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Effect of substituting non-polar chains with polar chains on the
structural dynamics of small organic molecule and polymer
semiconductors
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The processability and optoelectronic properties of organic semiconductors can be tuned and manipulated via chemical
design. The substitution of the popular alkyl side chains by oligoethers has recently been successful for applications such as
bioelectronic sensors and photocatalytic water-splitting. Beyond the differences in polarity, the carbon-oxygen bond in
oligoethers is likely to render the system softer and more prone to dynamical disorder that can be detrimental to charge
transport for example. In this context, we use neutron spectroscopy as a master method of probe, in addition to
characterisation techniques such as X-Ray diffraction, differential scanning calorimetry and polarized optical microscopy to
study the effect of the substitution of n-hexyl (Hex) chains by triethylene glycol (TEG) chains on the structural dynamics of
two organic semiconducting materials: a phenylene-bithiophene-phenylene (PTTP) small molecule and a fluorene-co-
dibenzothiophene (FS) polymer. Counterintuitively, inelastic neutron scattering (INS) reveals a general softening of the
modes of PTTP and FS materials with Hex chains, pointing towards an increased dynamical disorder in the Hex-based
systems. However, temperature-dependent X-Ray and neutron diffraction as well as INS and differential scanning
calorimetry evidence an extra reversible transition close to room temperature for PTTP with TEG chains. The observed extra
structural transition, which is not accompanied by a change in birefringence, can also be observed by quasi-elastic neutron
scattering (QENS). A fastening of the TEG chains dynamics is observed in the case of PTTP and not FS. We therefore assign
this transition to the melt of the TEG chains. Overall the TEG chains are promoting dynamical order at room temperature,
but if crystallising, may introduce an extra reversible structural transition above room temperature leading to thermal
instabilities. Ultimately, a deeper understanding of chain polarity and structural dynamics can help guide new materials
design and navigate the intricate balance between electronic charge transport and aqueous swelling that is being sought for

a number of emerging organic electronic and bioelectronic applications.

developments in areas such as organic bioelectronics and
photocatalysis.?>

Being able to understand and manipulate electrical charge
transport across several metal-organic and organic-organic
interfaces in these electronic devices has necessitated judicious
control of frontier energy levels in organic semiconductor
materials. This is now a well-established area with many clear
structure-property relations and numerous powerful chemical
design tools such as push-pull (donor-acceptor) type molecular
structures, non-covalent conformational locking interactions
and various heteroatom effects.%®

A significant selling point of organic electronics is the solution
processability of the organic semiconductor materials, which is
typically imparted by alkyl chains covalently attached to the m-

Introduction

Chemical design is a ubiquitous aspect of organic electronics,
which has helped advance mature technologies such as organic
light-emitting displays to commercialisation and allowed for
other technologies such as organic photovoltaics to undergo
rapid performance improvements in recent years.! Chemical
design is moreover pushing new emerging technologies to the
forefront of organic electronics research with promising
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conjugated backbone. While early semiconductor materials
such as polythiophenes and polyfluorenes were solubilised with
relatively short and linear alkyl chains such as n-hexyl and n-
octyl chains, the subsequent development of new
semiconductors with fused aromatic cores and lower alkyl chain
densities brought along longer linear chains (e.g. n-tetradecyl
and n-hexadecyl) as well as a large family of branched alkyl
chains.” Moving away from purely alkyl based chains,



Page 7 of 33

solubilising chains with for instance siloxane and amide
functionalities have been used to improve solid-state structural
organisation, charge transport and self-healing properties.??
The introduction of highly polar chains, in particular those based
on oligoethers, has more recently emerged as a particularly
powerful tool to tune a variety of materials properties such as
the structural packing, dielectric constant, water swelling and
interactions with polar and ionic species including molecular
dopants and biologically relevant ions and molecules.l® In
several instances, m-conjugated polymers with oligoether side
chains have been found to shorten the intermolecular m-
stacking distance between polymer chains compared to their
alkylated counterparts.’>12 Stronger m-stacking interactions in
these glycolated materials have led to higher degrees of
crystallinity and better charge transport in field-effect
transistors. Organic thermoelectrics rely on effective p- and n-
type doping to increase the electrical conductivity of hole and
electron transporting organic semiconductors which in turn
allow for energy harvesting across a temperature gradient. A
morphologically stable dispersion of molecular dopants within
the organic semiconductor at elevated temperatures is thus an
important prerequisite in a thermoelectric generator. In this
context, glycolated semiconductors have been shown to
facilitate higher electrical conductivity and better thermal
stability than their alkylated counterparts. This has been
observed for several materials classes including thiophene
based p-type polymers, naphthalene diimide based n-type
polymers and molecular fullerenes.’371> In the case of n-type
doping of a glycolated fullerene derivative, the increased
molecular polarity of the fullerene (compared to an alkylated
analogue) is hypothesised to improve the miscibility of the
fullerene and the molecular dopant and also solubilise the
cationic doping product to a greater extent. Glycolated
materials have likewise made a significant impact on the
emerging field of organic bioelectronics and in particular on the
development of new active materials for agueous electrolyte-
gated transistors which are promising devices for a variety of
biosensing applications.’®17 While alkylated semiconductors
due to their hydrophobic nature only allow for interfacial charge
transport in a transistor, the glycolated counterparts can
facilitate penetration of ions into the bulk of the semiconductor
and hence shift the mode of operation to bulk charge
transport.'® During recent years, this has been documented for
thiophene and isoindigo based p-type polymers, naphthalene
diimide based n-type polymers as well as both p- and n-type
molecular systems.16:17.19-21 Qligoether side chains have been
recently introduced for photocatalytic water-splitting
applications. In this context, the polar side chains are thought
to improve the photocatalytic activity by leading to polymer
swelling in water (higher surface area for the catalytic reaction
to take place) and longer-lived electrons due to a change in the
dielectric constant of the environment and thus, stabilisation of
the charges.??223 It is also found to interact strongly with
palladium co-catalyst.??

