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Abstract: Many of the remarkable electrical and optical properties of organic
semiconductors are governed by the interaction of electran excitations with
intra- and intermolecular vibrational modes. However, in pecific systems this
interaction is not understood in detail at a molecular leveland this has been
due, at least in part, to the lack of easy-to-use and widely ailable experi-
mental probes of the structural dynamics. Here we demonstriz that elec-
tron diffraction on crystalline thin films of molecular semi conductors, such as
6,13-bistriisopropyl-silylethynyl (TIPS) pentacene, isa powerful tool to probe
directly correlated intermolecular motions and lattice phonons. The ampli-

tude and direction of the dominant molecular motions can be dtermined by



comparison of the diffuse scattering with simulations and nolecular dynamics
calculations. This technique could enable a much deeper uedstanding of the

structural dynamics in a wide range of organic semiconducts.

One Sentence SummaryDirect measurement of lattice vibrations in an organic sem
ductor is reported and used to explain the transport bebiawiol IPS-pentacene.

Main Text: In van-der-Waals bonded molecular solids electronic akoihs couple strongly
to intra- and intermolecular molecular vibrations leadindarge reorganisation energies and
polaron formation and giving rise to many of the unique eleat and optical properties of
these materialslj. In particular, in molecular crystals the coupling of ¢teaic excitations,
such as charge carriers or excitons, to low-energy themutate fluctuations such as soft libra-
tional or translational phonon modes is believed to be nesipte for the observed decrease in
carrier mobility with increasing temperatur®) ( Thermal lattice fluctuations lead to temporal
variations of the transfer integrals, as these are highigitiee to the relative intermolecular po-
sitions of adjacent molecules. This dynamic disorder has Ipeedicted theoretically to result in
localisation of the charge carrier3)( Recently, it has been reported that this dynamic disorder
model provides a consistent framework for understandiagléctrical and optical properties of
charge carriers in crystalline, high mobility moleculamseonductors, such as TIPS-pentacene,
and is able to explain variations in charge carrier mobikitth molecular structure and crystal
packing @). A detailed understanding of the nature and strength ehthElattice fluctuations
as a function of molecular structure and intermoleculakearis urgently needed to guide the
design of novel molecules with even higher charge carridbihties.

Unfortunately, experimental studies of the coupling be&twelectronic excitations and molec-
ular structure are rarely based on direct measurementg atithictural dynamics, but on infer-
ring molecular motions from molecular dynamics (MD) sintidas @) or from indirect mea-

surementsy). This is because of a lack of experimental techniques tteaable to probe

3



directly the structural dynamics in these materials. Imgple, X-ray scattering provides a
powerful method to experimentally investigate thermaliomotn molecular crystalsg). How-
ever, the displacements are relatively small, typicalbslthan 1A, and thus synchrotron mea-
surements would be needed to provide the required energ@shermore, X-ray scattering
requires typically large single-crystalline areas to dvaveraging over several crystalline do-
mains within the area exposed to the X-ray beam.

In this paper we present a comparatively simple and widebliegible electron diffraction
method to determine quantitatively intermolecular masionmolecular crystals. We apply this
technique to study the lattice dynamics of thin films of TIRSacene (shown schematically
in Figure 1A), a widely researched, high mobility organicngsonductors for applications in
flexible electronics?).

Electron diffraction in the transmission electron micrgse (TEM) is especially well-suited
to analysing organic crystals because of three factor€l€gtrons interact far more strongly
with matter than X-rays enabling weak diffuse scatterin@peadetected more readily; (ii) in-
formation can be gathered out to high scattering anglesy&eut to <0.5A resolution even
for light atoms 8) and (iii) single crystal patterns can be acquired with sabhemetre spatial
resolution, from polycrystalline regions and thin filmspaling the need for the large samples
required for similar X-ray and neutron diffraction expeents. However, care is needed to
avoid beam damage and to account for dynamical effects; wenamt further on both later in
this article.

