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ABSTRACT: Accurate structural models for rubrene, the benchmark organic semiconductor, derived from synchrotron X-ray 
data in the temperature range 100-300 K show that its co-facially stacked tetracene backbone units remain blocked with 
respect to each other upon cooling down to 200 K and start to slip below that temperature. The release of the blocked slippage 
occurs at approximately the same temperature as the hole mobility crossover. The blocking between 200 and 300 K is caused 
by a negative correlation between the relatively small thermal expansion along the crystallographic b-axis and the relatively 
large widening of the angle between herringbone-stacked tetracene units. DFT calculations reveal that this blocked slippage 
is accompanied by a discontinuity in the variation with temperature of the electronic couplings associated to hole transport 
between cofacially-stacked tetracene backbones. 

This manuscript has been accepted for publication in J. 
Phys. Chem. Lett. (2022). The final published version 
can be found here:  
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Rubrene, C42H28, is an organic semiconductor composed of 
a planar tetracene backbone with four symmetrically 
attached phenyl groups. It is considered as the benchmark 
compound in the field of single-crystal organic electronics. 
Various studies reported that this organic semiconductor 
has a high and reproducible hole mobility approaching 20 
cm2V-1s-1 when measured in field-effect transistors at room 
temperature.1 2 3 4 5 As such, it is one of the major candidates 
for applications in field-effect transistors (FETs) and 
flexible organic opto-electronic devices.6 7 8 9 The material 
is relatively easily fabricated at low cost and has in addition 

to the high carrier density a high photoluminescence yield, 
combined with strong visible light absorption.10 11  The 
device performance of rubrene-based FETs was found to 
depend on different parameters, such as the layer 
thickness,12 film oxidation,13 14 and also temperature.15 16 17 
18 The carrier mobility was determined in the temperature 
range 100-300 K and found to display an abrupt decrease 
below 175-200K by a factor of 2.5 and 6 along the a and b 
axes of the unit cell along the a and b axes of the 
orthorhombic polymorph19 with space group Cmce, as well 
as a vanishing of the mobility anisotropy along these two 
axes.20 21    
An increase in mobility with decreasing temperature below 
ambient conditions was reported to occur for band-like 
transport organic semiconductors such as rubrene, PDIF-
CN2, BTBT-C8, TMTSF, and TIPS-pentacene, but not in e.g. 
pentacene and sexithiophene.22 In the former cases a 
characteristic temperature T* was evidenced down to 
which the mobility increases with a power law µ ~T-n (0.5 < 
n < 3) before decreasing following an Arrhenius-type law at 
lower temperatures. In the case of rubrene, Frisbie et al. 
reported an exception for deuterium-substituted rubrene, 
albeit for only one of the three investigated samples.23  
In an attempt to correlate the important mobility change in 
rubrene to a possible structural phase transition around 
175 K, Jurchescu et al.24, 25 determined the crystal structure 
at 25 K-spaced temperature intervals between 100 K and 
room temperature. They also performed a Differential 
Scanning Calometry (DSC) experiment and found a small 
exothermic process near 175 K associated with an enthalpy 
change of 3.13 kJ/mol. The analysis of the temperature-
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dependent structural models did not give a clear indication 
for a structural transition around 175 K, and the authors 
concluded that the large change of the carrier mobility could 
not be fully explained from a re-arrangement of the 
intermolecular geometry. In a more recent study26 using 
ultra-high resolution synchrotron data obtained at 20 and 
100 K, the authors concluded that, at least between 20 and 
100 K, π-π stacking interactions between cofacial tetracene 
units along the b-axis were unaltered and could 
consequently not explain any changes in the carrier 
mobility. An anomalous increase in the line width of certain 
low-frequency Raman peaks in the range 150–200 K was 
also reported and ascribed to an intermittent dynamic 
flipping of the side phenyl rings with different equilibrium 
positions at low and high temperatures.27 
 
