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Abstract 

We use a large database of known molecular semiconductors to define a plausible physical limit 

to the charge carrier mobility achievable within this materials class, and a clear path toward this 

limit. From a detailed study of the desirable properties in a large dataset, it is possible to 

establish whether such properties can be optimized independently and what would be a 

reasonably achievable optimum for each of them, regardless of the transport mechanism 

considered. We compute all relevant parameters from a set of almost five thousand known 

molecular semiconductors, finding that the best known materials are not ideal with respect to 

all properties. These parameters in decreasing order of importance are realized to be the 

molecular area, the non-local electron-phonon coupling, the two-dimensional nature of 

transport, the local electron-phonon coupling and the highest transfer integral. We also find that 

the key properties related to the charge transport are either uncorrelated or ‘constructively’ 

correlated (i.e. they improve together) concluding that a ten-fold increase in mobility is within 

reach in a statistical sense, on the basis of the available data. We demonstrate that high 

throughput screenings, when coupled with physical models of transport produce not only 

specific target materials, as it is done also here, but a more general physical understanding of 

the materials space and the opportunities of further development. 
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TOC SUMMARY: 

We have evaluated the physical parameters relevant for charge transport for ~5,000 known molecular 
semiconductors extracted from the Cambridge structural database and computed the expected charge 
mobility. We find a number of potential high mobility semiconductors and, by studying the distribution of 
such parameters we predict the physical limit to the charge mobility achievable within this materials class. 
  

On the largest possible mobility of molecular semiconductors and how to achieve it



 3 

1. Introduction   

Using large databases to discover materials with interesting properties is now one of the main avenues of 

modern materials chemistry research.[1–4] Quantum mechanical computational models can often provide 

a sufficiently accurate evaluation of simple properties, such as electronic state energies or binding 

energies, which in turn have been used to identify stable compositions[5,6] or materials with suitable energy 

levels for special applications.[7–9] Substantially more challenging is the use of the existing databases to 

predict complex properties (e.g. charge mobility, superconductivity, thermoelectricity), depending on 

several material characteristics and the particular choice of the physical model.[10–12] Crucially, one is not 

only interested in identifying the best hits within a given dataset but in predicting the achievable 

performance of the entire materials class, i.e. how well one can expect to optimize the individual 

characteristics of the material using the known materials as a source of information on the allowed range 

for such characteristics. In this work, we aim to combine high throughput calculations and physical models 

to predict the optimal (hole) mobility achievable by molecular semiconductors, one of their most critical 

characteristics.[13,14] A critical experimental achievement of the past 15 years has been the measurement 

of intrinsic charge carrier mobility of molecular crystals.[15] While the measurement of mobility is 

influenced by the methodology used to extract them, measurement in thin-film transistors are becoming 

extremely reproducible across different groups.[16] As the measured mobility depends on the purity of 

crystals[17] and is likely influenced by the degree of polycrystallinity,[18] it is essential to realize that a 

relation between crystal structure and mobility can be obtained only when single crystal intrinsic (defect 

free) mobilities are measured. This has now become the standard for reporting materials with record 

mobility like rubrene, [19], [20], with intrinsic nature of transport verified by comparison with Hall 

mobility[16,21] or “band-like” temperature dependence.[22] The goal of this paper is to contribute to the 

discovery of the best materials prepared and measured in these conditions.  

From a theoretical point of view, predicting charge mobility for a given material requires two distinct 

components: the computation of the materials parameters from its structure and the computation of the 

mobility from such parameters. Although the best theoretical methods used to connect the system 

parameters to the mobility are still debated,[23–25] there is essentially a consensus on what such parameters 

are, i.e. on the model Hamiltonian. The hole occupies states on the highest occupied band, which is 

typically narrower than the inter-band energy and defined by the transfer integrals Jij between the HOMO 

localized on neighbouring molecules. Phonons play different roles depending on their energy  (M is 

the index of the phonon mode). The displacements along a mode QM modify the on-site energy by the so-

called local electron-phonon coupling term .[26] If this term is large enough, the carrier is trapped 
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in a single molecule and diffuses in the lattice through incoherent hopping mechanism;[25] however, this 

regime can only be observed for very low mobility.[27] Phonons with a strong role in local electron-phonon 

coupling are often high frequency modes (600-1700 cm-1) involving stretching and bending of the main 

conjugated portion of the molecule.[28] The lower frequency modes are instead more active in modifying 

the transfer integral through the non-local electron-phonon coupling . Due to the quasi-

classical nature of the low frequency modes, the main effect of the non-local electron phonon coupling is 

to create fluctuations of the transfer integral, which are of the same order of magnitude of the transfer 

integral itself.[29]  

Regardless of the adopted transport model, a material is fully described by a set of transfer integrals and 

local and non-local electron-phonon coupling: the best materials are expected to have the broadest 

electronic bands and the smallest electron-phonon coupling.[30–34] The evaluation of electron-phonon 

coupling is computationally extremely expensive (especially the computation of the phonons of molecular 

crystals) and has never been considered so far for materials screening or discovery. Existing works report 

calculations on one[35] or few[36,37] molecules, which, for state of the art calculations, required millions of 

CPU hours.[28] In this work (section 2) we introduce several approximations that enable the calculation of 

all the important properties for thousands of molecular semiconductors. The two orders of magnitude 

expansion of the computable landscape allows a complete mapping of all semiconducting molecular 

materials deposited in the Cambridge Structural Database (CSD) and can be used (section 3.1) to establish 

the physical range of all parameters contributing to the mobility and their correlation. When such 

parameters and their distribution are fed into a suitable model for the computation of the mobility (section 

3.2) one can identify new high mobility candidates and construct a model for physically achievable 

maximum mobility.  

2. Methodology 

Below we outline the overall methodology stressing the components that deviate from similar works 

published before.[32,38,39] In particular, we highlight in the main manuscript the methods used to accelerate 

the evaluation of the system parameters with further details and the validation of each approximation 

given in the Supporting Information (SI).  

Dataset. We consider a set of ~40k molecular semiconductors extracted from the million structures in the 

Cambridge Structural Database[40] as detailed in ref.[7] (the same set is used here). The structures 

considered are all organic (i.e. containing elements H, B, C, N, O, F, Si, P, S, Cl, As, Se, Br, I) and exclude co-

crystals, polymers, disordered solids, duplicate structures and materials containing molecules with more 
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t h a n 1 0 0 at o m s. T o r estri ct t h e st u d y t o s e mi c o n d u ct ors w e c o nsi d er e d o nl y m ol e c ul es wit h c o m p ut e d 

H O M O -L U M O g a p b et w e e n 2 a n d 4 e V.  