Uniform TIPS-pentacene films (with typical grain sizes ofesal hundred microns) were
produced using a novel combination of drop-cast and flatgit@cedures that is applicable to
most non water-soluble organic semiconductors (Supmphtiformation). The crystal structure
of TIPS-pentacene is known to be triclinic (space groupwith cell parameters a=7.565,

b=7.750A, c=16.8354, 0=89.15, 3=78.42 and~=83.63 (9). The crystal structure as viewed



parallel to the [001] direction is shown in Figure 1B. Smalhgle convergent-beam electron
diffraction (CBED) patterns, were acquired from TIPS-&eine film, an example is shown in
Figure 1C (in this case the sample was cooled to 100 K to ingthbg clarity of the pattern
and the longevity of the films under irradiation). This [0@Httern shows streaks of diffuse
intensity (almost) parallel to [120]* (the [120]* directiccan be seen from the streak passing
through450 and530) reflections indicating structural disorder. Patternsrfrather zone axes
(Supplementary Information) show similar diffuse streakmsistent with these being traces of
a single set of planes of diffuse scattering whose normaaialfel (within experimental error)
to [210]*.

Planes of diffuse scattering indicate a 1-D breakdown afcstiral correlation, as would
be the case for thermally driven linear motion and so by aislgf the form and intensity
of the diffuse scattering it is possible to identify the atomiisplacements associated with the
disorder (0). Figure 1D shows schematically how a well-defined lineatiomin real space
creates a range of interplanar anglése( #) and planar spacings, (n, n). This results in the
corresponding reciprocal lattice points lying on a welfhdled line (Figure 1E). The displace-
ment vector of the atoms in the structure is perpendiculéigdine and thus the normal to the
plane of diffuse scattering defines the direction of anyldisgment. The molecular and crystal
structure of TIPS-pentacene suggests a possible sourtenoicadisplacement through a longi-
tudinal motion of the pentacene fragment (which lies nortadhe streak direction in Figures
1B and C). The enmeshed isopropylsilyl side-chains togetité the cofacialr — = stacking
creates a linear channel in which the pentacene fragmeadeseshe side-chains should provide
sufficient flexibility to allow some deviation in the positi@f each pentacene fragment in the
structure. The pentacene fragment long axis lies, to a v@sg gpproximation, parallel to []

(See Supporting Information) and thus the diffuse streakes gtraces of the plane of diffuse

1In fact the angle between [120]* andl[2]* is 88.24°



scattering) are consistent with a linear displacementgaiba pentacene long axis. The modu-
lation of the intensity along the streaks is caused by theaation with the shape transform
of the pentacene molecule.

To validate our method it was essential to ensure that (il slisplacements do not arise
from beam-induced defects and that (ii) motions inducedheyalectron beam are minor. To
show the latter, time series were recorded at 100 K and 30@¢t eomprising 35 diffraction
patterns. Figure 2A shows a selected area diffraction (S#itern, from one of the time series
recorded at 300 K. Linescans through the diffuse streaksgcted for the Bragg reflections)
yield intensity profiles and the evolution of such a profildigplayed by the blue lines in Figure
2b, which indicate an initial increase in streak intensiyen at significantly higher electron
doses (in this series 8802 C/cn? was applied between images) than used for the actual data
acquisition the increase never exceeded 30% of the inidéilriey showing that electron-beam
induced motions are a source of error which tends to ovenagtithe actual molecular motion
(Supplementary Information).

To investigate the former point above, electron diffractatterns were recorded-afilo K,
using a liquid helium stage to reduce thermal effects. Tlsgaved a significant reduction in
diffuse intensity, with the remaining energy at 10 K (indhglthe residual zero-point vibration)
responsible for the non-zero intensity of the streaks (8ttpyy Information). This indicates
that the displacements arise from dynamic motions withéndnucture rather than from static
displacements such as defects; a result which was furttergthened by a closer examination
of the time series. Figure 2B shows the evolution of the festundicated in the diffraction
pattern (Fig. 2A), with the initial intensity of every feaéunormalised. The:120 reflections
(green) and the diffuse streaks (blue) are associatedgdyranth the arrangement of the pen-

tacene fragments and these remain mostly stable with apgléstron dose. Other low order

