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ABSTRACT: A set of liquid-crystalline polymeric systems, (" -(*F \  Lamello-columuar mesophase
associating at once the regioregular polythiophene backbone °

and pending mesogenic triphenylenes, is reported. Two series,
namely regular homopolymers and alternating copolymers,
were prepared by adapting a Grignard metathesis-based
methodology, allowing some of the relevant structural
parameters to be sequentially and independently modified.
The thermal and self-organization behaviors of these
uncommon macromolecular systems were investigated by
polarized-light optical microscopy, differential scanning
calorimetry and temperature-dependent small-angle X-ray scattering. Most polymers self-organize into mesophases possessing
intertwined lamello-columnar morphologies, resulting from the simultaneous coexistence of lamellar and columnar sublattices.
The successful preparation of oriented thin films of several of these polymeric homologues allowed further investigations by
atomic force microscopy, transmission electron microscopy, electron diffraction, and grazing-incidence SAXS, which provided a
deeper insight of the intricate supramolecular organizational modes, including the complete elucidation of the structure of the
lamello-columnar mesophases. This simple and versatile strategy provides a route to elaborate polymeric materials incorporating
two intercalated separate pathways toward charge carrier transport, of paramount importance for future electronic and
optoelectronic applications.

3D thin film on substrate

Bl INTRODUCTION block acts as different type of electro-active carriers,’ or
alternatively on liquid-crystalline 7#-conjugated polymers,
bearing side-on conjugated mesogenic groups.” The former
class of materials takes advantage of the block copolymers
ability for phase separation into well-ordered spherical,
cylindrical, or lamellar morphologies with periodicities ranging
in the nanometers scale. Since such periodicities are
commensurate with exciton diffusion lengths, the two latter

The control of the nanoscale morphology of 7-conjugated
polymeric architectures, providing long-range order, and the
establishment of reliable structure-properties relationships
remain the major and fundamental issues in the field of organic
semiconductors in view of developing and fabricating light-
weight, flexible, low-cost and high-performance organic
devices." Substantial advances have been accomplished™?
since the discovery of electronic conductivity in 7-conjugated

polymers,*> and current efforts focus essentially on two Received: October 2, 2013
conceptually different approaches either based on the Revised:  February 1, 2014
elaboration of conjugated block copolymers, where each Published: February 24, 2014

W ACS Publications  © 2014 American Chemical Society 1715 dx.doi.org/10.1021/mad020356 | Macromolecules 2014, 47, 1715—1731


pubs.acs.org/Macromolecules

Macromolecules

morphologies are of particular interest for photovoltaic devices
based on bulk heterojunctions thin films.® Indeed, these
morphologies offer the possibility to form separate conduction
pathways for charge carriers, thanks to the antagonistic
chemical nature of each block leading to nanosegregation.
However, optimal charge transport properties would require
enhancing the segregation to form long-range correlated
structures with acute orientation control of the regular pathway
alternation. This goal is difficult to achieve by tuning the block
structures and lengths but can be more easily envisaged with a
liquid-crystalline polymeric architecture. Liquid crystals are
indeed outstanding examples of soft self-assemblies that
combine order and fluidity, within components self-organizing
into a wide diversity of long-range ordered, periodic
structures.”'® In addition, liquid crystal assemblies can form
thin films which are intrinsically self-healing since structural
defects are corrected automatically during the process of self-
assembly, and whose morphology can be controlled at the
molecular level. Last but not the least, the large variety of
avaliable mesogenic architectures that could be combined to 7-
conjugated backbones should allow the acurate tuning of the
electronic and transport properties of the material by
controlling the chain microstructure at the molecular level as
well.