Tr a n sf er i nt e gr al c al c ul ati o n s.  T h e tr a nsf er i nt e gr al b et w e e n H O M O or bit als of t w o n ei g h b o uri n g 

m ol e c ul es is c o m p ut e d b as e d o n t h e al g orit h m pr es e nt e d i n R ef. [ 4 1] fr o m t h e e q u ati o n J
ij
= j

i
F̂ j

j
, 

w h er e  j
i
 a n d  j

j
 ar e t h e u n p ert ur b e d H O M O  or bit als  of t h e t w o is ol at e d disti n ct m ol e c ul es a n d  F̂  is t h e 

F o c k o p er at or of t h e di m er s y st e m . W e c o m p ut e d t h e tr a nsf er i nt e gr als b et w e e n all n o n -e q ui v al e nt p airs 

of m ol e c ul es i n v a n d er W a als c o nt a ct, e. g. m ol e c ul es s u c h t h at at l e ast o n e dist a n c e b et w e e n a n y t w o 

at o m s i a n d j is s h ort er t h a n 1. 2 ×(ri + rj) wit h ri a n d rj b ei n g t h e v a n d er W a als r a dii fr o m R ef. [ 4 2]. C al c ul ati o ns 

of t h e tr a nsf er i nt e gr als ar e c arri e d o ut at t h e B 3 L Y P/ 3 -2 1 g * l e v el of t h e t h e or y , w hi c h s h o w s a n e xtr e m el y 

l ar g e c orr el ati o n (r= 0. 9 9 7 ) wit h c al c ul ati o n s  usi n g l ar g er b asis s et  (B 3 L Y P/ 6 -3 1 1 g * * ), a s d et ail e d i n t h e SI 

(p a g e s  2 -3 ). 

A p pr o xi m at e d p h o n o n s.  T h e c al c ul ati o n of cr y st al vi br ati o ns or p h o n o ns is a n e xtr e m el y ti m e c o ns u mi n g 

pr o c es s. W e si g nifi c a ntl y s p e e d u p t h e c al c ul ati o ns  b y c o nsi d eri n g a p pr o xi m at e d p h o n o ns, i. e. ass u mi n g 

t h at e a c h m ol e c ul e o s cill at es i n d e p e n d e ntl y fr o m t h e ot h ers. W e  ass u m e t h at all p h o n o ns i n cl u di n g t h o s e 

d eri vi n g fr o m tr a nsl ati o n a n d r ot ati o n of t h e is ol at e d m ol e c ul es ( a c o usti c a n d li br ati o n m o d es) ar e 

l o c ali z e d o n a si n gl e m ol e c ule ( Ei nst ei n dis p ersi o n -l ess p h o n o ns). W e c o m p ut e t h e m as t h e vi br ati o n al 

m o d es of a m ol e c ul e e m b e d d e d b y t h e s urr o u n di n g (ri gi d) m ol e c ul es i n a Q u a nt u m M e c h a ni cs / M ol e c ul ar 

M e c h a ni cs ( Q M/ M M ) c al c ul ati o n. [ 4 3] W e p erf or m t h e c al c ul ati o ns usi n g t h e O NI O M s c h e m e ( B 3 L Y P/ 3 -

2 1 G *: U F F) wit h e m b e d d e d c h ar g es, [ 4 4] as i m pl e m e nt e d i n G a ussi a n 1 6.[ 4 5] As d et ail e d i n t h e SI  (p a g e s  6 -7 ), 

t his m et h o d l e a ds t o r es ults i n g o o d  a gr e e m e nt wit h t h e d at a o bt ai n e d fr o m m or e a c c ur at e a p pr o a c h es . 

L o c al el e ctr o n -p h o n o n c o u pli n g . T h e l o c al el e ctr o n -p h o n o n c o u pli n g g M  is c o m p ut e d usi n g t h e n u cl e ar 

dis pl a c e m e nt s  b et w e e n e q uili bri u m p o siti o ns of n e utr al a n d + 1 c h ar g e d m ol e c ul e pr oj e ct e d o n  t h e 

m ol e c ul ar vi br ati o n al m o d es as d et ail e d i n r ef. [ 4 6].   

N o n -l o c al el e ctr o n-p h o n o n c o u pli n g . I n or d er t o s h ort e n t h e c o m p ut ati o n al ti m e w hil e pr o vi di n g r eli a bl e 

r es ults, w e  h a v e a p pr o xi m at e d  t h e d eri v ati v e of t h e tr a nsf er i nt e gr als as {¶ J / ¶ q
i
} » J S {¶ S / ¶ q

i
}  w h er e 

J a n d S  ar e r es p e cti v el y t h e tr a nsf er i nt e gr al a n d o v erl a p at e q uili bri u m g e o m etri es  a n d q i d e n ot e  C art esi a n 

c o or di n at e s of at o m s . F urt h er m or e, t h e c o m p o n e nt of t h e gr a di e nt al o n g t h e c o or di n at e s of t h e h y dr o g e n 

at o m s ( H) is n e gl e ct e d as t h e fr o nti er or bit al h a v e p  c h ar a ct er , t h er ef or e, t h e y ar e n ot aff e ct e d 

si g nifi c a ntl y  b y dis pl a c e m e nt of H w h er e t h e or bit al w a v ef u n cti o n h as  n o p o p ul ati o n.  I n t h e SI ( p a g e 6 ) w e 

s h o w t h at t h e c u m ul ati v e eff e ct of t h es e a p pr o xi m ati o ns o n t h e gr a di e nt of t h e tr a nsf er i nt e gr al is 

O n t h e l ar g e st p o s si bl e m o bilit y of m ol e c ul ar s e mi c o n d u ct or s a n d h o w t o a c hi e v e it
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n e gli gi bl e . As s u c h, t h e c orr el ati o n c o effi ci e nt b et w e e n a p pr o xi m at e d a n d n o n -a p pr o xi m at e d gr a di e nt of 

tr a nsf er i nt e gr als is 0. 9 8 8 2 . 