2Just as the diffracted intensities are given by a convaiuiith the lattice basis



reflections (red) associated primarily with the side-chaire rapidly affected by the electron
beam. This observation agrees well with other resedkthtfat indicated a four times higher
beam sensitivity of TIPS-pentacene compared to unsutedditpentacene, which can be ex-
plained by the different aromaticity of the molecule cotsnts. The delocalized-electrons
present on the pentacene fragment can ‘repair most iaoizatamage caused by the beam
(much like graphite has been found to be immune to radio({i&. By contrast the ionization
of a bonding electron in one of the isopropylsilyl groupsaulesin the breaking of its chemical
bond.

Importantly, the absence of the effects of radiolysis sstgthat knock-on damage is the
primary degradation mechanism of the pentacene fragmehtheme is no reason that knock-
on displacements should be correlated in a single direthianlies almost perpendicular to the
electron beam. Since the presence of diffuse streaks howawnebe explained only by such
structural correlation, static disorder has been excldided consideration.

A ‘frozen-phonon’ model 13) of the structure was used to simulate the dynamical electro
diffraction pattern (via a multislice calculatioh4)) incorporating the pentacene phonon mode.
The structure model comprised a static matrix of isoprajyylside-chains with a molecular
substitution of the pentacene fragments. The fragmentiposiwere displaced by a Gaussian
standard deviations() applied along the pentacene long-axis direction; allgwhe amplitude
of the phonon mode to be determined by refinement. For suclcala@on a large super-
cell of TIPS-pentacene was required, which resulted in asamepling of reciprocal space and
improved fidelity of the diffuse scattering simulatialgj. The large supercell also enabled a
statistically significant number of independent atomipliisements to be included in the calcu-
lation using graphical processing units (GPUB)<19. The calculation steps were optimised
and made the calculation time for anx183 supercell sufficiently fast (1.07 s per slice, includ-

ing preparing the potential map) to achieve reliable stati®y averaging each pattern over 50



runs.

A simulated diffraction pattern with=0.07A and crystal thickness of 55 nm (the sample
thickness was determined by matching the dynamical Braggsities) is shown in Figure 3A;
the arrangement of diffuse streaks appears very similaetexperiment, notably the modulated
streaks at the correct distance from the centre of the padtedt the absence of a streak passing
through the unscattered beam and/iRé0 reflections. The simulation used a parallel incident
electron beam resulting in the Bragg reflections beirfgnctions and so appearing almost
uniformly intense compared to the weaker diffuse streakqudntitative comparison between
the simulated and experimental patterns was achieved lghimgtlinescans through the diffuse
streaks; an example (labelled PQ in Figure 3A) is shown i®gtonsidering linescans across
the entire pattern recorded at 100 K, a residéafdctor (1L9)) calculation indicated that the best
agreement occurred fer=0.07 + 0.02A,; the distribution of relative intermolecular distances
(between centres of mass) arising from this phonon modefintasa Gaussian withr,=0.08+
0.02A. For experimental data recorded at room temperature, themam residual was found
to be atr=0.09+ 0.02A and a distribution of intermolecular distances wit0.13-+ 0.02A.

Further validation of the phonon model was achieved by corsgawith molecular dynam-
ics (MD) calculations at 100 and 300 K following the methodegi in Troisiet al. (20). The
atomic coordinates from the MD trajectory were used in twgsvdo produce diffraction pat-
terns for comparison with the previous experimental andikted patterns and to quantify the
longitudinal motion of the pentacene fragment. The trajees provided atomic coordinates
that were input into the same electron scattering calanas used previously and the result-
ing simulated electron diffraction pattern is shown in Fgg3B. The general form of Bragg
reflections and diffuse streaks is in good agreement with the experimental and simulated
diffraction patterns (Figures 1C and 3A); this supportshiabe phonon model chosen previ-

ously and the output trajectories of the MD simulations. ldegr the supercell thickness used



for the MD simulation was fixed at 5.051 nm (to limit the sizetié MD calculation), much
thinner than the experimental crystal thickness makingatliquantitative comparison difficult.
Nevertheless, information about the specific phonon moderuscrutiny can be extracted from
the MD trajectories. The intermolecular displacement &f pentacene fragment centres-of-
mass was determined for temperatures between 30 and 300rKMID simulations, the fitted
o, for these distributions are shown in Figure 3C, along withtthio experimental values. There
is a good agreement at 300 K where the MD returyrs 0.127A, which compares well with
the 0.13A refined from the scattering model. Likewise at 100 K, MD slation returnss,=
0.072A (c.f. 0.08A for the scattering simulations).

