and b axes, 

respectively at 2.1 GPa (Figure 1d). Additionally, the optimal hole concentration gradually 

decreases to ~ 2×1020 cm−3 along each axis at 2.1 GPa (Figure 1e and Table S1), meaning less 

dopants are required, and the negative effect of dopants on TE performance can be effectively 

minimized.[17] 

  Overall, the maximum power factors of naphthalene along each axis at 2.1 GPa are comparable 

with those of recently reported advanced p-type organic TE materials, although ambient-

condition naphthalene is not as good as those (Figure 1f). For instance, a series of p-type charge-

transfer salts (BTBT)2XF6 (X = P, As, Sb, and Ta) crystals possess a high power factor of 55 ‒ 

88 μW m−1 K−2 at room temperature;[18] the power factors of naphthalene along the a (381.5 

μW m−1 K−2) and b axes (585.8 μW m−1 K−2) at 2.1 GPa, are 7 ‒ 10 times higher. Besides, a 

decent power factor of 324 μW m−1 K−2 was achieved in PEDOT:Tos films,[19] and a higher one 

of 469 μW m−1 K−2 was reported in PEDOT films with poly(styrenesulfonate) counterions;[20] 

the a- (381.5 μW m−1 K−2) and b-axis (585.8 μW m−1 K−2) power factors of naphthalene at 2.1 

GPa are at the comparable level. We thus emphasize that applying external pressure is an 

efficient non-synthetic strategy to siginificantly improve the power factor of existing small-

molecule organic semiconductors.   

  To uncover the reason for pressure-induced power factor enhancement, we first investigated 

the change of crystallographic structure with the application of pressure. Figure 2a ‒ 2f show 

that all the lattice parameters and intermolecular center-to-center distances in naphthalene 

decrease as the pressure increases. Specifically, the decreasing ratios along the a axis (‒0.068 

at 2.1 GPa, Figure 2g) and the ab direction (‒0.060 at 2.1 GPa, Figure 2h) is the largest. Notably, 

with the pressure-induced volumetric contraction, the density increases significantly (Figure 2i). 
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In fact, tuning the density over a wide range is not difficult for molecular solids, in which weak 

van der Waals forces govern the intermolecular interactions.[21] Accordingly, the unique nature 

for small-molecule organic semiconductors — easy-to-adjust microscopic stacking structure 

offers a big space to finely regulate their charge transport and TE properties. 

  The intermolecular electronic coupling (i.e. intermolecular transfer integral, J) that measures 

the overlap of delocalized π-electron wavefunctions between adjacent conjugated molecules, 

partially determines the charge transport and TE properties in small-molecule organic 

semiconductors. The magnitude of J strongly depends on the distance between the adjacent 

molecules.[22] We calculated the intermolecular electronic coupling based on band-fitting 

method[23] by using Perdew−Burke−Ernzerhof (PBE) functional[24] in Quantum ESPRESSO 

package[16] (Section 4 of SI). We found that J along each direction is elevated with the pressure 

increase (Figure 3a and 3b), because of the shortened intermolecular center-to-center distances 

(Figure 2a ‒ 2h). The a (16 ‒ 45 meV), b (44 ‒ 79 meV) and ab directions (34 ‒ 73 meV) exhibit 

higher J than the other directions (0.2 ‒ 16 meV) (Table S5), implying the superior charge 

transport in the ab plane. Besides, the dispersion of the highest occupied molecular orbital 

(HOMO) band increases from 343.4 to 602.8 meV (Figure S3) as the ambient pressure increases 

to 2.1 GPa, because of J increase (Figure 3a, 3b and Table S5). Recent theoretical work 

demonstrated that the high-mobility organic semiconductors, didodecyl[1]benzothieno[3,2-

b][1]benzothiophene (C12-BTBTs) exhibit large HOMO band dispersion (~ 700 meV).[25] The 

HOMO band dispersion of naphthalene under ambient pressure (343.3 meV) is much smaller 

than that of C12-BTBTs, but it becomes comparable under 2.1 GPa (602.8 meV), indicating that 

applying external pressure can be used to siginificantly enhance the intermolecular electronic 

coupling of existing materials. 