M o bilit y c al c ul ati o n . T r a nsi e nt l o c ali z ati o n t h e or y [ 2 3, 4 7] is us e d t o e v al u at e t h e m o bilit y as it pr o d u c es 

r es ults i n a gr e e m e nt wit h m or e c o m pli c at e d q u a nt u m d y n a mi cs pr o p a g ati o n s c h e m e s [ 3 3, 4 8] w hil e b ei n g 

s uffi ci e ntl y f ast t o b e e m pl o y e d f or t h o us a n ds of diff er e nt pr o bl e m s. A c c or di n g t o tr a nsi e nt l o c ali z ati o n 

t h e or y, t h e eff e ct s of t h e d y n a mi c dis or d er c a n b e m o nit or e d b y a tr a nsi e nt l o c ali z ati o n o v er a l e n gt h L  

wit hi n a fl u ct u ati o n ti m e t . W e us e  t h e e x a ct di a g o n aliz ati o n m et h o d pr o p o s e d i n r ef.[ 4 9] t o c al c ul at e t h e 

s q u ar e d tr a nsi e nt l o c ali z ati o n l e n gt h i n cr y st al’s  hi g h m o bilit y pl a n e. F urt h er m or e , w e  h a v e als o  m o difi e d  

t h e ori gi n al t h e or y t o i n c or p or at e t h e i m p a ct of l o c al el e ctr o n-p h o n o n c o u pli n g i n a d diti o n t o n o n -l o c al 

el e ctr o n -p h o n o n t er m. As s u c h a n a d diti o n al o n -sit e Ga ussi a n fl u ct u ati o n  s
l o c al

 is c o nsi d er e d w hi c h t a k es 

i nt o a c c o u nt t h e i m p a ct of hi g h-fr e q u e n c y m o d es a n d t h e tr a nsf er i nt e gr als a n d t h eir fl u ct u ati o ns ar e 

s c al e d b y t h e r e n or m aliz ati o n f a ct or f w hi c h c o nsi d ers t h e l o w -fr e q u e n c y vi br ati o ns (s e e SI ( p a g es  8 -9) f or 

f urt h er d et ail).  

V ali d ati o n of t h e o v er all a p pr o a c h.  T his m et h o d h as d e m o nstr at e d t h e a bilit y  t o c orr e ctl y pr e di cts t h e 

c h ar g e  m o bilit y of a r a n g e of m at eri als f or w hi c h si n gl e  cr yst al t hi n -fil m tr a nsist or h a v e b e e n m e as ur e d 

a n d, s o f ar, 1 3 diff er e nt hi g h -m o bilit y m at eri als h a v e b e e n st u di e d b et w e e n r ef.[ 3 2] a n d r ef. [ 2 8]. In all t h es e 

st u di es t h e b ul k cr y st al str u ct ur e at r o o m t e m p er at ur e w as us e d t o c o m p ut e t h e m o bilit y i n t h e hi g h -

m o bilit y pl a n e. T h e a gr e e m e nt i m pli es t h at t h e s m all p o ssi bl e diff er e n c es i n t hi n -fil m g e o m etri es wit h 

r es p e ct t o t h e b ul k ar e n ot s uffi ci e nt t o alt er t h e r el ati v e m o bilit y of t h e m at eri als a n d o n e c a n p erf or m 

us ef ul pr e di cti o ns fr o m t h e cr y st al str u ct ur e. F urt h er m or e, i n t h e c as es c o nsi d er e d s o f ar, t h e hi g h m o bilit y 

pl a n e is, wit h o ut a n y k n o w n e x c e pti o n, t h e pl a n e i n c o nt a ct wit h t h e g at e i ns ul at or i n t hi n-fil m tr a nsist or 

g e o m etr y. I n ess e n c e, pr o vi d e d t h at m at eri als c o ul d b e gr o w n as si n gl e cr y st als i n a hi g hl y p urifi e d f or m 

t h er e is a r e ass uri n gl y g o o d d e gr e e of a gr e e m e nt b et w e e n diff er e nt t h e or eti c al m o d els f or t h e 

m o bilit y [ 3 3, 5 0] a n d b et w e e n t h e m a n d i ntri nsi c m o bilit y m e as ur e m e nts .[ 3 2, 3 8]  

3.  R e s ults  

3. 1  O v er vi e w of t h e el e ctr o ni c pr o p erti e s of t h e d at a b a s e 

W e h a v e e v al u at e d t h e tr a nsf er i nt e gr als b et w e e n H O M O or bit als i n s y m m etr y i n d e p e n d e nt m ol e c ul ar 

p airs at V a n d er W a als c o nt a ct. T his c al c ul ati o n, i n eff e ct e q ui v al e nt t o c o m p uti n g t h e b a n d str u ct ur e of 

t h e w h ol e s et, w as us e d t o s cr e e n o ut m at eri als t h at ar e u nli k el y t o b e g o o d s e mi c o n d u ct ors. T h e r es ults 

of el e ctr o ni c str u ct ur e c al c ul ati o ns al o n e e n a bl e i nt er esti n g i nsi g hts o n iss u es br o a dl y dis c uss e d i n t h e 

lit er at ur e b ut n e v er a d dr ess e d wit h a st atisti c all y v er y l ar g e s a m pl e of m at eri als.  
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T o c oll e ct t h e r es ults i n a c o n v e ni e nt w a y, t o e a c h tr a nsf er i nt e gr al w e ass o ci at e a v e ct or R  c o n n e cti n g t h e 

c e ntr e of m ass of t h e m ol e c ul es i n v ol v e d i n t h e c o u pli n g. W e d e n ot e wit h J1  t h e l ar g est tr a nsf er i nt e gr al 

i n a bs ol ut e v al u e a n d wit h  J2  t h e s e c o n d l ar g est tr a nsf er i nt e gr al i n a bs ol ut e v al u e w h o s e c orr es p o n di n g 

R 2  is n o n-p ar all el t o R 1 . It h as b e e n l o n g o bs er v e d t h at t h e hi g h m o bilit y s e mi c o n d u ct ors h a v e a hi g h-

m o bilit y pl a n e wit h p o or d el o c ali z ati o n a n d tr a ns p ort i n t h e dir e cti o n p er p e n d i c ul ar t o t his pl a n e,[ 5 1] t h us, 

m a n y t h e or eti c al i n v esti g ati o n s  f o c us o n tr a ns p ort i n t w o-di m e nsi o n s .[ 3 2, 3 3, 5 2] I n t his st u d y, w e ass u m e t h at 

th e pl a n e c o nstr u ct e d b y t h es e t w o v e ct ors is t h e pl a n e of hi g h  m o bilit y a n d all t h e r el e v a nt c al c ul ati o ns 

f or m o bilit y ar e p erf or m e d  o n  p airs  l yi n g i n t his pl a n e. W e d efi n e t h e p ar a m et er 2 D = | J
2
| | J

1
|  t o d es cri b e 

m at eri al s  t h at ar e pr e d o mi n a ntl y o n e-di m e nsi o n al, wit h  2 D  cl o s e t o 0, or h a v e m or e is otr o pi c b a n ds i n 

t w o di m e nsi o ns , wit h 2 D  cl o s e t o 1.  