While it is clear that oligoether chains present a relatively new
and highly valuable addition to the organic chemistry toolbox
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used for designing and synthesising organic electronic
materials, the fundamental differences between oligoethers
and alkyl chains in the context of organic electronics have not
been studied in much detail across several systems. The carbon-
oxygen bond in oligoethers is likely to rotate more freely than
carbon-carbon bonds in alkyl chains, leading to a more flexible
system. As discussed above, this can lead to stronger
intermolecular interactions. On the other hand, the dynamical
disorder can also influence charge transport negatively.?42>
Motivated by this increased attention and significant promise of
glycolated chains as a new chemical design tool in the wider
field of organic electronics, we compare, herein, two organic
semiconductor materials, a phenylene-bithiophene-phenylene
(PTTP) molecule?%2627 and a fluorene-co-dibenzothiophene
sulfone polymer (FS), with each organic semiconductor bearing
either nonpolar n-hexyl (Hex) or polar triethylene glycol (TEG)
based solubilising chains as illustrated in Figure 1.23
Attachment of solubilising chains onto the sp3-hybridised
bridgehead atom in the fluorene copolymer is a common
functionalisation strategy, not only for light-emitting fluorene-
based materials such as PFO and F8BT but also for example for
PCPDTBT and IDTBT, which are high-performing photovoltaic
and transistor materials, respectively. Similarly, the peripheral
linear chains on PTTP is a well-known motif seen for instance in
other high-performing small molecule transistor materials such
as C8-BTBT, C10-DNTT, DH-6T, and DH-FTTF. As such, we believe
that the two materials studied herein represent two broad
classes of organic semiconductor materials that have found
widespread use across several organic electronic device
applications. PTTP and FS will thus serve as exemplars for which
we will study the effect of substituting the archetypical
solubilising alkyl chains with polar glycolated chains on
structure, morphology and dynamics of the materials. Our
materials choices will moreover allow us to directly compare
the impact of introducing glycolated chains onto two radically
different semiconductor architectures, a relatively short
molecular semiconductor, PTTP, with solubilising chains parallel
to the long molecular axis tethered via sp2 carbons and a -
conjugated polymer, FS, with solubilising chains perpendicular
to the polymer backbone attached on sp3 hybridised
bridgeheads.

Results and discussion

Fluorene-co-dibenzo[b,d]thiophene sulfone polymers FS-Hex
and FS-TEG (Figure 1) were synthesised by Suzuki—Miyaura-type
polycondensation and obtained with weight-average molecular
weights of 8.2 kDa and 11.5 kDa, respectively, as previously
reported.?> The 5,5-biphenyl-2,2’-bithiophene compounds
PTTP-Hex and PTTP-TEG (Figure 1) were synthesised by Stille-
coupling between the appropriately  functionalised
bromobenzenes and distannylated bithiophene as previously
reported.?%2” Thermogravimetric analysis reveals that all four
materials are thermally stable until 300 °C.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (Left) Alkylated (non-polar, labelled as Hex) and glycolated (polar, labelled as TEG) fluorene-co-dibenzothiophene sulfone (FS) polymer structures with side chains tethered
through sp3-hybridised bridgeheads and typical polymer packing motif showing nt-stacking (a) and lamellar stacking (b); (right) examples of typical molecular packing arrangements

and structures of alkylated (non-polar, labelled as Hex) and glycolated (polar, labelled as TEG) phenylene-bithiophene-phenylene (PTTP) semiconductor structures with peripheral

chains appended through sp?-hybridised carbon atoms.

Figure 2 (a-b) shows the neutron and (specular) X-ray
diffractograms for FS-Hex, FS-TEG, PTTP-Hex, and PTTP-TEG at
room temperature. While neutrons here as a bulk probe
penetrate the samples, specular X-Ray diffraction provides
further information regarding the out-of-plane crystallinity and
orientation of the crystals with respect to the thin film
substrate. X-ray and neutrons are sensitive to different
elements present in the molecules and thus, provide
complementary information and a more global picture of the
crystal structure, especially for compounds with long alkyl
chains. On the neutron diffractograms, FS-Hex exhibits only two
Bragg peaks at 3.6° and 8.5°, respectively. While the Bragg peak
at 3.6° is shifted towards lower angles and appears more
intense for FS-TEG, the Bragg peak at 8.5 is present at the same
angle and no significant changes in intensity are observed for
FS-TEG. FS-TEG presents additional Bragg peaks at 4.3°, 10.5°
and 19.5° and an additional broad peak at 16°. The Bragg peaks
at low Q value observed by neutron diffraction are related to
the lamellar stacking of the polymers while the broad Bragg
peaks at about 20° observed by X-ray diffraction are related to
the m-it stacking of the polymer. The TEG side chains promote
ordering of the m-mt stacking and enhance the ordering of the
lamellar stacking as observed by neutron diffraction,