  In addition to intermolecular electronic coupling, lattice vibrations also strongly limit the 

charge transport and TE performance through carrier scattering. The mean scattering time (i.e. 

mean relaxation time, <τ>) measures the average time between two consecutive electron 
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scattering processes arising from lattice vibrations. It quantitatively describes the electron-

phonon scattering strength, namely: the longer mean scattering time, the weaker electron-

phonon scattering.[22] It is worth noting that as the pressure increases, the mean scattering time 

becomes significantly longer (Figure 3c and Table S8), demonstrating the dramatically 

suppressed electron-phonon scattering. Interestingly, when the pressure increases to 2.1 GPa, 

the mean scattering time even increases up to 11 times. We map the electron-phonon scattering 

rate (i.e. the inverse of the scattering time, τ-1) to the HOMO bands (Figure 3d). Clearly, the 

energy-dependent electron-phonon scattering rate shifts to the smaller region with the pressure 

increase. 

  Moreover, the mobility of naphthalene greatly increases along with the pressure, and its 

increase ratios are 30.86 and 17.02 along the a and b axes, respectively at 2.1 GPa (Figure 3e), 

which is the origin of the remarkable enhancement of conductivity and power factor. The 

mobilities at 2.1 GPa are 3.95 and 6.24 cm2 V−1 s−1 along the a and b axes, respectively (Table 

S8), comparable with those of the currently state-of-the-art small-molecule organic 

semiconductors.[26] Here, we used the simplified relation 𝜇 ∝ 𝐽𝑚𝑛〈𝜏〉  to investigate the 

quantitative contributions of the increased intermolecular electronic coupling and the inhibited 

electron-phonon scattering to the enhanced mobility, where Jmn is the transfer integral between 

the adjacent molecules m and n, and <τ> is the mean scattering time. It is noteworthy that the 

increased intermolecular electronic coupling (1.645 and 0.7193 times increment in Jmn along 

the a and b axes at 2.1 GPa, Figure 3a) cannot explain the significantly enhanced mobility 

(30.86 and 17.02 times increment along the a and b axes at 2.1 GPa, Figure 3e). However, the 

dramatically inhibited electron-phonon scattering (11.11 times increment in <τ> at 2.1 GPa, 

Figure 3c) is critical to the increased mobility, clearly showing that as the pressure increases, 

the inhibited electron-phonon scattering (rather than the increased intermolecular electronic 

coupling) plays a dominant role in the enhanced mobility and power factor. This also hints that 
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conventional electronic structure picture is far from being able to fully describe the TE transport 

in organic semiconductors.  

  To further corroborate that the suppressed electron-phonon scattering plays a leading role in 

the enhanced mobility and power factor, we explored the impact of thermal contraction on the 

mobility and TE properties (Section 5 − 7 of SI). Similar to the pressure-induced lattice 

contraction, cooling naphthalene from room temperature to 92 K also causes a contraction of 

the crystalline volume (Table S9 ‒ S10 and Figure S9 ‒ S11). We found that the huge mobility 

improvement induced by the thermal contraction (22.12 and 13.04 times enhancement in 

mobility at 92 K along the a and b axes, respectively) cannot be explained by the slightly 

increased intermolecular electronic coupling (0.4192 and 0.1720 times enhancement in 

intermolecular transfer integral, J at 92 K along the a and b axes, respectively). We thus 

conclude that the inhibition of the electron-phonon scattering (9.586 times enhancement in 

mean scattering time, <τ> at 92 K) dominates the thermal-contraction-induced mobility increase 

(Figure S12 – S16 and Table S11 – S14). This finding strengthens the above conclusion that 

the pressure-induced mobility and power factor enhancement are indeed governed by the 

suppressed electron-phonon scattering. 

  A high-performance TE material requires a decent Seebeck coefficient and a high conductivity 

simultaneously. Previously, we developed a phenomenological model demonstrating that a high 

intrinsic mobility gives rise to a high power factor, because the maximum power factor, (S2σ)max 

is directly proportional to the mobility, μ, i.e. (𝑆2𝜎)max = (4𝑘B
2 𝑒⁄ ) 𝜇exp(ln𝑁eff − 2), where 

kB is the Boltzmann constant; e is the elementary charge, and Neff is the effective DOS, defined 

as 𝑁eff = ∫ 𝑔(𝜀)𝑑𝜀
VB

, where 𝑔(𝜀)  is the electronic DOS.[27] The data points in Figure 4a 

clearly shows that the maximum power factor increases along with the improved mobility, 

consistent with our model, which confirms that a large intrinsic mobility lies at the heart of a 

high power factor. We have demonstrated the pressure-induced significant elevation of mobility 
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and power factor in naphthalene, in which the inhibited electron-phonon scattering plays a 

leading role. And now, a natural question arises: which class of small-molecule organic 

semiconductors possesses intrinsically weak electron-phonon scattering? 