There is little doubt that such large vibrational modes hineecapability to significantly
influence charge transfer in organic semiconductors, dtieeio narrow band structure and the
high sensitivity of the transfer integral to intermoleaud&splacements3; 21). Quantum chem-
ical calculations in20) provided a quantitative evaluation of the extent to whiwh ¢lectronic
coupling between HOMOSs localized on adjacent moleculesgbsas a function of the relative
molecular displacement along the {§ direction of a TIPS-pentacene crystal. In Figure 3D this
change{op) is compared with the distribution of relative displacetsssomputed from the MD
simulation pottom), which is very similar to that inferred from the diffractigpatterns. The
observed displacements (of the order of tens of picomegires$ufficient to cause fluctuations
of the intermolecular coupling of the same order of magmtofits average value. This results
in an expanded tail of trap states in the valence band of argamiconductors which manifests
itself in smaller localization lengths for higher temperats. The negative-T dependence at
higher temperatures that was observed in several higloipeaihce organic semiconducto2)
and the evidence of charge carrier localization from chargdulation spectroscopy) can be
both understood in terms of large fluctuations of the intdetwdar distances that can be now

probed directly and experimentally with the technique enésd here.



We have shown that the streaks observed in the experimefitaction pattern are gener-
ated by changes in the relative distance between close ateteclhe simulation of the experi-
mental pattern based on rigid molecular displacementslasdical MD simulations (all modes
included) are similar because the diffraction pattern ss leffected by intramolecular motions
and long wavelength acoustic modes that are included in Desivhulation but not in the rigid
molecule model. Importantly, it is the relative displacenketween molecules that has the
largest influence on the electronic structure of molecutanisonductors, i.e. the analysis of
the experimental diffraction pattern has the ability toypde information on the nuclear modes
that matter most for charge transport. We have been ableserad similar diffuse scattering
contrast in a broad range of molecular semiconductors dsag@horganic materials (Support-
ing Information) and this suggests that our technique is@adwidely applicable and provides
a powerful tool to study the interplay between lattice dyr@nand the transport of charges as

well as excitons in functional materials with fine-scale mogtructure.
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Figure 1: A) Schematic structure of the TIPS-pentacene catdeshowing the conjugated
electron density on the pentacene fragment. B) Ideal streicif the TIPS-pentacene crystal
projected along [001]. C) Experimental electron diffraatipattern recorded from a TIPS-
pentacene crystal parallel to [001], this has been adjusteatrease the visibility of the streaks
at high scattering angles. D) The relationship betweeneatimotion in real-space and E) the
diffuse scattering resultant in reciprocal space. Noteptracene fragment in B) and C) are
aligned parallel, resulting in the streak direction in Dyld) being parallel too.
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Figure 2: A) Uncorrected SAD pattern of TIPS-pentacene rigglgy to a time series of 35
exposures taken at 300 K. B) Intensity profiles with incnegglectron dose of the streak (blue),
+120 reflections (green) and other low order reflections (redphdiated in A).
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Figure 3: A) Simulated electron diffraction pattern proeldérom the pentacene-phonon model.
The inset shows a comparison between linescans taken fretméhPQ in the simulated pat-
tern (blue line) and the experimental pattern in Fig. 1C {pethts) at 100 K. B) Simulated
electron diffraction pattern produced from atomic cooadi#s in a molecular dynamics trajec-
tory calculated for calculated for 100 K (average of 10 shaps. C) Interatomic displacement
parametersd,.) from the MD simulation between 25 and 300 K (black) and fer180 and 300