presumably because the side chains are more flexible and
present less steric hindrance due to the reduced number of
hydrogens. The diffractograms of PTTP-Hex and PTTP-TEG are
also different. A Bragg peak at low Q is observed both by X-ray
and neutron diffractions for PTTP-Hex. On the X-ray
diffractograms, the low-Q Bragg peak is observed at 3.4 ° with a
shoulder at 2.9 °. Additional Bragg peaks at 16 °, 16.6 °, 17.8 °,
22.5 " and 25 °, as well as a broad peak around 19° are further
observed by neutron diffraction for PTTP-Hex. The Bragg peaks
at low angles are shifted to higher angle values for PTTP-TEG.
The Bragg peaks present on the neutron diffractograms at 16 °,
16.6 ° and17.8 ° are at the same Q values for PTTP-TEG but their
intensities are different with respect to PTTP-Hex. On the
neutron diffractogram, the broad peak around 19° is more
resolved for PTTP-TEG with two peaks at 18.7 ° and 19.5 °. The
peak at 22.5° is not present for PTTP-TEG. However, PTTP-TEG
exhibits additional peaks at 4.4 °, 6 °, 24.2 * and 26.3 ° as well as
a broad peak around 10.3°. Furthermore, PTTP-TEG exhibits an
extra Bragg peak observed by X-ray diffraction at 7.6 °. The only
Bragg peak presents on the specular X-ray diffractograms for
PTTP-Hex corresponds to the 100 reflection according to the
crystal structure in reference 28. This suggests that the crystals
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Figure 2. Comparison between the neutron and specular X-ray diffractograms of the two (a) FSs and (b) PTTPs at 300K.

of PTTP-Hex are oriented with the long axis of the unit cell grown from slow cooling of a hot toluene solution, is depicted
perpendicular to the substrate. The shorter repeat distance for in Figure 3 together with that of PTTP-Hex.?®2 Both compounds
PTTP-TEG (assuming a similar perpendicular orientation and crystallise in the monoclinic P21/c space group and the folded
similar type unit cell) could indicate that the longer TEG chainis TEG chain hypothesised above is confirmed with the shorter
folded somehow while the shorter alkyl chain is fully extended. long axis (a = 22.97 A versus 25.24 A) observed for PTTP-TEG.
To further probe the PTTP structural order, a single crystal of Both compounds pack in a typical herringbone fashion, but a
PTTP-TEG was obtained for comparison with the reported PTTP- lower degree of backbone planarity is observed for PTTP-TEG
Hex single crystal. The single crystal structure of PTTP-TEG, with phenylene-thienylene dihedral angles around 17° for
obtained from X-Ray diffraction carried out on a single crystal PTTP-TEG compared to ~4° for PTTP-Hex.
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Figure 3. Single crystal structures of (a) PTTP-Hex (from ref. 28) and (b) PTTP-TEG, showing packing along the b-axis (top) and along the long molecular axis (bottom). Both
compounds crystallise in the monoclinic P21/c space group with cell parameters a 25.24(3)A b 5.666(7)A ¢ 9.274(12)A, a 90° B 98.36(2)° y 90° for PTTP-Hex and
a22.969(1)A b 8.1561(3)A c 8.6458(3)A, o 90° B 100.575(4)° y 90° for PTTP-TEG.
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performed at a scan rate of 10 °C/min with endothermic events “up”; second heating/cooling cycle shown in both cases to avoid thermal history effects. Polarised optical micrographs
recorded during the second heating cycle.

Differential scanning calorimetry (DSC) supported by polarised
optical microscopy (POM) was used to probe the thermal
behaviour of the two crystalline PTTP molecules as illustrated in
Figure 4. Upon heating, a transition to isotropic melt is observed
at 232 °C and 198 °C for PTTP-Hex and PTTP-TEG, respectively.
For PTTP-TEG, two additional endothermic events at 95 °C and
171 °C are observed during the heating cycle, with associated
exothermic events during the cooling cycle. Note that the
transition at 171 °C presents little undercooling in contrast to
the transition at 95 °C. We assume these transitions to be
smectic to smectic transitions with the first transition (95 °C)
most likely being a TEG chain melt and the second (171 °C) a
change of orientation within the The optical
micrographs reveal different microstructure for PTTP-Hex and

lamellae.

PTTP-TEG. PTTP-Hex is homogeneously packed, showing clear
smectic homeotropic behaviour in agreement with previous
literature,2>3° while PTTP-TEG is inhomogeneous, with isotropic
small crystals and larger crystals growing along a preferred
orientation. We observe very little change in the birefringence
by POM for PTTP-TEG across the 20 °C-200 °C temperature
range indicating that liquid crystalline phases are unlikely to
exist although we cannot rule out their existence entirely. In
order to get further insight in the transition around 95 °C, we
carried out further temperature-dependent X-Ray and neutron
diffraction measurements for both sets of samples (Figure 5).