  First, a sound strategy is to restrain the low-frequency and large-amplitude intermolecular 

vibrational modes that are most harmful to the charge transport process, because they govern 

the electron-phonon scattering processes. Figure S18 shows that the low-energy vibrational 

modes below frequency of 40 cm−1 (i.e. 4.96 meV) indeed play a predominant role in electron-

phonon scattering in naphthalene; and Figure S19 ‒ S21 demonstrates that such modes are 

mostly acoustic phonons. The reason for this phenomenon is that the room-temperature 

electronic energy is around 26 meV, corresponding to its velocity of around 105 m s−1 and its 

de Broglie wavelength of around 70 Å, and thus the electron is mainly scattered by low-energy 

phonons.[28] Moreover, using deformation potential approximation[28], which only takes into 

account the acoustic phonon scattering, the evaluated mobilities (3.83 and 9.87 cm2 V−1 s−1 for 

the a and b axes, respectively, Table S15) are much smaller than those obtained by only 

considering the optical phonon scattering (150 and 200 cm2 V−1 s−1 for the a and b axes, 

respectively),[23] but closer to those computed by considering the full electron-phonon 

scattering (0.124 and 0.346 cm2 V−1 s−1 for the a and b axes, respectively). These results further 

confirm that the low-frequency intermolecular vibrational modes play a leading role in the 

electron-phonon scattering process and TE properties for the small-molecule organic 

semiconductors (Figure S17 and Table S16).  

  The low-frequency vibrational DOS (< 40 cm−1) for naphthalene shows that as the pressure 

increases, all the frequencies tend to shift to the higher region and concurrently the intensity 

decreases (Figure 4b), indicating the inhibited low-frequency vibrational modes; the same trend 

can be also observed in the effect of thermal contraction on naphthalene (Figure S22). These 

findings highlight that the suppression of low-frequency intermolecular vibrational modes 

weakens the electron-phonon scattering. Furthermore, based on the phonon distributions for 
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naphthalene under three different pressures and at four different temperatures (Figure S20 and 

S21), we found that one distinctive characteristic of inhibited low-frequency vibrations is that 

the near-Γ-point acoustic branches become steeper (Figure S23 and S24). More intuitively, to 

suppress the low-frequency vibrational modes, an organic semiconductor should have a large 

elastic constant due to the fundamental relation, 𝐶𝜆 = 𝜌 [(𝑑𝜔𝜆𝑞 𝑑𝑞⁄ )|
𝑞→0

]
2

 (here, Cλ, ρ and ωλq 

are the elastic constant, density, and acoustic phonon frequency with the branch index of λ and 

wave vector of q, respectively); in other words, the more rigid small-molecule organic 

semiconductor, the more weakened electron-phonon scattering is. Figure 4d supports this 

argument because the elastic constants of naphthalene along each axis do increase along with 

the enhanced pressure and the lowered temperature. 

  From the perspective of materials design, to improve the rigidity of a material, extending the 

π-conjugated molecular backbones is one recommended strategy. A representative example is 

pentacene. Its longer conjugated π-cores help to strengthen the intermolecular C‒H∙∙∙π and π‒π 

interactions, consequently leading to the shorter distances between the adjacent molecules in 

the ab plane than those for naphthalene under ambient conditions (Figure 4c). Accordingly, 

pentacene possesses larger elastic constants (14.4 × 109 and 19.8 × 109 J m−3 for the a and b 

axes, respectively) than those for naphthalene under ambient condition (10.1 × 109 and 7.51 × 