K experimental values (blue). Djottom Distribution of the relative pentacene offsets along
[210] between each molecule and its 4 adjacent, in-plane neigkl{red and blue, see inset)
from a molecular dynamics simulation at 300tgp: Change of the coupling(d) as a func-
tion of the relative displacementalong [210] between HOMO orbitals localized on adjacent
in-plane pentacene molecules. The percent chatdg/7(0) - 100 is reported for two non-
equivalent pairs of molecules in tlhe— b plane shown inset. Red and blue curves correspond
to the black-red and black-blue pairs of molecules, respsgt
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Supplementary Information

Sample Preparation

The diffraction results presented in this work were enalbhe@ new sample preparation pro-
cess. Unlike in previously reported worR3, 29, the TIPS-pentacene films produced here
were not deposited on a supporting film that could give risartwanted background signal
in electron diffraction patterns. Instead polystyrendanit acid (PSS) was chosen as it al-
lows TIPS-pentacene (like most organic semiconductori)rta crystalline layers on top, and
can be subsequently diluted in water to release the overliRS-pentacene film. The TIPS-
pentacene was applied onto the PSS in a drop-casting protesis was optimised to yield
large but thin, defect-free crystals as follows:

An 18.53 weight percent PSS solution in water from ScienBfitymer Products Inc. was
spin-coated onto a cleaned glass substrate at 2500 r.prr80$o A 0.01 weight percent solu-
tion of TIPS-pentacene in tetralin was drop-cast onto thestsate which was constantly held
at 60C in a nitrogen atmosphere almost fully saturated with betraAfter the slow evapo-
ration of the tetralin solvent the sample was removed froenglovebox and a few droplets
of deionised water were applied to dilute the PSS layer. rAftiew minutes, TIPS-pentacene
crystals floated on the water surface where they were eashgg@up by a TEM grid as shown
in Supplementary Figure 1.

The large size of the grains in Supplementary Figure 1 sugjest the procedure produces
highly uniform crystals with length scales ©f.00s ofim. Atomic force microscopy measure-
ments revealed that the crystal thickness ranged from 30nbO@nm, whereas most crystals
showed a thickness e¥60nm. A bright field electron micrograph of one of the TIPS plasn
(shown in Supplementary Figure 2) shows grains close to é&drathe film, the size of the

grains extends beyond the field of view and shows that withéngrain the uniformity of the
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crystal is extremely high. This is highlighted by the visilidlend contours that remain almost
uninterrupted through most of the image, the local bendimgdver means that high spatial
resolution is required for the experiment, as accurate keaye of the zone-axis orientation
of the crystal is required for the structural analysis shawthis article and sampling across a

range of orientations would make this analysis much morepbexn

Diffraction Intensity Extraction

For quantitative analysis of electron scattering the ddfion patterns were recorded using high
dynamic range imaging-plate25) produced by Ditabis. The exposed plates were digitised
using the image plate scanner, resulting in images withaqimately 2.3 million grey-levels,
with an assumption of a linear response of the signal to teetrein dose. The as-recorded
[001] zone axis diffraction pattern acquired using a PBiEM30 TEM operating at 300 kV
and a sample temperature of 100 K is shown in Supplementgyré-i3A. Analysis of the
Bragg reflections was performed directly from the as-reedrdiffraction patterns. Linescans
through the Bragg reflections were taken and the area undberrefiection used as a measure
of the reflection intensity. The background contributiorsveatimated from the intensity at the
limits of the reflection and this was subtracted to produeg#w reflection intensities. Thermal
normalisation of the reflections was performed using a WilsormalisationZ6).

To analyse the diffuse streak intensity the same approastakan but through a different
sequence of stages. Since the general background intelesitgased radially from the centre
of the diffraction pattern but the streaks were linear tgtothe pattern there was no simple
method to perform the background subtraction after thengities were recorded; instead the
background was estimated for the whole pattern and remofechdial average of intensity
(1) centred on the unscattered beam was recorded and is shduppiementary Figure 3B

(note the abscissa is shown flarg (7)) along with a function fitted to the curve. While the
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agreement at very low scattering angles and very high scajtangles is moderate, there is a
generally good agreement for a wide range of the curve. Tdokdround was subtracted from
the pattern (to produce Supplementary Figure 3C) and laresalong five of the diffuse streaks

were recorded.