However, careful and systematic investigations of the
relationships between liquid-crystalline conjugated polymer
structure, and nano- and macroscopic ordering are less
commonly encountered.” Their elucidation is crucial for
designing optimized liquid-crystalline conjugated polymeric
architectures in order to enhance the electronic performances
of the ultimate organic devices, but only a few recent reports
have focused on the synthesis of new conjugated polymeric
architectures. A remarkable features shared by the “semi-rigid”
linear 7-conjugated polymers known to date'" (see for example,
polyacetylenes (PA), polyanilines (PANI), polycarbazoles
(PC), polypyrroles (PPy), polythiophenes (PT), poly(p-
phenylenevinylene)s (PPV), poly(p-phenylene)s (PPP), poly-
(phenyleneethynylene)s (PPE), polyfluorenes (PF), and their
mixed copolymeric derivatives, to cite but a few) is that the
presence of just “non-innocent”, inert pending alkyl chains
along the backbone already produces drastic properties
changes: not only it enhances their solubility in classical
solvents and/or decreases their melting temperatures, but also
it improves the backbone microsegregation which often gives
rise to lamellae of well-registered linear golymeric backbones,
over rather long persistence lengths.'>"® Concomitantly, the
electronic performances may occasionally be considerably
altered with respect to the nonsubstituted ones by several
orders of magnitude, essentially due to distortions of the rigid
backbone and local interruptions of the 7-conjugation along the
chain. In such respects, the most promising types of liquid
crystal-based conjugated polymers giving the best compromise
are those based on thiophene-backbones, particularly the
regioregular poly(3-alkylthiophene)s being the benchmark
architecture.'* A fortiori, it may be anticipated that the lateral
grafting of various functional groups with strongger segregating
abilities such as for example fluorinated chains'> or mesogenic
moieties” may further favor their self-organization into low-
dimensional liquid-crystalline structures, in a similar way as the
more conventional side-chain liquid-crystalline polymers.'® By a
judicious design, the properties of regularly alternating domains
of conjugated polymeric backbones and functional conjugated
mesogenic moieties can be adjusted independently by the

1716

functions born by the individual molecular fragments, e.g,
electronic affinities, n- or p-type carriers, and the morphology
of the self-assemblies (e.g, films). Consequently, side-chain
liquid-crystalline 7z-conjugated polymers (SCLCCP) may also
offer the opportunity to form two separate pathways for charge
transport carriers, as previously mentioned for conjugated block
copolymers. Besides this strategy, it has been shown that liquid-
crystalline character can also be induced by incorporating more
rigid segments in the polymer backbone, as for example
poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene
(PBTTT) systems.”

Up to now, side-chain liquid-crystalline z-conjugated
polymers have been studied in order to induce some anisotropy
to the semiconducting backbones, and mainly calamitic side-
mesogens have been utilized to induce mesomorphism.” This
archetypical molecular structure gives rise to original supra-
molecular smectic-like organizations consisting of two distinct,
regularly alternated subdomains that involve two-dimensional
(2D) thin sheets associated with the lateral stack of the
backbones and sublayers formed by the lateral registry of the
calamitic mesogens; these sublayers are further separated by an
aliphatic medium."” Alternatively, side groups liquid-crystalline
m-conjugated polymers involving discotic'® or tappered”
mesogens would provide an interesting variant of this
architecture as the mesogen stacking into columns is well-
known to produce efficient one-dimensional (1D) conductive
pathway.® However, so far except few attempts,"®'® no
SCLCCP architecture has been reported to combine within
one single bulk material intercalated lamellar and columnar
sublayers capable of potential simultaneous 1D and 2D
electronic transport. Obviously, besides trivial considerations
related to restrictions upon respective fragment sizes and
chemical incompatibilities, such a condition appears hardly to
be fulfilled when combining fragments giving rise simulta-
neously to both 1D- and 2D-organizations, respectively. This is
obvious for low-molecular weight compounds associating
calamitic and discotic mesogens, which were found to lead
exclusively to lamellar mesophases with short-range correlated
stacking of the discotic moieties.”' ~>* For shape-persistent, 7-
conjugated polymers, however, the registered sublayers
containing the polymeric backbones intrinsically confer in-
plane ordering and one intuitively can foresee that this will help
long-range columnar ordering persistence beyond the interca-
lated polymer sublayers. In this context, we previously reported
the first lamello-columnar mesophase formation of a liquid-
crystalline 7-conjugated polythiophene.”* In this preliminary
study, a new regioregular poly(3-decylthiophene) polymer
postfunctionalized with side-on discotic triphenylene moieties
was synthesized, and the supramolecular self-organization into a
peculiar lamello-columnar mesophase where a 2D oblique
columnar lattice and the lamellar piling coexisted in the same
structure was deduced from SAXS measurements. The
respective orientations of both lattices could however not be
determined at this stage, precluding the complete mesophase
structure characterization.