We propose here new temperature-dependent structural 
models derived from high-resolution synchrotron X-ray 
data measured between 100 and 300 K at 10 K-temperature 
intervals. These models show a weak but clear and 
reproducible transition within the 175-200 K temperature 
range. It is shown that down to ~190 K the tetracene 
backbones of cofacial rubrene molecules remain blocked 
with respect to each other, but start to slip below this 
temperature over a distance of approximately 0.02 Å down 
to 100 K. This slipping could explain the drastic drop in 
carrier mobility at low temperatures, as suggested by 
calculations of the electronic couplings 𝐽𝐽𝑖𝑖  and the associated 
effective masses 𝑚𝑚𝑖𝑖

∗ between the co-facially π-stacked 
rubrene dimers.    
The X-ray diffraction experiments were performed at the 
XRD1 beamline of Sincrotrone Elettra Trieste SCpA at a 
wavelength of 0.7000 Å in an open flow nitrogen cryostat 
between 100 K and 300 K. For each of the two selected 
crystals, full data were collected at 10 K steps for three 
complete consecutive cycles (up/down/up). All data sets 
were analyzed identically (see the Supporting Information 
(SI) for details) and showed no significant signs of X-ray 
radiation damage. Since the six different cycles yielded very 
similar results (see SI), we report here only the data 
obtained for one of the runs. 

 

Fig. 1: Left: unit cell for the orthorhombic rubrene polymorph. 
The carbon atoms of the tetracene backbone are displayed in 
orange and those of the attached phenyl groups in grey. The 
size of thermal ellipsoid models is scaled at the 85% probability 
level.  Right: Fractional thermal expansion along the three 
crystallographic axes and volumetric thermal expansion.  

Fig. 1 shows the thermal expansion of rubrene along the 
three perpendicular axes as well as the resulting volumetric 
expansion. The linear thermal expansion coefficients are 
15.2, 35.2, 82.5, and 133.8 MK-1 for a, b, c and the volume, 
respectively, which are not at all exceptional if compared to 
mean values reported for organic compounds: 71.4 MK-1 for 
the linear thermal expansion coefficient and 168.8 MK-1 for 
the volumetric one.28 29 However, both the thermal 
expansions along the b and c-axes and to a lesser extent the 
volume, show a change of slope near 190-200 K.  The 
anisotropy of the thermal expansion reflects the anisotropic 
nature of the structure of rubrene, covalent and thus stiff 
intramolecular interactions mainly being present in the ab-
plane.   
The DSC measurements reported by Jurchescu et al.24, 25 
suggest that the transition associated with the drastic 
change of the mobility is first-order in nature, which would 
be compatible with the fact that no change of space group 
symmetry is detected. Our DSC measurements performed 
on 6 mg of freshly synthesized rubrene crystals did not 
show any exothermic peaks (Fig. S3). First-order phase 
transitions are usually accompanied by discontinuous 
changes of one or more cell parameters, which are not 
present here where only the first derivatives of the b and c 
parameters are discontinuous. This transition should thus 
rather be considered as a diffuse first-order type 0 
structural phase transition30 for which the discontinuities 
may be too small to be detected or simply too diffuse: 
Landau theory does not put a lower limit on the 
discontinuity expected for a first-order phase transition. 31 
The structural changes are indeed very small (Fig. 2) which 
may explain the visual absence of any exothermal event in 
the DSC cycles.  



 

 

3 

 

Fig. 2: Temperature evolution of the b-axis, the herringbone 
angle 2β, cos β, and the molecular slippage of two co-facial 
tetracene units. The error bars for the latter three quantities 
have been calculated from the least-squares standard 
uncertainties obtained for the b-axis values and the atomic 
coordinates using Monte-Carlo simulations (see SI, Fig. S4).   

For analyzing in detail the structural changes as a function 
of temperature, we have quantified the molecular overlap 
between cofacial tetracene backbones using the same 
molecular displacement parameter d = b.cosβ as defined by 
Jurchescu et al.24, where β  is the angle between the long axis 
of the tetracene unit and the b-axis. Rubrene packs 
according to the pitched π-stacking mode,32 which 
maximizes the co-facial orbital overlap and which is 
responsible for the observed large mobility.10 Although the 
packing of rubrene is not stricto sensu herringbone-like, for 
simplicity we refer to the angle between the two least-
squares planes calculated from the positions of the carbon 
atoms constituting the two tilted tetracene units as the 
herringbone angle (Fig. 1). A simple inspection of the 
structure packing leads to the conclusion that β is half this 
herringbone angle, which is the angle between the long axis 
of the tetracene units adjacent in the c direction that, unlike 
along b, they are indeed not co-facial, but tilted by 
approximately 61°. 