No changes are observed for both FS polymers within the
measured temperature range (10-400K) (Figure 5 a-b). Some
small changes in the diffractograms of PTTP-Hex at 300K before
and after heating can be observed in Figure 5 c and e. Some

This journal is © The Royal Society of Chemistry 20xx

additional Bragg peaks are present before annealing at 16°, 22.5
®and 25 “as well as the broad peak around 19 ° in Figure 5 c.
These extra peaks melt at 400K, except for the broad peak at 19
° that sharpens upon heating, and do not reappear when
cooling. The Bragg peak at 19 ° shifts to higher angles upon
cooling. This points towards the presence of a second less stable
polymorph at 300K depending on processing history. When
heated at 400K, the low-angle peak and the Bragg peak at 17.8°
(Figure 5 c) decrease in intensity while the intensity of the peaks
at 16.6° increases (Figure 5 c). Heating the PTTP-Hex likely
strengthens the interactions at short lattice distances at the
expense of weakening them along the long axis of the unit cell.
For PTTP-TEG, unlike for PTTP-Hex, no differences in the
diffractograms are observed before and after heating (Figure 5
d). This can be explained by a difference in flexibility of the TEG
chains as well as an increase of solubility in most common
solvent leading to increased rearrangement of the molecules
during processing resulting in the appearance of the most
thermodynamically stable polymorph for PTTP-TEG. The
diffractogram at 200K are similar to the one at 300 K and small
changes can be observed at 10 K (Figure 5 d). The peaks at 16 °,
17.8 * and 24.2 ° are slightly shifted towards higher angles and
the intensity of the peaks at 17.8 °, 18.7 ° and 19.5 ° are
increased. Those observations are expected from normal
compression due to cooling. Interestingly, large differences in
both neutron and X-ray diffractograms can be observed upon
heating at 400 K (Figure 5 d and f) and as mentioned, are
reversible upon cooling. On the neutron diffractogram, the
Bragg peaks at 16 °, 16.6 * and
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Figure 5. Temperature-dependent neutron diffractograms of (a) FS-Hex, (b) FS-TEG, (c) PTTP-Hex, (d) PTTP-TEG. Temperature-dependent specular X-ray diffractograms of (e) PTTP-

Hex and (f) PTTP-TEG.

17.8 * merge into a broad peak upon heating at 400 K while the
intensity of the strong peak at 19.5 ° decreases drastically. The
peak at 24.2 ° disappears. Furthermore, the peaks at 19.5 ° is
slightly shifted towards higher angles. On the X-ray
diffractogram, the intensity of the peaks at low and high angle
decrease. It is clear from these observations that we are
observing a reversible transition for PTTP-TEG upon heating
that is not observed in the other samples. To gain further insight
in the changes of morphology upon heating, we perform
inelastic neutron scattering (INS).

Figure 6 (a-b) shows the generalized density of state (GDOS)* of
the set of samples at 300 K. The GDOS of the FS polymers are
almost featureless in comparison with the PTTP small molecules

pointing towards more disorder in the polymeric systems. This
is in good agreement with the neutron diffractograms showing
an increased crystallinity for the PTTP small molecules. The FSs
exhibit two bands at about 15.5 meV and 30 meV. The bands
appear more pronounced for FS-TEG and the Debye growth is
slightly shifted to lower energy for FS-Hex, indicating a slight
softening of the modes for FS-Hex with respect to FS-TEG. This
points towards a higher disorder in FS-Hex with respect to FS-
TEG as also observed by diffraction. PTTP-Hex exhibits a broad
band at about 15 meV. For PTTP-TEG, this broad band is better
resolved revealing a strong band at 12 meV and a weaker band
at about 20 meV. An extra band appears for PTTP-TEG at about
30 meV. The Debye growth of PTTP-Hex is shifted to lower
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Figure 6. Generalized density of state (GDOS) of (a) FSs and (b) PTTPs at 300K after annealing. Temperature-dependent GDOS of (c) FS-Hex, (d) FS-TEG, (e) PTTP-Hex and (f) PTTP-
TEG. The insets show the Debye growth. For the FSs, the samples were first measured at 400K, then at 300K and finally at 200K. For the PTTP molecules, the samples were first

measured at 300K, then 400K, then 300K and finally 200K for PTTP-TEG

energy indicating a softening of the mode with respect to PTTP-
TEG. Both the better resolution of the vibrational bands for
PTTP-TEG and the clear softening of the modes for PTTP-Hex
points towards an increased disorder for PTTP-Hex that could
not be clearly seen in the diffractograms. The difference in
Debye growth between PTTP-Hex and PTTP-TEG is more
pronounced than between the FS polymers with a clear shift
towards lower energy for PTTP-Hex. This highlights a general
softening of the modes with the alkyl chains, leading to an
increased disorder.

Upon cooling from 400 K to 200 K, the GDOS of both FS-Hex and
FS-TEG becomes more resolved due to the decrease of the
Debye-Waller effect and, the Debye growth shows a shift
towards lower energies showing a slight hardening of the

modes (Figure 6 c-d). Upon cooling from 300 K to 200 K, the
GDOS of PTTP-TEG becomes also more resolved and the GDOS
becomes dominated by the band at 12 meV and 30 meV. Unlike
for the FSs, no changes in the Debye growth is observed upon
cooling to 200 K (Figure 6 f). The PTTPs behave differently
compared to the FSs upon heating at 400 K (Figure 6 e-f). The
broad band at about 15 meV disappears for PTTP-Hex and the
bands at 12 meV and 30 meV disappear for PTTP-TEG. A small
shift towards lower energies in the Debye growth is observed
for PTTP-Hex and a pronounced shift is observed for PTTP-TEG.
The modes of the PTTPs soften upon heating, especially for
PTTP-TEG. The GDOS of PTTP-TEG resembles at 400 K the
featureless GDOS of PTTP-Hex and both GDOS exhibit similar
Debye growth. Although the diffractograms of PTTP-Hex and
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and (f) PTTPs. The black spectra are the QENS spectra of FS-Hex for the FS samples and PTTP-TEG for the PTTP samples measured at 10 K and thus, represents the instrumental

resolution.