A n i nt er esti n g q u esti o n w hi c h c a n b e a ns w er e d b as e d o n t h es e d at a is h o w oft e n o n e c o ul d fi n d o n e - or 

t hr e e- di m e nsi o n al  b a n ds. T h e r es ults a n al y sis i n di c at es t h at 8 %  of t h e str u ct ur e s  ar e pr e d o mi n at el y o n e -

di m e nsi o n al , i. e. 2 D £ 0. 0 5 , ( a n u n d esir a bl e pr o p ert y r e g ar dl ess of t h e tr a ns p ort m e c h a nis m [ 3 2, 5 3]). 

M or e o v er, w e fi n d t h at  1. 9 3 % of t h e str u ct ur es p o ss ess  b a n ds e xt e n di n g i n t hr e e di m e nsi o ns, i. e. wit h a 

tr a nsf er i nt e gr al o utsi d e t h e pl a n e d efi n e d b y J1  a n d J2  gr e at er t h a n  0. 5 × | J2 | . H o w e v er, t h e m aj orit y of 

t h es e str u ct ur es p o ss ess s m all tr a nsf er i nt e gr als a n d o nl y 6  m at eri als h a v e r el ati v el y br o a d t hr e e 

di m e nsi o n al b a n ds wit h  | J
1
|³ 0. 1  e V  (th es e str u ct ur es  ar e list e d i n t h e SI , p a g e 1 4) . W e c o n cl u d e t h at 

d e v el o pi n g c h ar g e tr a ns p ort m o d els  w or ki n g i n  t w o di m e nsi o ns is b ot h  n e c ess ar y a n d s uffi ci e nt  f or 

s cr e e ni n g a l ar g e s et of m at eri als.  

O ur r es ults als o gi v e a gl o b al  pi ct ur e of r el ati v e e n er gi es distri b uti o ns, as s u c h, t h e m e di a n of c o m p ut e d  

H O M O a n d L U M O e n er g y l e v els ar e r es p e cti v el y -5. 4 4 e V a n d -1. 9 2 e V wit h a n i nt er q u artil e dist a n c e of 

0. 7 3  a n d 0. 8 3  e V , r es p e cti v el y. M or e o v er, t h e m e di a n e n er g y s e p ar ati o n b et w e e n H O M O a n d H O M O -1 

e n er g y l e v els is 0. 6 6 e V. C o nsi d eri n g t h e f a ct t h at t h e tr a nsf er i nt e gr al  | J1 | is n e v er gr e at er  t h an  0. 4  e V  

a n d its m e di a n is 0. 1 4  e V (s e e its distri b uti o n i n t h e n e xt s e cti o n), o n e c a n c o n cl u d e t h at  t h e ba n d e n er gi es 

d o n ot o v erl a p  eff e cti v el y  a n d , t h er ef or e, t h e a p pr o xi m ati o n t h at t h e v al e n c e b a n d ori gi n at es s ol el y fr o m 

t h e H O M O or bit al is g e n er all y v ali d.   

3. 2  Di stri b uti o n of pr o p erti e s c o ntri b uti n g t o t h e m o bilit y  

T h e  a d diti o n al pr o p erti es t h at c o ntri b ut e t o t h e m o bilit y r e q uir e t h e e v al u ati o n  of t h e el e ctr o n -p h o n o n 

c o u pli n g, a v er y e x p e nsi v e c al c ul ati o n t h at is c o n v e ni e ntl y p erf or m e d o nl y f or t h e m o st pr o misi n g 

str u ct ur es . A s s u c h , w e c o nsi d er f urt h er o nl y m at eri als wit h  | J
1
|³ 0. 1  e V, t o a v oi d c o nsi d eri n g m at eri als 

wit h a n o v er all  t o o n arr o w b a n d -wi dt h a n d  2 D ³ 0. 0 5  t o e x cl u d e m at eri als w h o s e tr a ns p ort is 

O n t h e l ar g e st p o s si bl e m o bilit y of m ol e c ul ar s e mi c o n d u ct or s a n d h o w t o a c hi e v e it



 8  

pr e d o mi n a ntl y o n e -di m e nsi o n al. T h es e crit eri a d efi n e a  r e d u c e d s et of 4 8 0 1 m at eri als, f urt h er c o nsi d er e d 

f or a n i n-d e pt h st u d y of t h e el e ctr o n -p h o n o n c o u pli n g a n d t h e m o bilit y.  Fi g ur e 1 c oll e cts t h e distri b uti o n 

f or s o m e p ar a m et ers r el e v a nt t o tr a ns p ort, t o b e c orr el at e d wit h c o m p ut e d m o bilit y t h at  ar e f urt h e r 

d es cri b e d b el o w.   

N o n -l o c al el e ctr o n-p h o n o n c o u pli n g.  T o c o n d e ns e t h e i nf or m ati o n of t h e n o n -l o c al el e ctr o n-p h o n o n 

c o u pli n g i nt o f e w p ar a m et ers o n e c a n c o m p ut e t h e fl u ct u ati o ns of t h e i n di vi d u al tr a nsf er i nt e gr als at r o o m 

t e m p er at ur e 
ij  or d efi n e a w ei g ht e d a v er a g e of t h e r el ati v e fl u ct u ati o ns of t h e t w o str o n g est c o u pli n gs 

as a =
J
1

2

J
1

2 + J
2

2

s
1

J
1

æ

è
ç

ö

ø
÷ +

J
2

2

J
1

2 + J
2

2

s
2

J
2

æ

è
ç

ö

ø
÷ . Fi g ur e 1 ill ustr at e s t h e distri b uti o n of t his q u a ntit y w hi c h is p e a k e d 

ar o u n d 0. 5, t h e v al u e s e e n i n m a n y e v al u ati o ns i n t h e lit er at ur e,[ 3 2] b ut wit h a si g nifi c a nt n u m b er of 

m at eri als dis pl a yi n g v er y s m all ( a n d t h er ef or e pr o misi n g ) a < 0. 2 . Si n c e t h e hi g h m o bilit y of t h e b est 

m ol e c ul ar s e mi c o n d u ct ors h as b e e n oft e n e x pl ai n e d b y a p arti c ul arl y s m all n o n -l o c al el e ctr o n-p h o n o n 

c o u pli n g ,[ 3 4, 5 4] t h e i d e ntifi c ati o n of t h e s m all est ‘r e alisti c’ a  off ers a n at ur al a c hi e v a bl e t ar g et f or m at eri als 

d esi g n.  T h e r el ati v e dis or d er a  is r el at e d b ut n ot i d e nti c al t o t h e p ar a m et er s J  d efi n e d i n r ef. [ 3 4] b ut t h e 

c o n cl usi o n ar e u n aff e ct e d b y t h e c h oi c e m a d e . 