 
Fig. 2 shows the temperature evolution of b, β, cos β, and the 
slippage. Whereas the slope of d becomes smaller beyond 
200 K, that of the herringbone angle becomes larger starting 
at 180-190 K. The result is that no relative slipping is 
observed anymore above this temperature. We have been 
able to observe this effect because of a finer temperature 
sampling (10 K) than used in the  Jurchescu study24 (25 K) 
but also because of the higher accuracy of the synchrotron 
data compared to the previous laboratory data. The analysis 
of the equivalent isotropic displacement parameters of the 
atoms constituting the phenyl side ring did not show much 
higher values in the 150-200 K range than outside this 
interval (Fig. S8), thus not supporting the intermittent 
disorder model of Ren et al.27 
In an attempt of rationalizing and confirming these results 
in terms of molecular motions, we performed Molecular 
Dynamics simulations of a bulk rubrene crystal (see SI for 
details) using a classical force field already tested for 
rubrene33 and a further refined version of it. Although 
failing in reproducing the discontinuities seen in Figs 1 and 
2 – namely the slippage slight decreases with temperature 
in the calculations - both simulation series show an 
unprecedentedly reported nonlinear increase of b with 
temperature, thus substantiating the experimental findings.  
The molecular slippage parameter is a one-dimensional 
geometric parameter, which may not reflect accurately the 
three-dimensional nature of the interaction region between 
two molecules. Therefore, this interaction volume was 
calculated using the Non-Covalent Interaction approach 
(NCI), which uses the promolecular density ρ(r) for the 
determination of the reduced density gradient scalar field 
(RDG, s(ρ)).34 35 36  The isosurfaces spanned by  s(ρ) expand 
over regions of space containing interacting atoms and 
molecules. Within this formalism, the second eigenvalue of 
the Hessian density matrix determines the attractive or 
repulsive nature of the interactions.   
Fig. 3 gives the RDG for rubrene at 101 K and a three-
dimensional view of the interaction regions between the 
molecules within the rubrene trimer, where the color 
scheme goes from blue for strong attractive interactions to 
red for strong repulsive interactions passing through green 
for weak Van der Waals type interactions. As expected, all 
intermolecular interactions are of the weak Van der Waals 
type, slightly attractive or repulsing, with the majority of 
interactions between the rubrene molecules with co-facial 
tetracene backbones. The interactions between the 
herringbone stacked molecules contribute greatly to the 
crystalline cohesion, although these interactions are not 
responsible for the mobility properties. 
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Fig. 3: Left: the reduced density gradient s(ρ) versus sign(λ2)ρ 
for rubrene at 101 K. Right: NCI regions in rubrene trimer. The 
isosurface level of the RDG s(ρ)  is at 0.3. The color scheme is as 
in the left figure.   

The NCI results can be interpreted semi-quantitatively by 
calculating the integrals of different moments of the 
electron density in the interaction volume, as well as the 
interaction volume Ωa itself and the surface Aa of this 
volume. These parameters were determined for three 
different molecular configurations, the first consisting of a 
dimer of two rubrene molecules with co-facial tetracene 
backbones, the second of two adjacent rubrene molecules in 
herringbone stacking, and the third of a trimer of rubrene 
molecules with two co-facial tetracene units and a third one 
in herringbone stacking.  
 By comparing the values of the three different 
configurations (SI, Fig. S10), it can be estimated that the 
contribution to the crystal stability of the interactions 
between rubrene molecules with co-facial tetracene units is 
approximately twice as large as between herringbone 
stacked rubrene molecules.  All subplots in Fig. 4 for the first 
configuration show discontinuties around 200 K, suggestive 
of a first order transition and most evident for the 
interaction surface Aa which decreases rapidly with 
temperature below 200 K and remains approximately 
constant above 200 K. 