Here, we report a comprehensive study, exploring system-
atically the relationships between polymeric architecture and
nano- and macroscale organizations, of thin films of SCLCCP
in order to develop new insights into the effect of structure,
liquid-crystalline behavior, and long-range ordering. More
precisely, taking advantage of the Grignard metathesis
(GRIM) polymerization®® and of the versatility of the synthetic
strategy we previously developed, a set of intricate polymeric
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Scheme 1. Nomenclature and Synthetic Routes to Homopolymers (PT,,), and (PT,T),*

Br R =CsHyq
Br D) m
{ \S — D [ o
S s o
laam=5 Br B QO
1b:m = 10 (D) m ) m RO o (PTsT)ss: m=15,n=45
i iv) /A W T o (PT4oT)4s: m = 10; n =45
Br s~ Br s v) - (PT45T)as: m=15; n =45
n (PT40Thse: m=10; n =158
Br. 2am=5 (PTs)as: m=5;n=45
) ()15 2b:m=10 (PT1g)ss: m = 10;n = 45
1a if) 7 2c:m=15 (PT1s)45: m=15;n =45 OR
S (PT40)1s58: m=10; n =158 RO
1c.m=15 O OR
- OR ‘ ‘ OR
RO,
ol Ol RO RO
OO OR OR Q
A7 CC
OR
R = CsHyqq O 7\
RO s/,
o
())m
/B iv) (PTsT)yssm=5,n=15
—» R =10 =
Br— g~ “Br (PT4oT)s:m=10;n=15
3aam=5
3b:m=10

“m = alkyl spacer length and n = DP,. Reagent and conditions: (i) (a) BuLi, hexane/THF, —40°C; (b) Br(CH,),,Br, —10°C/room temperature; (ii)
(a) Mg, Et,0, N,, room temperature; (b) Li,CuCl,, Br(CH,),oBr, 0 °C, HCJ; (jii) NBS, DMF, room temperature; (iv) (a) iPrMgCl, THF, 0 °C; (b)
Ni(dppp)Cl,, 0 °C/room temperature, HCl; (v) (a) K,CO;, DMF, T, 80°C; (b) (PT,,), or 2a and 2b, 120 °C.

systems associating the regioregular poly(3-alkylthiophene)
backbone?® with laterally pending mesogenic triphenylenes®’
has been synthesized. Two series of polymers have been
investigated, namely both homopolymers and corresponding
alternating copolymers. In the former series, the pertinent
structural parameters, such as (i) the length of the polymer
backbones (ie., degree of polymerization, PDI = 15, 45, 158),
and (ii) the length of the aliphatic spacer between the
polymeric backbone and the discotic side groups (i.e.
—(CH,)s—, —(CH,),0—, —(CH,);s—) were systematically
varied in order to evaluate impacts on the geometrical packing
parameters and molecular orderings within the mesophases,
eventually yielding a better understanding of the overall
supramolecular organizations. The second series (alternated
copolymers with thiophene/triphenylene ratios varying be-
tween 1:1 to 4:1) was synthesized in order to evaluate the
influence of the controlled dilution of the mesogen, (i.e. the
degree of polymer lateral substitution). All the new polymeric
systems were fully characterized by NMR and standard polymer
techniques. Their thermal and self-organization behaviors were
further investigated by polarized-light optical microscopy
(POM), differential scanning calorimetry (DSC) and temper-
ature-dependent small-angle X-ray scattering (SAXS), which
permitted to assess the mesophase’s formation and identity, and
to probe the effects of the intimate structural modifications
onto the mesophase temperature ranges and symmetry. As
deduced from SAXS powder measurements carried out in the
temperature ranges delimited by DSC, most of the polymers
self-organize into mesophases possessing intertwined lamello-
columnar morphologies, though over different length-scales,
resulting from the simultaneous coexistence of lamellar and
columnar sublattices. The successful preparation of oriented
thin films of several of these polymeric homologues allowed to
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use additional techniques such as atomic force microscopy
(AFM), transmission electron microscopy (TEM) in bright
field (BF), high-resolution (HR) and electron diffraction (ED)
modes, and grazing incidence SAXS (GISAXS); these
complementary techniques provided a deeper insight of the
various supramolecular organizations, and permitted the
complete elucidation of the structure of the lamello-columnar
mesophases, resulting in an intertwined coassembly of lamellae
and columns. The SCLCCP concept where the mesogen is a
discotic 7-conjugated molecule provides a route to elaborate
polymeric materials incorporating two intercalated separate
pathways toward charge carrier transport, of paramount
importance for the elaboration of tomorrow’s electronic,
portable devices.