109 J m−3 for the a and b axes, respectively) (Figure 4d). Besides, compared with ambient-

condition naphthalene, the crystalline pentacene indeed exhibits superior field-effect hole 

mobility of 3 cm2 V−1 s−1.[29] Another effective approach is to introduce long alkyl sidechains 

to π-cores. Compared with [1]benzothieno[3,2-b][1]benzothiophene (BTBT), the hydrophobic 

interactions between long alkyl sidechains in C12-BTBT help to enhance the intermolecular 

forces, and hence to shorten the adjacent molecular distances (Figure 4c). C12-BTBT also 

exhibits larger elastic constants (10.1 × 109, 19.4 × 109 and 61.6 × 109 J m−3 for the a, b and c 

axes, respectively) than BTBT (6.56 × 109, 4.18 × 109 and 37.5 × 109 J m−3 for the a, b and c 
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axes, respectively) (Figure 4d). Additionally, crystalline C12-BTBT possesses an extremely 

long mean scattering time (~ 130 fs)[25], and a very large measured mobility (~ 170 cm2 V−1 s−1) 

based on field-induced time-resolved microwave conductivity[30]. Interestingly, we found that 

the intermolecular S∙∙∙S contacts in BTBT have little influence on the vibrational mode 

stiffening and elastic constant enhancement (Figure S25 and Table S17). 

  A second strategy for the electron-phonon scattering suppression in organic semiconductors, 

is designing materials with large band dispersion. The electron-phonon scattering time varies 

inversely as the electronic DOS [g(ε)], namely 𝜏−1(𝜀)~𝑔(𝜀) .[31] If the DOS is small, the 

probability that the electron with a certain energy is scattered to another similar energy state, 

will be small. A small DOS usually shows a large band dispersion. Therefore, a large band 

dispersion leads to a long scattering time. As aforementioned, the energy-dependent scattering 

rate for naphthalene significantly shifts to the smaller region, along with the increased HOMO 

band dispersions from ambient pressure to 2.1 GPa (Figure 3d). Generally, a large 

intermolecular electronic coupling brings about a wide HOMO band dispersion. Figure 4e 

obviously indicates that a large band dispersion gives rise to a long mean scattering time. We 

have proven above that pressurization is a practicable and feasible non-synthetic approach that 

improves band dispersion, inhibits electron-phonon scattering, and thereby enhances mobility 

and power factor.  

  From a standpoint of molecular design, the heteroatom substitution in the π-cores can promote 

the intermolecular electronic coupling and thereby improve the HOMO band dispersions. It was 

reported that in C12-BTBT, two kinds of intermolecular S···S contacts (3.539 and 3.627 Å) are 

shorter than the sum of van der Waals radii of two sulfur atoms (3.70 Å), forming an attractive 

interaction network (Figure 4c),[32] which results in a larger HOMO band dispersion (~ 700 

meV)[25] than that (~ 600 meV) of naphthalene under 2.1 GPa (Figure 4e). Besides, our recent 

study demonstrated that the dense intermolecular S···S/Se···Se attractive interactions in 
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poly(nickel-ethylenetetrathiolate) and its analogs, can remarkably enlarge the band 

dispersions.[33] 

  It is worth noting that electron-phonon scattering inhibition requires not only the restrained 

low-frequency intermolecular vibrational modes but also the enhanced intermolecular 

electronic coupling. Importantly, only suppressing low-frequency vibrations is not enough for 

electron-phonon scattering suppressions. A representative example is the isotope effect. We 

explored the TE properties for fully deuterium (C10D8) and fully carbon-13 (13C10H8) substituted 

naphthalene at 298 K under ambient pressure. Both the phonon dispersions and vibrational DOS 

of C10D8 and 13C10H8 show suppressed low-frequency vibrational modes compared to C10H8 

(Figure S27 ‒ S29); nevertheless, their energy-dependent electron-phonon scattering rates and 

mean scattering times remain unchanged (Figure S30 and Table S19). As such, the mobility 

and TE properties of C10H8, C10D8 and 13C10H8 are almost the same (Table S19 and S20) 

because of the unchanged intermolecular electronic couplings (Figure S26). Such insensitive 

isotope effect is consistent with the recent experimental observations for the fully deuterium 

substituted rubrene single crystals[34], as well as the theoretical prediction for the crystalline 

fully deuterium substituted C8-BTBT[35]. 