Structural Analysis

In order to determine the likely motion in TIPS-pentacermfrelectron diffraction patterns it
was important to carefully relate the information in the estmental patterns to the structure.
In the [001] zone axis diffraction pattern (Fig. 3c) the streak directis approximately parallel
to [120]* and the real-space motion should be perpendicular todinection. Supplementary
Figure 4 shows & x 3 cell in which only the pentacene fragments have been indiudeset
of (120) planes have been highlighted in the cells and it is appdrewtthe long axis of the
pentacene molecule lies almost exactly within the tracehisf plane. The long axis of the
pentacene fragment is approximately aloggo], which is at 89.2 to [120]*. Supplementary
Figures 5A and 5A show electron diffraction patterns reedrat 100 K parallel to thé)[ 1] and
[112] zone axes. In these cases the diffuse streak directiorj$ 24 and [241]* respectively,
all three of which are also normal t81[0]* reinforcing this is the likely direction of motion of
the pentacene fragment.

The perpendicular distance from the origin to the strongsik observed in the experi-
mental [001] zone axis diffraction pattern was 8.71imAs indicated in Supplementary Figure
4, the projected benzene ring diameter in the pentacenménatjs 2.284, the reciprocal dis-
tance of this is 4.35 nmi, showing that the strong streak is the second order featiueefifst
order streak is not particularly visible given the stron@dgy reflections close to the centre of
the pattern). The two reflections that lie closest to thismsjest streak arg30 and450. These

sets of planes are also indicated in Supplementary Figufdnd.relative positions of adjacent
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pentacene fragments will clearly have a significant effectheese two sets of planes. This is
further support for the diffuse scattering being caused lbyion of the pentacene fragments

along thier long axes.

Electron-Irradiation Effects

Much work has been undertaken to ensure that the resultmetitdescribe the actual intrinsic
lattice motion rather than electron beam-induced artefathis paragraph will therefore de-
scribe the degradation analysis in a little more detail aaabtbp two additional arguments that
were omitted in the main text against the observation beatuded defects and the uncertainty
due to beam-induced phonons.

The arguments result from a closer examination of the timesshowing the degradation
of the diffraction pattern taken from a constantly illuntieé sample region. Analysis and
comparison of the evolution of different intensity featbtained from time series taken at
either 100 K or 300 K and at varying beam intensities give aafale insight into the impact a
particular electron dose has on the organic crystal. Supgeary Figure 6A) coincides with
the diffraction pattern shown in Supplementary Figure 2Ahe main article and shows the
first diffraction pattern of such a series where the sampkestifl pristine. Self-written ImageJ
plugins R7) were used to extract the evolution of particular inteng&tures such as the line
scan presented in Supplementary Figure 6B) which showsfdhe diffuse streaks, comprising
the full streak width as indicated in Supplementary Figukg. \rranging the linescans from
the subsequently taken diffraction patterns along a third @vhich therefore corresponds to
the electron dose) yields a 3D surface plot as shown in Soppieary Figure 6C).

In this time series a high electron dosesafx 10~2 C/cn¥ has been applied between images,
which shows degradation effects more clearly and theredtbosvs for conclusions about the

stability of different components of the molecule as ddmtiin the main text. Nevertheless,
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it has been found that even for such high electron doses thaksintensity (corrected for
reflections as for the refinement procedure) never excee@édBthe initial value.

Supplementary Figure 6D) shows the evolution of the stretdasity (not corrected for the
reflections on the streak) for a diffraction pattern ser@®h at 100 K with an electron dose of
4.0 x 1073 C/cn? applied between images.