PTTP-TEG are different at 400K, the GDOS of the two materials
are similar. This indicates that the morphology of the two
materials seem to be similar while the microstructure is
different. We hypothesise based on diffraction, POM and INS
measurements that the transition between 300 and 400 K for
PTTP-TEG is due to the TEG chain melting, impacting both the
crystalline structure and the disorder of the material. To
capture the change in chain dynamics, we further performed
quasi-elastic neutron scattering (QENS) using the IN6
spectrometer offering an energy window suitable to capture
chain motions for the studied systems.

Figure 7 (a-d) shows the Q-dependent QENS spectra of all the
studied samples at 300 K. In all cases, a clear Q-dependence is
observed. It appears that the QENS spectra are overall narrower

for FS-TEG and PTTP-TEG than FS-Hex and PTTP-Hex,
respectively, but with a similar Q-dependence. This is better
shown by averaging the QENS spectra over the Q range (Figure
6 e-f). The FS-TEG exhibit slightly narrower QENS spectra for all
the measured temperatures (Figure 6 e). This can be due to
several factors: (i) the difference in numbers of hydrogens, (ii)
the results of FS-TEG being slightly more ordered than FS-Hex,
as observed on the diffractograms and GDOS, leading to an
extra elastic contribution or (iii) a slower dynamics of the TEG
chains with respect to the Hex chains. The QENS spectrum of
PTTP-TEG at 300 K before and after annealing are superimposed
(Figure 6 e) while the QENS spectrum of PTTP-Hex at 300K,
before annealing, is slightly narrower than after annealing
(Figure 6 f). This can be due to the observed difference in the
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diffractograms of PTTP-Hex before and after annealing. The
polymorphs that melt upon annealing and do not crystallise
upon cooling exhibit either more frustrated motions of the
chains or exhibit an extra elastic contribution. The fact that the
GDOS seems unaffected would point towards frustration.

Upon heating, the QENS spectra of all the samples broaden as
expected since the chains’ motions become faster with
temperature, once activated. The QENS spectra of FS-TEG
remains slightly narrower for all the measured temperatures
with respect to the QENS spectra of FS-Hex. Interestingly, the
QENS spectrum of PTTP-TEG is significantly narrower at 300 K
than the PTTP-Hex while the QENS spectrum of PTTP-TEG
resembles the QENS spectrum of PTTP-Hex at 400 K (Figure 6 f)
with a slight narrowing similar to what is observed for the FSs.
The phase transition observed for PTTP-TEG in both
diffractograms and GDOS is reflected in the QENS and clearly
involves fastening of the TEG chain motions.

Experimental

The two FS polymers (Hex and TEG) used in the present neutron
measurements were the same already synthesised and studied
in reference 23.

Both small PTTP molecules (Hex and TEG) were synthesised
according to previously published procedures.?° X-ray powder
diffraction was carried out on a PANalytical X'Pert Pro
diffractometer using Ni-filtered Cu Ka radiation, setup in grazing
incidence configuration. Thin films were drop cast onto boron
doped single side polished silicon substrates of <100>
orientation, purchased form PI-KEM, from 10 mg ml-1 polymer
solutions in 1,2-dichlorobenzene. Films were covered with a
glass petri dish and allowed to dry overnight in air. DSC was
carried out on a Perkin Elmer DSC4000. In all calorimetry
diagrams, endothermic processes are up and exothermic
processes are down. General procedure for differential
scanning calorimetry: 1) Hold for 1.0 min at 0.00°C - Heat from
0.00°C to 300.00°C at 10.00°C/min; 2) Hold for 1.0 min at
300.00°C - Cool from 300.00°C to 0.00°C at 10.00°C/min;
3)Hold for 1.0 min at 0.00°C - Heat from 0.00°C to 300.00°C at
10.00°C/min; 4) Hold for 1.0 min at 300.00°C - Cool from
300.00°C to 0.00°C at 10.00°C/min; 5) Hold for 1.0 min at 0.00°C
- Heat from 0.00°C to 300.00°C at 10.00°C/min; 6) Hold for 1.0
min at 300.00°C - Cool from 300.00°C to 0.00°C at 10.00°C/min;
7) Hold for 1.0 min at 0.00°C.

Single crystal X-ray diffraction data for PTTP-TEG were obtained
ona0.03 mm x 0.04 mm x 0.05 mm block using Cu-Ka radiation
on a Rigaku O07HF diffractometer equipped with Varimax
confocal mirrors and an AFC11 goniometer and HyPix 6000HE
detector at the National Crystallography Service at the
University of Southampton, UK. The structure was solved by
Patterson methods using the program SHELXT3! and refined
using SHELXL32 in space group P2/c with a = 22.9690(10) A, b
8.1561(3) A, ¢ = 8.6458(3) A, 8 = 100.575(4)° and volume
1592.17(11) A3. The final anisotropic full-matrix least-squares
refinement on F? with 209 variables converged at R; = 4.88%,
for the observed data and wR, = 13.88% for all data. CCDC
2052663 contains the supplementary crystallographic data for

This journal is © The Royal Society of Chemistry 20xx

this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Polarised optical
microscope (POM) measurements were obtained using a
Linkam LTS 350 hot stage and controller and an XPL3202
polarising microscope with digital camera measurements
carried out in transmission using a 5 micron cell.