L o c al el e ctr o n -p h o n o n c o u pli n g.  T h e l o c al el e ctr o n -p h o n o n c o u pli n g, h as diff er e nt r ol es at l o w - a n d hi g h - 

p h o n o n fr e q u e n c y. C o u pli n g wit h hi g h fr e q u e n c y m o d es i n hi g h m o bilit y s e mi c o n d u ct or c a us es a 

r e n or m aliz ati o n (r e d u cti o n) of t h e tr a nsf er i nt e gr al b y a f a ct or f.[ 5 5] T h e eff e ct o f c o u pli n g wit h l o w 

fr e q u e n c y m o d es is i nst e a d b ett er s e e n as c a usi n g a fl u ct u ati o n of t h e o n-sit e e n er g y s
l o c al

. T o 

c h ar a ct eri z e b ot h eff e ct s w e h a v e d efi n e d t h e b o u n d ar y b et w e e n “l o w ” a n d “ hi g h ” fr e q u e n c y n u cl e ar 

m o d es as 2 k B T at T = 2 9 0  K, c o m p ut e d f a n d s
l o c al

, a n d r e p ort e d t h e distri b uti o n of t h es e v al u es i n Fi g ur e 

1 ( d-e) .  

A n i nt er esti n g q u esti o n w hi c h c a n b e a d dr ess e d b as e d o n t his d at a is w h et h er , as oft e n ass u m e d i n t h e 

lit er at ur e, t h e l o c al a n d n o n-l o c al el e ctr o n -p h o n o n c o u pli n gs ar e d o mi n at e d r es p e cti v el y b y hi g h - a n d l o w - 

fr e q u e n c y m o d es. O ur fi n di n g r e v e als t h at t h e m e di a n of hi g h e n er g y m o d e s c o ntri b uti o n  t o t h e l o c al a n d 

n o n -l o c al t y p es of c o u pli n gs  is r es p e cti v el y 8 4 %  a n d 2 5 %  (s e e SI p a g es  3 -4) . T his i m pli es t h at n eit h er  all 

t h e p h o n o ns c o ntri b uti n g t o l o c al el e ctr o n-p h o n o n c o u pli n g ar e hi g h e n er g y n or t h e o n es aff e cti n g t h e 

n o n -l o c al el e ctr o n-p h o n o n c o u pli n gs ar e f ull y cl assi c al (l o w e n er g y) p h o n o ns . T his br o a d r a n g e of 

distri b uti o n of fr e q u e n ci e s is us u all y n e gl e ct e d i n t h e or eti c al m o d els a n d is hi g hl y  r el e v a nt f or t h e 

d e v el o p m e nt of c h ar g e tr a ns p ort t h e ori es. F or i nst a n c e, t h e s e mi cl assi c al q u a nt u m d y n a mi cs ass u m e t h at 
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n u cl e ar m oti o ns ar e all cl assi c al [ 5 6] a n d r e n or m aliz ati o n t h e ori es ar e d esi g n e d f or hi g h -fr e q u e n c y 

( q u a nt u m) p h o n o ns.[ 5 5] 

M ol e c ul ar ar e a . T h e ar e a p er m ol e c ul e ( u nit c ell ar e a di vi d e d b y t h e n u m b er of m ol e c ul es) i n t h e hi g h 

m o bilit y pl a n e A m  is i m p ort a nt, b e c a us e, as it is s h o w n f or i nst a n c e i n r ef.[ 3 2], t h e m o bilit y is pr o p orti o n al 

t o t h e s q u ar e of t h e l atti c e s p a ci n g a n d, if o n e c o ul d d ef or m t h e 2 D l atti c e k e e pi n g all t h e ot h er p ar a m et ers 

c o nst a nt, t h e a v er a g e m o bilit y i n t h e pl a n e w o ul d b e pr o p orti o n al t o t h e ar e a p er m ol e c ul e.  A c c or di n g t o 

Fi g ur e 1, t h e distri b uti o n of m ol e c ul ar ar e a  is v er y br o a d,  s u c h t h at, t h e i nt er-q u artil e dist a n c e is l ar g er 

t h a n t h e m e di a n v al u e. D es pit e t h e tri vi al r ol e of t h e m ol e c ul ar ar e a, a n al y si n g  t h e a v ail a bl e g e o m etri es 

r e v e als  t h at t his p ar a m et er c a n b e c o nsi d er e d as  a p ot e nti al t ar g et f or o pti mi z ati o n . 

Fi g ur e 1.  ( a-f) Di stri b uti o n of t h e m ai n p ar a m et ers i nfl u e n ci n g t h e m o bilit y: t h e ar e a p er m ol e c ul e  (A m ), t h e r el ati v e 

n o n -l o c al el e ctr o n-p h o n o n c o u pli n g ( a ), t h e 2-di m e n si o n alit y of tr a n s p ort (2 D ), t h e b a n d r e n or m ali z ati o n d u e t o 

l o c al el e ctr o n-p h o n o n c o u pli n g (f), t h e fl u ct u ati o n of t h e o n-sit e e n er g y d u e t o l o w fr e q u e n c y m o d es ( s
l oc al

) a n d t h e 

a b s ol ut e v al u e of hi g h est tr a n sf er i nt e gr al (| J1 | ).  

 

C orr el ati o n b et w e e n p ar a m et er s.  T h e e xist e n c e of c orr el ati o n ( or a nti c orr el ati o n) b et w e e n t h e m at eri als 

c h ar a ct eristi c p ar a m et ers  t h at c o ntri b ut e t o t h e m o bilit y c a n f a cilit at e ( or pr e v e nt) t h eir c o n c urr e nt 

o pti mi z ati o n . T h er ef or e, a k e y q u esti o n is t o d et er mi n e w h et h er it is p o ssi bl e t o o pti mi z e t h e m at eri als 
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f urt h er, i. e. if it is f e asi bl e t o i m pr o v e i n d e p e n d e ntl y t h e d esir a bl e c h ar a ct eristi cs. A c c or di n gl y, i n Fi g ur e 2,  

th e c orr el ati o n m atri x b et w e e n t h e si x k e y p ar a m et ers e nt eri n g i n a n y m o bilit y t h e or y (i. e.