  In addition, we found that as pressure increases, the electronic thermal conductivities increase 

due to the suppression of electron-phonon scattering by pressure (Figure S31), so the increment 

of electronic thermal conductivity would dilute the enhancement of figure of merit. However, 

recent theoretical investigations indicated that electron-phonon scattering can lead to dramatic 

reduction of lattice thermal conductivity when the carrier concentration is higher than 1020 

cm−3,[36] so the electron-phonon-scattering-induced decrement of lattice thermal conductivity 

can relieve this dilution (Section 11 of SI).  

  In summary, using a prototypical small-molecule organic semiconductor, naphthalene as a 

case study, we have corroborated a pressure-induced unparalleled elevation of power factor due 

to the significantly enhanced mobility, and uncovered the underlying mechanism behind, i.e., 
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the significant inhibition of electron-phonon scattering. Moreover, it is proposed that extending 

the π-conjugated backbones, attaching long alkyl sidechains to the π-cores and substituting 

heteroatoms in the π-cores can reach the two essential factors for electron-phonon scattering 

suppression (i.e. the restrained low-frequency intermolecular vibrational modes and the strong 

intermolecular electronic couplings). Our atomistic-level insights not only highlight that 

applying external pressure is an efficient non-synthetic strategy to enhance the power factor of 

a variety of existing small-molecule organic semiconductors, but also deepen our knowledge 

of the pressure response to heat-electricity interconversion in organic electronics. 

 

Experimental Section 

Details of the electronic structure calculations, phonon dispersion calculations, electron-phonon 

scattering time calculations, and TE performance calculations can be found in Section 1 of SI. 

 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Room-temperature a) Seebeck coefficient, S, b) conductivity, σ, and c) power factor, 

S2σ, for naphthalene along the a and b axes varying with the hole concentration, N under 

ambient pressure, 1.0 GPa and 2.1 GPa, respectively. The grey regions in a) and b) locate at the 

optimal doping level. d) The increasing ratio of the power factor along the a and b axes, 

respectively, defined as ∆(𝑆2σ)(𝑃) (𝑆2σ)(0)⁄ = [(𝑆2σ)(𝑃) − (𝑆2σ)(0)] (𝑆2σ)(0)⁄ , where 

(𝑆2σ)(𝑃) and (𝑆2σ)(0) are the power factor at the pressure P and in the ambient condition, 

respectively. e) Optimal hole concentration, Nopt along the a and b axes under ambient pressure, 

1.0 GPa and 2.1 GPa, respectively. f) Maximum power factor, S2σ along the a and b axes under 

ambient pressure, 1.0 GPa and 2.1 GPa, respectively. The power factors of some prototypical 

p-type organic TE materials are shown, and the corresponding references and chemical 

abbreviations are summarized in Table S2.  
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Figure 2. Intermolecular center-to-center distances (in Å) in the a ‒ c) ab plane and d ‒ f) ac 

plane under ambient pressure, 1.0 GPa and 2.1 GPa, respectively. The black dashed lines 

represent the crystal lattices. g) The decreasing ratio of the lattice parameters for three 

crystallographic axes, defined as ∆𝑎(𝑃) 𝑎(0)⁄ = [𝑎(𝑃) − 𝑎(0)] 𝑎(0)⁄  on the example of the a 

axis, where 𝑎(𝑃) and 𝑎(0) are the crystal axis length at the pressure P and in the ambient 

condition, respectively. h) The decreasing ratio of the intermolecular center-to-center distances, 

defined as ∆𝑑(𝑃) 𝑑(0)⁄ = [𝑑(𝑃) − 𝑑(0)] 𝑑(0)⁄ , where 𝑑(𝑃) and 𝑑(0) are the distances at the 

pressure P and in the ambient condition, respectively. i) The decreasing ratio of the unit cell 

volume, defined as ∆𝑉(𝑃) 𝑉(0)⁄ = [𝑉(𝑃) − 𝑉(0)] 𝑉(0)⁄ , where 𝑉(𝑃)  and 𝑉(0)  are the 

volumes at the pressure P and in the ambient condition, respectively. The increasing ratio of 

the density, defined as ∆𝜌(𝑃) 𝜌(0)⁄ = [𝜌(𝑃) − 𝜌(0)] 𝜌(0)⁄ , where 𝜌(𝑃)  and 𝜌(0)  are the 

density at the pressure P and in the ambient condition, respectively. The lattice parameters, 

intermolecular center-to-center distances and intramolecular bond lengths are summarized in 