 

Fig. 4: NCI parameters as a function of temperature for a 
rubrene dimer with co-facial tetracene units: from the left to 
the right: integral of the electron density over the interaction 
volume, interaction volume, and interaction surface. All values 
are reported in atomic units.  

 
Being in possession of accurate temperature-dependent 
measurements of the atomic coordinates in the crystal cell 
grants a unique opportunity of evaluating one fundamental 
ingredient for charge transport in rubrene, namely hole 
electronic couplings and the closely related electron 

masses. In fact, regardless and even before the choice of a 
charge transport model, for which there is no consensus in 
the literature for rubrene, the magnitude of electronic 
couplings should be assessed, and their variation with 
temperature could even determine a switch between one 
transport model to another. Therefore, the purpose of the 
following calculations is two-fold: obtaining physical 
insights on the effect of thermal expansion on the electronic 
couplings and providing essential information for further 
investigation of the charge transport mechanism in this 
system. 
The electronic couplings (𝐽𝐽) characterizing hole transfers 
between neighboring molecules were calculated using 
Density Functional Theory (DFT) at the B3LYP/6-31G(d) 
level, by employing the projection method involving the 
highest occupied molecular orbitals (HOMOs) of the 
monomers.37 Fig 5 (left axis) shows the temperature 
evolution of the three most important transfer integrals. As 
reported in previous studies,17 38 39 40  the largest coupling 𝐽𝐽1 
occurs between molecules stacked parallel to the b axis, i.e. 
once set the origin at one reference molecule, the second is 
found at positions (0, ±𝑏𝑏, 0). A secondary but still sizable 
coupling J2, about 6 times smaller than 𝐽𝐽1, exists with 
molecules in the bc plane at positions (0, ± 𝑏𝑏 2⁄ , ± 𝑐𝑐 2⁄ ). 
Four weak interlayer couplings 𝐽𝐽3 are provided by 
neighbors in positions (± 𝑎𝑎 2⁄ , ± 𝑏𝑏 2⁄ , 0) and even smaller 
ones from positions (±𝑎𝑎 2⁄ , 0, ± 𝑐𝑐 2⁄ ); the latter are 
reported only in the SI.  
All couplings display a progressive decrease upon heating 
as a result of thermal expansion, which in turn stretches all 
intermolecular distances. One also notes that the trends for  
𝐽𝐽1 and 𝐽𝐽2 show a change of slope between 175 and 200 K, in 
line with the temperature evolution of the b-axis. In 
addition, it can be observed neat correlation with the 
variation of the cosine of the herringbone angle in the whole 
temperature range (Figure 2), although one would expect 
the variation of  𝐽𝐽1 to follow closely the variation of b 
instead, while for 𝐽𝐽2 the relation with cos𝛽𝛽 could have been 
anticipated since larger herringbone angles correspond to 
less cofacial dimers.  
Within a 1D band transport picture, charge carriers in the 
band can be described as particles with effective mass 𝑚𝑚∗ 
inversely proportional to the intermolecular coupling: 𝑚𝑚𝑖𝑖

∗ =
ℏ2 (2𝐽𝐽𝑖𝑖𝐿𝐿𝑖𝑖2)⁄ , with 𝐿𝐿𝑖𝑖  the intermolecular distance along the 
coupling direction 𝑖𝑖, but in the case of rubrene only 
transport along the b direction can  be treated as one-
dimensional.  The results for the effective mass calculations 
are shown in Fig. 5 (right axis). As expected, thermal 
expansion leads to an increase in effective mass with 
temperature, with 𝑚𝑚1

∗  varying from 0.71 to 0.77. These 
values are consistent with previously reported 
temperature-dependent effective masses for rubrene 
computed from the dispersion of the valence band,17 
although the full temperature dependence was not reported 
in any previous study. It is interesting to note that, because 
of the factor 𝐿𝐿𝑖𝑖2, the effective masses do not appear 
influenced by the structural phase transition and follow an 
approximate linear trend with temperature, suggesting that 
the effect of morphology changes on mobility could be 



 

 

5 

reflected to different extent depending on the transport 
mechanism, and foreseeing a stronger effect for hopping 
transport.  
 