A
m
,a , 2D , f ,s

l oc al
 a n d J1 ) pl us t h e i n v ers e eff e cti v e m ass 1/ m *  (c o m p ut e d fr o m b a n d str u ct ur e  a n d 

i n cl u d e d as it is t h e m ost r el e v a nt el e ctr o ni c p ar a m et er us e d i n t h e b a n d t h e or y) ar e e v al u at e d. Si n c e 1/ m *  

i n cr e as e s wit h ar e a a n d J1 , as e x p e ct e d fr o m its d efi niti o n , t h e c orr el ati o ns of 1/m *  wit h a n y ot h er 

p ar a m et er ar e i nt er m e di at e b et w e e n t h o s e of A m  a n d J1 , s o t h e y d o n ot n e e d t o b e dis c uss e d i n d et ail. 

T h er ef or e, t h e o nl y r e m ar k a bl e c orr el ati o ns  (i. e. i n a bs ol ut e v al u e gr e at er t h a n 0. 2)  l eft ar e, (i) s
l o c al

 a n d 

f, i. e. t h e el e ctr o n-p h o n o n c o u pli n g wit h hi g h - a n d l o w - fr e q u e n c y m o d es gr o w/ d e cr e as e t o g et h er. (ii) a  

a n d J1  ar e n e g ati v el y c orr el at e d, p arti all y d u e t o t h e d efi niti o n of a  as w ei g ht e d r el ati v e dis or d er. T his 

c orr el ati o n is i n c o ns e q u e nti al gi v e n t h e v er y s m all c orr el ati o n b et w e e n J1  a n d t h e m o bilit y.  T h er ef or e , o n e 

c a n c o n cl u d e t h at t h e 6  k e y q u a ntiti es r el at e d t o t h e m o bilit y d is pl a y a m ar gi n al l e v el of c orr el ati o n, i. e. 

t h e y c a n b e o pti mi z e d s e p ar at el y. 

 

Fi g ur e 2.  C orr el ati o n m atri x r efl e cti n g t h e r a n k c orr el ati o n b et w e e n t h e v ari o u s p ar a m et ers  aff e cti n g t h e m o bilit y.   

B ef or e dis c ussi n g t h e eff e ct s  of t h e m at eri als p ar a m et ers o n t h e c o m p ut e d m o bilit y it is i m p ort a nt t o str e ss 

t h at all t h e fi n di n gs o utli n e d s o f ar ar e i n d e p e n d e nt of t h e s p e cifi c tr a ns p ort m o d el a d o pt e d a n d pr o vi d e 

i m p ort a nt g ui d a n c e f or t h e d esi g n of m at eri als, i d e ntifi c ati o n of pl a usi bl e t ar g et pr o p erti es a n d 

d e v el o p m e nt of t h e b est a p pr o xi m ati o ns f or t h e or eti c al m o d els. F or e x a m pl e, w e h a v e f o u n d t h at:  
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(i) T h e b a n d g e n er at e d b y t h e m ol e c ul ar H O M O is s uffi ci e nt t o d es cri b e t h e h ol e w a v ef u n cti o n . 

(ii) T h e v ast m aj orit y of t h e m at eri als f or m  2 D  b a n ds b ut , if o n e r e q u est at l e ast a m o d er at e 

b a n d wi dt h , o nl y 1 2 % of s e mi c o n d u cti n g m at eri als ar e w ort h c o nsi d eri n g i n d et ail.  

(iii) T h e distri b uti o n of ar e a p er m ol e c ul e is s o br o a d t h at it c a n b e c o m e a t ar g et f or m at eri al d esi g n . 

(i v) O n e of t h e g e n er all y a c c e pt e d li miti n g f a ct or f or t h e m o bilit y, t h e n o n -l o c al el e ctr o n-p h o n o n 

c o u pli n g, is v er y br o a dl y distri b ut e d a n d it c a n b e c o m e m u c h s m all er t h a n w h at it is i n t h e b est 

c urr e ntl y a v ail a bl e m at eri als.  

( v) T h e p ar a m et ers c o ntri b uti n g t o t h e m o b ilit y ar e l ar g el y u n c orr el at e d. 

( vi) B ot h hi g h a n d l o w -fr e q u e n c y p h o n o ns c o ntri b ut e t o b ot h l o c al a n d n o n -l o c al el e ctr o n-p h o n o n 

c o u pli n g s u g g esti n g a cl e ar ar e a of r e q uir e d i m pr o v e m e nt i n m a n y c urr e nt t h e ori es.  

T h es e fi n di n gs e x e m plif y v er y ni c el y h o w a n e w b o d y of k n o wl e d g e, s u p eri or t o t h e i nt uiti v e c oll e cti o n of 

i nf or m ati o n fr o m m a n y diff er e nt s o ur c es, c a n b e o bt ai n e d fr o m a hi g h t hr o u g h p ut st u d y of r e alisti c 

m at eri als.  

3. 3  C orr el ati o n wit h c o m p ut e d m o bilit y  

T h e n e xt st e p is t o e v al u at e t h e m o bilit y f or t h e d a t a s et a n d st u d y t h e r ol e of e a c h c o m p o n e nt a n d t h e 

m a xi m u m m o bilit y r e alisti c all y a c hi e v a bl e wit hi n t his cl ass of m at eri als. T h e c al c ul ati o n is p erf or m e d f or 

t h e hi g h est m o bilit y pl a n e i n t h e fr a m e w or k of tr a nsi e nt l o c ali z ati o n t h e or y; t h e distri b uti o n of t h e 

c o m p ut e d m o biliti es   ( a v er a g e d i n t h e pl a n e) is pr es e nt e d i n Fi g ur e 3 ( a). W e h a v e di vi d e d t h e m at eri als 

i nt o “ Gr o u p A ” wit h   < 1 c m 2 / V s ( ~ 3 3 0 0 str u ct ur es), “ Gr o u p B ”   i n t h e i nt er v al [ 1 –  6] c m 2 / V s ( ~ 1 4 0 0 

str u ct ur es) a n d “ Gr o u p C ” wit h   > 6 c m 2 / Vs ( 4 0 str u ct ur es wit h l ar g est m o bilit y 1 3 c m 2 / Vs).  

I nt er esti n g d esi g n pri n ci pl es c a n b e dr a w n fr o m t h e d e gr e e of c orr el ati o n b et w e e n t h e c o m p ut e d 

m o biliti es a n d s y st e m’s p ar a m et ers. T his is pr a cti c al b e c a us e t h e p ar a m et ers ar e eit h er u n c orr el at e d or 

c o n str u cti v el y c orr el at e d as e x pl ai n e d pr e vi o usl y. A c c or di n gl y, i n Fi g ur e 3( b), t h e r a n k c orr el ati o n b et w e e n 

m o bilit y a n d t h e s y st e m’s p ar a m et ers c o nsi d eri n g (first r o w) t h e e ntir e d at a b as e { A B C}, (s e c o n d r o w) o nl y 

m at eri als dis pl a yi n g m o biliti es l ar g er t h a n 1 c m 2 / Vs { B C} a n d (t hir d r o w) t h e t o p 4 0 m ol e c ul es { C} is s h o w n. 