Due to the higher thermal stability at low temperatures,dégradation which can be ob-
served in the diffraction pattern as a fading of the refletis significantly reduced. However,
while the intensity of the reflections decreases only maittyirat 100 K, the colouring in Sup-
plementary Figure 6D) towards more red and green suggestsre@ enhanced rise in streak
intensity with applied electron dose at 100 K and our expegehas shown that this is even
more severe at temperatures as low as 10 K. Explaining tifgsdiftreak intensity via elec-
tron beam induced defects fails because the streak infemag always found to increase most
at lower temperatures, while at these temperatures the thas a smaller degradation in the
intensity of the other reflections.

By investigating how strongly the streak intensity risetwvapplied electron beam intensity
it is possible to get an idea of the quantitative uncertaamtging from electron beam heating
effects. Supplementary Figure 8E) shows a comparison @htbleition in streak intensity (cor-
rected for reflections as in the refinement procedure) wiphieg electron doses af0 x 103
Clcn? as in Supplementary Figure 6D) for 300 K (red) and 100 K (bldéje graph confirms
the observation that the increase in diffuse streak intgmsimore severe at low temperatures
where the sample is thermally more stable and thus more besistant. As with all series, they
have been conducted at previously unexposed sample regiamsid initial beam degradation
which would otherwise occur during alignment of the electoeam. Both the electron dose and
the beam intensity applied during these series form an Uppgof the values that were used

to acquire the diffraction patterns for the actual refinenpeacess. Therefore it is possible to
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make assumptions about the maximum uncertainty arisimg fream induced phonons. While
an increase of diffuse streak intensity of 20% for the 100 kesds not negligible, the electron
doses incident on the diffraction pattern used in the refer@mrocedure correspond to the ones
incident at the very first diffraction patterns of the timeisge. Additionally the high sensitivity
of the imaging plates used for actual data acquisition (the series were performed using a
CCD camera) allows not only for a better signal to noise rhtibalso to use lower electron
doses. Therefore the error arising from electron beam ediheating for both, 300 K and 100

K is estimated not to exceed 5 to 10% of the actual reportageval

Residual Calculations

The sum of residuals d®-factor is a conventional measure for comparing the strediactors
of of experimental £°%¢) and simulated £<%) diffraction data {9). The R-factor is defined

as:

_ Sl K1
ST

where K is a normalising factor such that:

R, (1)

B Zh Iobs
Zh Igalc

The calculated structure factors were produced by a mugkislalculation using atomic

K

(2)

positions determined from X-ray diffraction studies. Tlesulting R-factors as a function of
crystal thickness are shown in Supplementary Figure 7.€lisea minimum in the function for
a thickness of 55nm (comparable with that expected fromaedf). Any dynamical effects
present would be dominated by scattering involving thengtest reflections: namely 1200
and 50, in the ideal structure the ratigz}:1.5, should be approximately 0.65 but from the

experimental intensities it is 2.02, suggesting that soomeection is required (in the simulated
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55nm thick crystal the ratio of these reflection intensitexs 51 suggesting that the incorporated
dynamical scattering is a good approximation).

A similar residual calculation was performed to comparesiacans from the diffuse streaks
in the experimental and simulated diffraction patternsthis case the major difference was
that the relative weakness of the diffuse scattering magleasidual extremely sensitive to the
scaling factor [) in the calculation. In this case to improve reliability dtcomparison the
K-factor was taken to be the ratio of the sums of the Bragg tédles in the two patterns, in
addition to the integrated intensities of the diffuse #tseaUsing this approach the standard
deviation of the pentacene-fragment phonon could be refugaihst the experimental diffuse
scattering. The results of the calculation for diffractipatterns simulated for 55nm crystal
thickness show a general minimum for a displacement paenoéthe pentacene fragments
along their long-axis of approximately 0.67 Using the error calculation described in Vincent
et al. (28), an estimate of the error in the measurement was returreecrAinput of V=5 lines,
the error was determined to be the range for whieh(R169, corresponding to an approximate
error of £0.02A in the displacement parameter. This error limit is indéchin Supplementary
Figure 8A. Using the same approach the deviation paramaténé room temperature electron
diffraction data was refined to be 0.89The error estimate was found to be the range for which

R< 0.250, corresponding to an error &f0.02A, shown in Supplementary Figure 8B.