 

Fig. 5: Evolution of the electronic couplings 𝐽𝐽𝑖𝑖   (in meV), and 
effective mass 𝑚𝑚1

∗  along the b direction (in electron rest mass) 
as a function of temperature. Note the different scales used for 
𝐽𝐽1 and 𝑚𝑚1. 

 
Whilst it was recognized that the magnitude of the 
electronic couplings plays an important role in having band-
like conducting behavior in an organic semiconductor, the 
cross-over from band-like to thermally activated mobility 
below T* was not easily explained for intrinsic organic 
semiconductor materials, i.e. measured with air-gap 
dielectrics.  Here we show that – at least in the case of non-
deuterated rubrene – the release of the blocked slippage of 
the tetracene units below T* may be linked to the mobility 
crossover. 
Mei et al.41 showed that crossovers from band-like to 
thermally activated charge transport could be achieved 
artificially by selecting a suitable dielectric material with a 
sufficiently large mismatch between its coefficient of 
thermal expansion and that of the organic semiconductor in 
the field-effect transistor, which was explained by the 
building up of strain-induced electronics traps during 
consecutive heating and cooling cycles. However, for 
rubrene a mobility crossover has been measured also with 
vacuum gate dielectrics and can thus not explain the 
crossover assuming externally induced strain. However, the 
anisotropic crystallographic thermal expansion of rubrene 
is similar to eigenstrain, which could have the same effects 
as an external mismatch strain. Indeed, with decreasing 
temperature the slippage parameter remains constant (Fig. 
2) and thus the intermolecular arrangement unaltered, but 
below approximately 200 K an intermolecular 
rearrangement takes place which could lead to an increased 
hole trap density and a crossover to thermally activated 
charge carrier transport. 
To further contextualize our results, it is worth 
acknowledging that, although the large electronic couplings 
in the ab plane suggest that hole transport in rubrene 
should be dominated by delocalized states, twenty years of 
research did not bring yet a consensus on the actual nature 
of this phenomenon and of its temperature dependence. 
The main obstacle to this objective is that most existing 
charge transport models42 43 44 45 46 47 can reproduce in 
practice any experimental temperature behavior by the 

adjustment of some of their microscopic parameters 
(ionization potentials, electronic coupling and their static 
and dynamic fluctuations, electron-phonon couplings, …) 
which in turn are very challenging either to measure or 
calculate in the exact experimental conditions.  Indeed, 
mobility measurements reflect a convolution of their 
temperature variation, but do not contain sufficient 
information to disentangle it.  
The situation is further aggravated by the different length 
scale probed by the available measurements techniques, 
which can give rise to contrasting results,48 and by the 
dominant role played by the substrate in determining the 
mobility temperature regime through electrostatic 
trapping, structural changes and thermal expansion.49 50 51  
 
In this contribution, we provide an essential piece of 
information to the rubrene mobility puzzle, unequivocally 
showing that a structural transition occurs in rubrene single 
crystal in the 175-200 K temperature range, and how it 
affects some fundamental parameters used in charge 
transport theories. This finding is indirectly supported by 
past investigations and could lead to a partial 
reinterpretation and to a more complete understanding of 
charge transport in rubrene. Besides the already mentioned 
structural study of Jurchescu et al.24, 25, hinting at a 
structural change at about 175 K, and the investigations by 
Podzorov and coworkers showing an abrupt decrease of 
mobility below 175-200 K,20, 21 also the contact resistance 
for mobility measurement along the b axis was found to 
display a crossover between two different regimes, at 
approximately 175 K.4 More recently, a similar crossover  
and a pseudo-band like temperature behavior at higher 
temperature, was reported also for the mobility along the c 
axis,18  for which, owing to weak electronic couplings, one 
would expect instead hopping to be the dominant 
mechanism. In a further study along this line, Blülle et al. 
reported an abrupt change of mobility along b, between 185 
and 200 K.5 
The structural transition reported here provide thus a 
further possible interpretation key for existing literature 
results. We hope that this finding will trigger further 
experimental investigations on the temperature 
dependence of rubrene mobility and help achieving a full 
comprehension of its complex origin. 
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