O n e c a n i m m e di at el y s e e t h at l ar g e ar e a p er m ol e c ul e, s m all n o n -l o c al el e ctr o n-p h o n o n c o u pli n g a n d 

hi g h er  2 D  p ar a m et ers ar e c orr el at e d wit h hi g h er m o biliti es. A s m all er b ut n o n -n e gli gi bl e c orr el ati o n is 

s e e n wit h t h e b a n d r e n or m aliz ati o n p ar a m et er f a n d t h e o n -sit e l o c al fl u ct u ati o ns s
l o c al

. As c a n b e s e e n, 

t h e c orr el ati o n is l ar g er if c o m p ut e d o nl y f or hi g h er m o bilit y m at eri al, i. e. gr o u ps B a n d C or gr o u p C o nl y. 

T his b e h a vi o ur is c o nsist e nt wit h t h e v ari ati o n r a n g e of p ar a m et ers a m o n g gr o u p A, B a n d C m at eri als as 

s h o w n i n t h e b ott o m p a n e ls i n a s eri es of “ b o x pl ots ”. A p ar a m et er t h at, m a y b e s ur prisi n gl y, is m ar gi n all y 
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c orr el at e d wit h t h e m o bilit y t h a n t h es e fi v e is | J1 |, a f a ct i n c o ntr ast wit h h o p pi n g m o d els [ 1 1] b ut e x p e ct e d 

f or hi g h m o bilit y m at eri als.[ 3 2] T his is p artl y i n h er e nt t o tr a nsi e nt l o c ali z ati o n t h e or y b ut, o n a q u alit ati v e 

l e v el, t h e p o or c orr el ati o n b et w e e n |J1 | a n d m o bilit y d eri v es fr o m t h e el e ctr o ni c str u ct ur e d at a: l ar g er 

tr a nsf er i nt e gr als ar e i n v ari a bl y ass o ci at e d wit h l ar g er a bs ol ut e  el e ctr o n -p h o n o n c o u pli n g . 

 

Fi g ur e 3 . ( a) Distri b uti o n of t h e c o m p ut e d m o bilit y a n d s e p ar ati o n of t h e m at eri als i nt o t hr e e gr o u p s ( A, B, C) of 
i n cr e asi n g m o bilit y. ( b) T h e r a n k c orr el ati o n m atri x b et w e e n t h e m o bilit y a n d v ari o u s p ar a m et er s; { A B C} i m pli e s t o 
t h e e ntir e d at a b as e, { B C} t o str u ct ur es o nl y i n gr o u p s B a n d C a n d fi n all y { C} c o v er s t h e t o p 4 0 m ol e c ul e s. ( c)  T h e 

v ari ati o n r a n g e of s y st e m’ s p ar a m et er s ( A
m
,a , 2D , f ,s

l oc al
, |J

1
|) a m o n g t h e diff er e nt c at e g ori es of m o bilit y ( gr o u p s 

A, B, C) d e pi ct e d o n a s eri e s of “ b o x pl ot s ”. T h e b o x li mits r e pr es e nt t h e first ( Q1 ) a n d t hir d q u artil es ( Q3 ), wit h a  li n e 
a n d a s m all cir cl e r e pr e s e nti n g t h e m e di a n a n d t h e m e a n v al u e , r es p e cti v el y. 
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The analysis of the literature indicates that among the top 40 molecules in Group C, only 15 have been 

considered as high-mobility materials for transport, 10 appears in other optoelectronic/photonic 

applications, and 15 have never been considered as semiconducting materials. Evidently, such high 

throughput screening can directly suggest a few interesting avenues of investigation. In Figure 4(a), four 

representative molecules from each aforementioned categories are represented. In the SI (pages 12-13), 

the sketch of all the top 40 molecules is represented with a table (Table S1, page 11) containing the list of 

all the top 40 molecules (with a link to their CSD repository), their chemical formula, their frontier orbitals 

energies, their computed mobility and the bibliographic reference to the original synthetic work. One of 

the most interesting observations for the development of the field is that the best materials tend to be 

good or excellent in most but typically not all the desirable characteristics and the distribution of the key 

properties in the good and excellent materials is extremely broad. This is best explained in Figure 4(b), 

where a series of colour-coded tables illustrate how good each parameter is (when ranked from best to 

worse) for three groups of materials: all the high-mobility materials (group C) and a random selection of 

the intermediate and low computed mobility. The highest mobility materials have typically the best 

combination of properties but in no case, all the properties are in the optimal range. Moreover, the 

properties that are sub-optimal are different within the top 40 materials, i.e. there is no single reason why 

a high mobility material fails to be better. For instance, the crystal structure identified by “TUFMOY” 

(highlighted in Figure (4)) presents an undesirable molecular area, which is compensated by a particularly 

favourable electronic structure and small electron-phonon couplings. Similarly, the “CIYYAM” crystal 

(highlighted in Figure (4)) also manifests desirable charge mobility in spite of a weak electronic structure 

as the other parameters are in their ideal regime. These kinds of rationalizations enable one to explain 

why a particular material exhibits desirable/undesirable charge transport properties. The usefulness of 

this scheme for materials discovery is confirmed by the tables describing intermediate- and low-mobility 

materials where the reduction of the computed mobility is associated to a chequered degradation of all 

the parameters.  

On the largest possible mobility of molecular semiconductors and how to achieve it
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Figure 4. (a) A sample of high-mobility materials (selected from the top 40 molecules of group C) with their CSD 
identifiers. The letter given in brackets indicates the original purpose of molecule’s synthesis ([T] charge transport, 
[P] photo-physical properties and [O] other applications). (b) Colour-coded table highlighting the position of the 
parameters for a set of high- ( >6 cm2/Vs), intermediate- (3-6 cm2/Vs) and low- (0.9-1.2 cm2/Vs) mobility materials in 
the entire database. The labels in the vertical axis represent the materials identifiers in the CSD. Chemical structure 
and link to the crystallographic structure are given in the SI (pages 11-13). Top materials are given in decreasing order 
of mobility. 
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 1 5  