Molecular Dynamics Calculations

Force field and MD set-up is the same used in ref. 17 of the mamuscript with the exception
of the size of the supercell used here that 6889 x 69.75 x 50.51 A. The analysis presented
in the main manuscript was performed over 10 snapshots taikertervals of 0.6 ps of MD

dynamics initiated after an equilibration of 100 ps.
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Diffuse Scattering in Other Materials

We have found that diffuse scattering features featuresezhbly molecular motions appear in
electron diffraction patterns for a wide range of orgnamim&onductors. In Dupplementary
Figures 9A) and BO respectively we show example sof the rawdiffraction pattern of molec-
ular crystals of 1,4,8,11-tetramethyl-6,13-triethytthynyl pentacene (TMTES-pentacene)
and 2,8-Difluoro-5,11-bis(triethylsilylethynyl)antidighiophene (Dif-TESADT). These show
characteristic diffuse streaks similar to those obsemé&dPS-pentacene discussed in the main
text. The quantitative analysis of the diffuse scatterm@MTES-pentacene and Dif-TESADT
in terms of the dominant molecular motions and their amgégicould not yet be completed
(mainly because of uncertainties about the details of tiistak structures) annd will be pre-
sented elsewhere. However we show these diffraction pattegre to illustrate that the obser-
vation of the diffuse scattering is by no means limited tocgpemolecules, but can be observed
in a broad range of molecular crystals.

We have also observed similar features in inorganic mase@a example of which is the
perovskite rhenium trioxide (SUpplementary Figure 9C)tHis system the diffuse scattering
is caused by the motion of the rigid M@ctahedra. In all these systems the motion of such
significant portions of the structures explains why lattid@rations are strongly linked to the
electrical optical and thermal peoperties of the materralsking analysis of the structural dy-

namics an essential study.
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Supplementary Figure 4: Polarised light optical micrograpa TIPS-pentacene crystal sup-
ported on a TEM grid
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0.5um

Supplementary Figure 5: Electron micrograph of grains imRSFpentacene film indicating the
substantial grain size in the films.
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Supplementary Figure 6: A) Electron diffraction patteroaieled parallel to the [001] direction
of a TIPS-pentacene crystal. B) Radial average of intemsitye diffraction pattern in a shown
with a best-fit line. C) Electron diffraction pattern in Ajef background correction.

Supplementary Figure 7: Schematic structure of TIPS-gen&viewed along [001] with only
the pentacene fragments shown. (120) planes are indicatgbtv the relationship between
the approximate streak direction and the pentacene fraggnemgement. Thet§0) and £30)
planes are highlighted to indicate their relationship vt longitudinal arrangement of the
pentacene fragments.
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Supplementary Figure 8: Electron diffraction patternsorded parallel to A) [011] and B)
[112] zone axes of TIPS-pentacene. The arrangement of streéksda patterns shows that the
diffuse scattering is in the form of ‘sheets’ in reciprocphse with a normal parallel t@T0]*.
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Supplementary Figure 9: A) Uncorrected, logarithmicaltgled SAD diffraction pattern of
TIPS-pentacene belonging to a time series of 35 images @k8A0 K. B) Intensity profile
of the line scan from the streak area indicated in (A) whetbasscan width was chosen to
comprise the full streak width. C) Evolution of the integgtofile shown in (B) under electron
beam irradiation where an electron dos&6fx 10~3C/cn¥ has been applied between images.
D) Top view of an 100 K streak intensity profile evolution aswh in (C) with an electron dose
of 4.0 x 1072 C/cn? applied between images.
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Supplementary Figure 10: Plot di, between experimental and simulated Bragg reflection
intensities as function of crystal thickness.
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Supplementary Figure 11: Plot &, between experimental and simulated diffuse streak in-
tensities as function of frozen-phonon model displacemarameter for A) 100 K diffraction
data and B) 300 K diffraction data. Horizontal lines indec#ite range of estimated error in the
displacement parameter in each plot.
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Supplementary Figure 12: Experimental electron diffiatpatterns showing diffuse scattering
features recorded from A) TMTES-pentacene B) DiIF-TESADT @) rhenium trioxide
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