The neutron scattering measurements were performed using
the direct geometry, cold neutron, time-of-flight, time-focusing
spectrometer IN6, at the Institut Laue-Langevin (ILL, Grenoble,
France). An optimized sample thickness of 0.2 mm was
considered, relevant to the minimization of effects like multiple
scattering and absorption. The temperature-dependent QENS
and GDOS* spectra were collected using an incident neutron
wavelength of 5.12 A (Ei = 3.12 meV), offering an optimal energy
resolution at the elastic line of ~ 0.07 meV. Data were reduced,
treated and analysed in a similar way as was done in our closely
related work on conjugated polymers.33

Conclusions

We studied the impact of the substitution of alkyl (n-hexyl)
chains by triethylene glycol (TEG) chains on two families of
materials, fluorene-co-dibenzothiophene sulfone (FS) polymer
with the chains perpendicular to the backbone and phenylene-
bithiophene-phenylene (PTTP) small molecule with the chains
at the peripheral end-group positions.

A correlated interpretation of diffraction patterns from X-Ray
and neutron measurements allowed to study the long-range
order of the materials. We used complementarily INS to probe
the associated morphologies. Both FS polymers are largely
amorphous with FS-Hex slightly softer than FS-TEG. Unlike the
FS polymers, the PTTP small molecules are crystalline. PTTP-Hex
also appears softer than PTTP-TEG. This softening is reflected in
the QENS measurements by broader QENS spectra. We
highlight a general softening of the modes induced by the
presence of alkyl chains and leading to an increased dynamical
disorder of PTTP-Hex and FS-Hex.

Temperature-dependent measurements, including calorimetry
measurements, evidence an extra exothermic transition close
to room temperature and its associated endothermic transition
at about 95 °C for PTTP-TEG in comparison to PTTP-Hex. The
transition is shown to be reversible. At 400K, the diffractograms
of PTTP-Hex and PTTP-TEG are different while the GDOS are
similar. The microstructures of the samples at 400 K exhibit
differences, while their morphologies resemble each other. The
reversible transition observed for PTTP-TEG structurally is
clearly reflected in the QENS measurement. We are likely
capturing the reorientation of the TEG chains within the
energy/time window of the instrument. The motions of the
chains of PTTP-TEG are experiencing a change in dynamics upon
heating not observed for PTTP-Hex neither for the FS polymers.
Furthermore, POM shows no noticeable differences in
birefringence upon heating for both materials. Therefore, we
assign the observed structural transition of PTTP-TEG upon
heating to the melting of the TEG chains.

J. Name., 2013, 00, 1-3 | 9
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Alkyl chains have been substituted by TEG chains for aqueous
electrolyte-gated transistors and photocatalytic water-splitting
to increase the interfacial area by allowing water uptake.
Swelling is well-known to occur more readily in less ordered
materials but good charge transport needs to be maintained.
TEG chains promote overall order in the FS polymer while the
TEG chains disturb the planarity of PTTP and crystallise below
room temperature. Therefore, by promoting order and
increasing polarity in FS, TEG chains could potentially be
beneficial for water splitting applications as the TEG chains
promote swelling and help maintaining the charge transport.
The picture is more complex for PTTP as the TEG chains disturb
the planarity of the molecules and the herringbone
configuration is modified upon the substitution of the Hex
chains, which can affect the charge transport. The crystallisation
of the TEG chains for PTTP below room temperature can
potentially lead to a stronger resilience of the charge transport
upon swelling of the materials in OECTs but can also block the
ion transport in these molecules. Thus, we hypothesise that if
the ion transport is limiting in PTTP-based OECTs longer or
branched TEG chains may limit the observed chain ordering
below room temperature in PTTP upon substitution and lead to
better materials.
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Non-polar vs. polar chain; attachment to backbone
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Figure 1. (Left) Alkylated (non-polar, labelled as Hex) and glycolated (polar, labelled as TEG) fluorene-co-
dibenzothiophene sulfone (FS) polymer structures with side chains tethered through sp3-hybridised
bridgeheads and typical polymer packing motif showing n-stacking (a) and lamellar stacking (b); (right)
examples of typical molecular packing arrangements and structures of alkylated (non-polar, labelled as Hex)
and glycolated (polar, labelled as TEG) phenylene-bithiophene-phenylene (PTTP) semiconductor structures

with peripheral chains appended through sp2-hybridised carbon atoms.
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Figure 3. Single crystal structures of (a) PTTP-Hex (from ref. 28) and (b) PTTP-TEG, showing packing along
the b-axis (top) and along the long molecular axis (bottom). Both compounds crystallise in the monoclinic
P21/c space group with cell parameters a 25.24(3)A b 5.666(7)& ¢ 9.274(12)A, a 90° B 98.36(2)° y 90° for
PTTP-Hex and a 22.969(1)A b 8.1561(3)A ¢ 8.6458(3)A, a 90° B 100.575(4)° y 90° for PTTP-TEG.