T h e n at ur al fi n al st e p is t o d et er mi n e w h et h er it is p ossi bl e t o o pti mi z e t h e m at eri als f urt h er, i. e. if it is 

pr a cti c al  t o i m pr o v e i n d e p e n d e ntl y t h e d esir a bl e c h ar a ct eristi cs a n d w h at m o bilit y o n e c a n e x p e ct t o 

a c hi e v e. Si n c e, a s ill ustr at e d pr e vi o usl y , th e m ai n c h ar a ct eristi cs f or hi g h m o bilit y ar e eit h er u n c orr el at e d 

or c o nstr u cti v el y c orr el at e d, o n e c a n i m a gi n e a gr a d u al i m pr o v e m e nt of t h e p erf or m a n c e b as e d o n 

i m pr o vi n g e a c h o n e of t h e m. T o u n d erst a n d w h at is f e asi bl e w e o bs er v e d t h at ( Fi g ur e 5) a g o o d b ut n ot 

o utst a n di n g m o bilit y of 6 c m 2 / Vs c a n b e o bt ai n e d wit h a h y p ot h eti c al m at eri al w h er e all t h e 5 i m p ort a nt 

c h ar a ct eristi cs (i. e. A
m
,a , 2D , f  a n d s

l o c al
) h a v e b e e n c h os e n t o b e i n t h e t o p 2 0 p er c e ntil e. W e c a n t h e n 

“ si m ul at e ” t h e h y p ot h eti c al p erf or m a n c e of a m at eri al w h o s e c h ar a ct eristi cs ar e u nif or ml y i m pr o v e d 

wit hi n t h e r e alisti c r a n g e. M o bilit y of 1 2 c m 2 / Vs is a c hi e v e d if all c h ar a ct eristi cs ar e i n t h e t o p 1 0 p er c e ntil e 

a n d b y s etti n g t h e m i n t h e t o p 1 p er c e ntil e t h e c o m p ut e d m o bilit y is 7 0 c m 2 / Vs, w hi c h c a n b e s e e n as a 

r e alisti c li mit f or t his t e c h n ol o g y. T h e r es ults of t h e c o m p ut ati o ns c a n b e us e d t o i d e ntif y s uit a bl e m at eri als 

f or i n-d e pt h i n v esti g ati o n of m o bilit y wit h alt er n ati v e ( a n d g e n er all y m or e e x p e nsi v e) m et h o ds. F or 

e x a m pl e, if m at eri als wit h m o bilit y of f e w t e ns of c m 2 / Vs ar e f o u n d a d es cri pti o n i n t er m s of b a n d tr a ns p ort 

m a y b e c o m e m or e d esir a bl e .[ 4 8]  

 

Fi g ur e 5 . E x p e ct e d m o bilit y f or a h y p ot h eti c al m at eri al wit h all t h e i m p ort a nt c h ar a ct eristi c s ( A
m
,a , 2D , f  a n d 

s
l oc al

) s el e ct e d t o b e si m ult a n e o u sl y i n t h e b est P p er c e ntil e of t h e distri b uti o n of r e al m at eri al s ( d et ail s i n t h e SI).  

 
4.  C o n cl u si o n  

T h e w or k pr es e nt e d h er e pr o vi d es (i) a n e w t o ol f or dis c o v er y of n e w m at eri als, (ii) a s et of p o ssi bl e 

c o m p o u n ds t o b e i n v esti g at e d , a n d (iii) a p o ssi bl e str at e g y t o i d e ntif y b ett er c o m p o u n ds. T h e n e w t o ol is 

t h e a bilit y t o p erf or m a n a c c ur at e e v al u ati o n of t h e m o bilit y fr o m t h e cr y st al str u ct ur e i n a f ull y a ut o m at e d 

pr o c e d ur e t h at t a k e s j ust a f e w C P U h o urs. It c a n b e us e d t o i d e ntif y  pr o misi n g m at eri als t o b e p urifi e d 

O n t h e l ar g e st p o s si bl e m o bilit y of m ol e c ul ar s e mi c o n d u ct or s a n d h o w t o a c hi e v e it
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and optimized for device measurement after the first powder diffraction characterization. Furthermore, 

having demonstrated the ability to perform thousands of mobility evaluations, this tool can be coupled to 

crystal structure prediction (CSP) methods[57,58] to establish if, among the low energy compounds predicted 

by CSP, there are some with sufficient potential to justify the effort for the synthesis. For the first time, 

the rate-determining step for this prediction is the CSP rather than the mobility calculation and, for this 

reason, one can tolerate some degree of uncertainty still present in the prediction of crystal structures. 

The exploration of the Cambridge Structural Database provided a good number of compounds never 

considered as high mobility materials that are expected to have high mobility, subject to the ability to 

produce single crystal highly purified devices from them. Possibly even more important is the mapping of 

the range of properties plausible and their likelihood for a statistically large sample. For example, it enables 

one to observe that there is scope to reduce substantially the non-local electron-phonon coupling, a fact 

only subject to speculation so far. The data allow one to find answers to many questions posed in the 

literature (how likely it is to make a three-dimensional semiconductor, what is the smallest effective mass 

that is reasonable, etc.). An important finding is that the properties contributing to the mobility are broadly 

uncorrelated, implying that one can possibly optimize them separately. This result is robust and 

independent of the model of transport adopted. 

Further insight is obtained by correlating the computed mobility with the materials property. One finds 

that the best materials are far from being optimal with respect to all the properties and one can even 

identify the maximum achievable mobility using physically reasonable parameters. While this is subject to 

the theory used for the computation of the mobility the general principle can be used to determine the 

maximum achievable mobility according to any advanced method to be developed. Given the relative 

importance of these parameters, we note that a good degree of rational bottom-up design is possible 

without resorting the crystal structure prediction. The molecular parameters f and local  can be computed 

with great accuracy for many hypothetical molecules before their synthesis and sub-optimal molecules 

excluded in that phase.[59] Crystal engineering, where an approximated structure can be predicted by 

exploiting the modification of known structures, can be used to control the molecular area and at least 

avoid one-dimensional stacks, leaving the strength of transfer integral fluctuations as the only property 

we have insignificant control over. In this way, having reduced the search space and identified the 

achievable optimum we can increase the success rate of trial and error approaches.  

DATA AVAILABILITY. Electronic supplementary information (SI) available: details on the (i) effective 

Hamiltonian; (ii) transfer integrals calculations; (iii) local electron-phonon coupling; (iv) non-local electron-

phonon coupling and check of approximations; (v) mobility calculations in the framework of transient 

On the largest possible mobility of molecular semiconductors and how to achieve it



 17 

localization theory; (vi) largest plausible mobility; (vii) computational time and (viii) electronic 

structure/crystallographic information of the top 40 molecules, their molecular diagrams and also the 

sketch of 6 materials identified as three-dimensional structures. In addition, we provide public access to 

the list of 40 k materials identified as semiconductors in this work, to the two highest transfer integrals (J1  

and J2) for all the 40 k structures and to all the raw data utilized in colour-coded tables in Figure (4). 
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