Table S3 and S4. The X-ray diffraction patterns are displayed in Figure S1. 
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Figure 3. a ‒ b) The increasing ratio of the transfer integral along the a, b, c, ab, ac and abc 

directions, defined as ∆𝐽(𝑃) 𝐽(0)⁄ = [𝐽(𝑃) − 𝐽(0)] 𝐽(0)⁄ , where 𝐽(𝑃) and 𝐽(0) are the transfer 

integral at the pressure P, and in the ambient condition, respectively. The first Brillouin zone, 

band structure, charge density isosurfaces, energy-dependent group velocity, and hole effective 

mass are given in Figure S2 − S4, Figure S8 and Table S7, respectively. c) The increasing ratio 

of the mean scattering time, defined as ∆〈𝜏〉(𝑃) 〈𝜏〉(0)⁄ = [〈𝜏〉(𝑃) − 〈𝜏〉(0)] 〈𝜏〉(0)⁄ , where 

〈𝜏〉(𝑃) and 〈𝜏〉(0) are the mean scattering time at the pressure P, and in the ambient condition 

respectively. d) HOMO-band energy-dependent electron-phonon scattering rate, τ-1 and density 

of states (DOS). The HOMO band dispersions are shown. e) The increasing ratio of the hole 

mobility along the a and b axes, defined as ∆𝜇(𝑃) 𝜇(0)⁄ = [𝜇(𝑃) − 𝜇(0)] 𝜇(0)⁄ , where 𝜇(𝑃) 

and 𝜇(0) are the mobility at the pressure P, and in the ambient condition respectively. The mean 

scattering time and mobility are summarized in Table S8. 
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Figure 4. a) The relationship between the maximum power factor, (S2σ)max and the intrinsic 

mobility, μ for naphthalene along the a and b axes under three different pressures and at four 

different temperatures. The dashed lines denote our derived analytic (S2σ)max−μ relation 

published in Ref. [27]. The magnitude of the effective DOS for organic semiconductors is usually 

on the order of 1020 – 1021 cm−3.[25] b) The vibrational DOS for naphthalene under ambient 

pressure, 1.0 GPa and 2.1 GPa, respectively. The contributions of carbon and hydrogen atoms 

are displayed in grey and green, respectively. The yellow region shows the intermolecular 

vibrational modes. The vibrational modes with frequency below the dashed red line at 40 cm−1 

play a dominant role in the electron-phonon scattering process. Phonon dispersion and 

vibrational DOS were computed by DFPT[37] in Quantum ESPRESSO package[16] (Section 1 of 

SI). c) The chemical structures and ab-plane herringbone packing motifs for pentacene, BTBT 

and C12-BTBT under ambient conditions. The length of conjugated π-cores and alkyl sidechains 

(in Å), and adjacent intermolecular center-to-center distances and two kinds of intermolecular 

S···S contacts (in Å) are shown. The hydrogen atoms and alkyl sidechains are not displayed. 

The crystallographic structures for pentacene, BTBT and C12-BTBT are taken from Ref. [38], 

Ref. [39] and [40], respectively. d) The elastic constants for naphthalene along the a, b and c axes 

under three different pressures and at four different temperatures. The reported values for 

pentacene and C12-BTBT are from Ref. [41] and [25]. e) The relationship between the mean 

scattering time, <τ> and the HOMO band dispersion for naphthalene under three different 

pressures and at four different temperatures. The reported values for rubrene,[42] pentacene[42] 

and Cn-BTBTs (n = 8, 10, 12)[25] are displayed.
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An unprecedentedly pressure-induced thermoelectric power factor enhancement is 

demonstrated in small-molecule organic semiconductors, the fundamental reason for which is 

the dramatically electron-phonon-scattering inhibition. Both suppressing low-frequency lattice 

vibrations and increasing electronic couplings are two essential factors that suppress electron-

phonon scattering, and these two conditions could be achieved by extending π-cores, 

introducing alkyl sidechains to π-cores and substituting heteroatoms in π-cores.  
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