Physical Chemistry Chemical Physics Page 20 of 33

31 -

39 o
FEEEE PTTP-TEG
209 e 369 - endoun
29 o 33
g =1 — g 3] —
g 27 27
o A g =
R | L5
I 16 4 g -—
I 124
16 4 —n
14 <
6
13 T T T T T T T T T T T '
20 40 60 &0 100 120 140 180 180 200 220 240 280

3 T T T T T T T T T T T 1
Temperatuwre {°C) 20 40 60 20 100 120 140 160 180 200 220 240 260
Temperature (°C)

Figure 4. Differential scanning calorimetry traces (top) and polarised optical micrographs (bottom) for PTTP-
Hex (left) and PTTP-TEG (right). Differential scanning calorimetry performed at a scan rate of 10 °C/min
with endothermic events “up”; second heating/cooling cycle shown in both cases to avoid thermal history

effects. Polarised optical micrographs recorded during the second heating cycle.
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Figure 6. Generalized density of state (GDOS) of (a) FSs and (b) PTTPs at 300K after annealing.
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the Debye growth. For the FSs, the samples were first measured at 400K, then at 300K and finally at 200K.

For the PTTP molecules, the samples were first measured at 300K, then 400K, then 300K and finally 200K
for PTTP-TEG.
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Probing chain-dependent structure and dynamics on the microscopic scale using neutron
spectroscopy provides insights into structural disorder of organic semiconductors.
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Effect of substituting non-polar chains with polar chains on the structural dynamics of

small organic molecule and polymer semiconductors
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Table S1. Crystal data and structure refinement for PTTP-TEG.

Identification code PTTP-TEG

Empirical formula C68 H84 016 S4

Formula weight 1285.59

Temperature 100(2) K

Wavelength 1.54184 A

Crystal system, space group Monoclinic, P 21/c

Unit cell dimensions a=22.9690(10) A alpha =90 deg.

b=8.1561(3) A beta =100.575(4) deg.

c=8.6458(3) A gamma =90 deg.

Volume 1592.17(11) A*3

Z, Calculated density 1, 1.341 Mg/m"3

Absorption coefficient 1.942 mm~-1

F(000) 684

Crystal size 0.03 mm x 0.04 mm x 0.05 mm

Theta range for data collection 3.916 to 68.221 deg.

Limiting indices -27<=h<=27, 0<=k<=9, 0<=I<=10

S1
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Reflections collected / unique
Completeness to theta = 67.684
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on FA2

Final R indices [I>2sigmal(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

2916 / 2916 [R(int) = 0.041]
100.0 %

Semi-empirical from equivalents
1 and 0.682

Full-matrix least-squares on FA2
2916 /0/ 209

1.084

R1=0.0488, wR2 = 0.1288

R1 =0.0584, wR2 =0.1338

n/a

0.513 and -0.339 e.A%-3

S2
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Table S2. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters (A2 x
103) for PTTP-TEG. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor.

X y z U(eq)
S(1)  9638(1) -735(1)  2081(1)  29(1)
O(1)  7558(1) -307(2) 6705(2)  31(1)
0(2)  7101(1) 501(2) 9483(2) 33(1)
0(3)  6250(1) 3131(2) 9669(2)  38(1)
O(4)  5347(1) 5250(5) 7994(3) 92(1)
C(1)  9744(1) 207(3) 350(2) 28(1)
C2)  9307(1) 1298(3) -156(3)  33(1)
C(3)  8877(1) 1395(3)  817(3) 31(1)
C(4)  8987(1)  348(3) 2089(3) 28(1)
C(5)  8629(1)  124(3) 3319(2) 27(1)
C(6)  8048(1)  708(3) 3084(3) 29(1)
C(7)  7704(1) 562(3) 4236(3) 29(1)
C(8)  7938(1) -198(3) 5659(2)  27(1)
C(9)  8514(1) -797(3) 5923(3)  31(1)
C(10)  8855(1) -629(3) 4755(3)  30(1)
C(11)  7781(1) -1001(3) 8222(3)  32(1)
C(12)  7274(1) -1096(3) 9101(3)  36(1)
C(13)  6604(1)  411(3) 10250(3) 38(1)
C(14)  6471(1) 2029(3) 10913(3)  37(1)
C(15)  6039(1) 4587(4) 10282(3)  48(1)
C(16)  5863(2) 5786(4) 8994(5) 67(1)
C(17A) 5188(4) 6880(14) 7121(11) 66(3)
C(17B) 5081(3) 5871(16) 6483(12) 58(3)

S3
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Table S3. Bond lengths [A] and angles [deg] for PTTP-TEG.

S(1)-C(4) 1.738(2)
S(1)-C(1) 1.738(2)
0(1)-C(8) 1.370(3)
0(1)-C(11) 1.434(3)
0(2)-C(12) 1.419(3)
0(2)-C(13) 1.423(3)
0(3)-C(14) 1.421(3)
0(3)-C(15) 1.421(3)
0(4)-C(16) 1.403(5)
0(4)-C(178B) 1.430(8)
0(4)-C(17A) 1.538(8)
C(1)-C(2) 1.353(3)
C(1)-C(1)#1 1.458(4)
C(2)-C(3) 1.412(3)
C(3)-C(4) 1.378(3)
C(4)-C(5) 1.469(3)
C(5)-C(6) 1.396(3)
C(5)-C(10) 1.397(3)
C(6)-C(7) 1.385(3)
C(7)-C(8) 1.394(3)
C(8)-C(9) 1.391(3)
C(9)-C(10) 1.394(3)
C(11)-C(12) 1.504(3)
C(13)-C(14) 1.493(4)
C(15)-C(16) 1.482(5)
C(4)-S(1)-C(1) 92.05(11)
C(8)-0(1)-C(11) 117.68(17)
C(12)-0(2)-C(13) 110.14(18)
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C(14)-0(3)-C(15)
C(16)-0(4)-C(17B)
C(16)-0(4)-C(17A)
C(2)-C(1)-C(1)#1
C(2)-C(1)-5(1)
C(1)#1-C(1)-S(1)
C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
C(3)-C(4)-S(1)
C(5)-C(4)-S(1)
C(6)-C(5)-C(10)
C(6)-C(5)-C(4)
C(10)-C(5)-C(4)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)
0(1)-C(8)-C(9)
0(1)-C(8)-C(7)
C(9)-C(8)-C(7)
C(8)-C(9)-C(10)
C(9)-C(10)-C(5)
0(1)-C(11)-C(12)
0(2)-C(12)-C(11)
0(2)-C(13)-C(14)
0(3)-C(14)-C(13)
0(3)-C(15)-C(16)

0(4)-C(16)-C(15)

Physical Chemistry Chemical Physics

110.17(19)
128.6(5)
97.5(5)
128.7(3)
110.87(17)
120.4(2)
113.7(2)
113.3(2)
127.6(2)
110.04(17)
122.35(17)
117.9(2)
119.9(2)
122.2(2)
121.5(2)
119.7(2)
124.9(2)
115.0(2)
120.1(2)
119.4(2)
121.4(2)
107.58(19)
110.3(2)
111.8(2)
109.78(19)
109.6(2)

109.9(3)

Symmetry transformations used to generate equivalent atoms:

H#1 -x+2,-y,-z

S5



Physical Chemistry Chemical Physics

Table S4. Anisotropic displacement parameters (A*2 x 1073) for PTTP-TEG.

The anisotropic displacement factor exponent takes the form:

2 pir2 [hA2a*A2 ULl +...+2 hka* b* U12]

ull u22 u33 u23 u13 u12

S(1) 39(1) 28(1) 22(1) 4(1) 9(1) 4(1)

O(1) 40(1) 35(1) 19(1) 2(1) 10(1) 3(1)
0(2) 42(1) 31(1) 28(1) 1(1) 13(1) 5(1)
0(3) 46(1) 40(1) 27(1) -4(1) 6(1) 9(1)
0(4) 52(1) 147(3) 80(2) 65(2) 19(1) 31(2)
c(1) 41(1) 26(1) 18(1) -1(1) 7(1) 0(1)
C(2) 45(1) 32(1) 23(1) 4(1) 11(1) 5(1)
C(3) 43(1) 28(1) 23(1) 3(1) 9(1) 7(1)
C(4) 38(1) 23(1) 23(1) -2(1) 7(1) -2(1)
C(5) 39(1) 22(1) 22(1) -3(1) 8(1) -3(1)
c(6) 39(1) 27(1) 20(1) -1(1) 5(1) -2(1)
C(7) 35(1) 28(1) 24(1) -2(1) (1) -1(1)
C(8) 38(1) 24(1) 21(1) -3(1) 10(1) -3(1)
C(9) 44(1) 27(1) 21(1) 2(1) 8(1) 2(1)
C(10) 38(1) 27(1) 24(1) o0(1) 8(1) 1(1)
C(11) 45(1) 34(1) 20(1) 3(1) 12(1) 6(1)
C(12) 51(2) 30(1) 29(1) 4(1) 15(1) 7(1)
C(13) 45(1) 42(2) 30(1) 2(1) 17(1) 5(1)
C(14) 46(1) 43(2) 24(1) o0(1) 9(1) 7(1)
C(15) 51(2) 45(2) 48(2) -10(1) 10(1) 13(1)
C(16) 69(2) 54(2) 85(33) 12(2) 39(2) 18(2)
C(17A) 81(5) 65(7) 51(4) 21(4) 8(4) 17(4)
C(17B) 50(4) 67(7) 54(5) 16(5) 8(3) 14(4)
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Table S5. Hydrogen coordinates ( x 1074) and isotropic

displacement parameters (A*2 x 1073) for PTTP-TEG.

X z U(eq)
H(2) 9291 1939 -1081 40
H(3) 8546 2110 616 38
H(6) 7885 1217 2112 34
H(7) 7312 979 4057 35
H(9) 8675 -1316 6892 37
H(10) 9249 -1036 4939 35
H(11A) 8101 -305 8802 39
H(11B) 7943  -2110 8105 39
H(12A) 6935 -1661 8445 43
H(12B) 7396 -1739 10078 43
H(13A) 6685 -405 11110 45
H(13B) 6254 36 9489 45
H(14A) 6173 1885 11597 45
H(14B) 6835 2485 11560 45
H(15A) 6354 5063 11095 57
H(15B) 5695 4328 10781 57
H(16A) 5791 6869 9442 80
H(16B) 6186 5909 8387 80
H(17A) 4824 6741 6341 99
H(17B) 5128 7729 7878 99
H(17C) 5512 7206 6590 99
H(18A) 4722 5241 6075 86
H(18B) 4977 7027 6578 86
H(18C) 5361 5770 5759 86
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Figure S1. Comparison of the generalized density of state (GDOS) of PTTP-Hex and PTTP-TEG at 400K. The inset shows the

Debye growth.
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Figure S2. Q-dependent QENS spectra of (left) PTTP-Hex and (right) PTTP-TEG at (top) 400 K and (bottom) 300 K after annealing.
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Figure 53. Q-dependent QENS spectra of (left) FS-Hex and (right) FS-TEG at (top) 200 K and (bottom) 400 K.
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