B RESULTS

Synthesis. As just mentioned, such a comprehensive
investigation requires that various sets of structurally different
polymeric systems be synthesized, and whose relevant
structural parameters be sequentially and independently
modified. Depending on the molecular structure of the final
polymer, different synthetic procedures were used, and will now
be briefly described. Overall, the various homopolymers and
alternating copolymers, were prepared according to the
McCullough methodology, as depicted in Schemes 1 and 2,
respectively (and Supporting Information). The chosen
pathway for the preparation of the singly grafted homopol-
ymers (PTsT),s, (PTT),s, and (PTT),s was adapted from a
previously described procedure.” It consists on the substitution
of the precursory regioregular polythiophenes bearing bromide
end-terminated lateral alkyl chains of various lengths, (PT,,) s,
by 1-hydroxy-penta-2,5,6,9,10-pentyloxytriphenylene derivative
T under the standard Williamson ether reaction conditions
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Scheme 2. Nomenclature and Synthetic Routes to Alternating Copolymers (PBTT),,, (PTTT),,, and (PQTT),"
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“Reagent and conditions: (i) LITMP, dioxaborolane, THF, —78 °C; (ii) NBS, DMF, 35 °C; (iii) Pd(PPh;),, 1 M NaHCO;, DME, reflux; (iv) NBS,
DMF, room temperature; (v) (a) iPrMgCl, THF, 0 °C; (b) Ni(dppp)Cl,, 0 °C/room temperature, HCl; (vi) (a) K,CO5;, DMF, T, 80 °C; (b)
(PBT),, or (PTT),, or (PQT),, 120 °C.

Table 1. Characterization of Precursors and Grafted Homo-Polymers and Alternating Copolymers

polymer M, PDI* DPnb polymer grafting of T (%)° PDI? DPnb
(PTy),s 9.8 12 45 (PTST),s >95 12 45
(PTy0)ss 14.7 12 45 (PToT).4s >95 13 45
(PT1s)as 19.6 1.4 45 (P, T),s >95 LS 45
(PTy0) 155 482 12 158 (PT0T) 156 >95 3 158
- - - - (PT,T),s 100° 12 15
- - - - (PToT),s 100¢ 13 15
(PBT),, 10.6 1.4 4 (PBTT),, >95 16 4
(PTT),, 9.9 16 427 (PTTT),, >95 16 424
(PQT), 8.1 16 367 (PQTT), >95 16 367

“M, = Number-average molecular weight (kDa) and PDI = Polydispersity index, determined by gel permeation chromatography (GPC) in THF
relative to polystyrene standards. “Determined by 'H NMR. “The conversion is quasi-complete at the accuracy of the NMR, as shown by the total
vanishing of the proton of the '"H NMR resonance of the methylene group (§ = 3.40 ppm) in the  position to the terminal bromine atom.
dConsidering every thiophene monomers as equivalent. “T was already grafted on monomers.

(Scheme 1). The substitution of the (PT,,),s backbones by the considering the sensitivity of the NMR method, the yield can

discotic triphenylenes was evidenced by the vanishing of the 'H be estimated to lie between 95% and 100%. The precursory
NMR resonance of the methylene group (6 = 3.40 ppm) in the polythiophenes (PTj),s, (PT )45, and (PTy),s were prepared
a position to the terminal bromine atom,”*“*® the molecular according to the Grignard metathesis (GRIM),* which led to
weight increase from size exclusion chromatography (Figures well-defined polymeric architectures with narrow polydispersity
S1 and S2 in Supporting Information) and the composition indices (PDI ranging between 1.2 and 1.4) and highly
change from elemental analysis (Supporting Information), controlled molecular-weights (degree of polymerization, DP,
respectively. However, the substitution reaction is unlikely to be = 45), as determined by gel permeation chromatography

quantitative in account of the pending group size, and (GPC) and NMR spectroscopy, respectively (Table 1). By
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reducing the molar ratio of the monomer to the nickel catalyst
(acting as initiator) in GRIM method, one longer precursory
analogous polymer (PT )5 (i.e, with DP, = 158, PDI = 1.2)
was also prepared similarly, and then substituted by the
triphenylene derivative T, leading to the longer-grafted
homopolymer (PT;,T);ss.

This series of polymers was completed by two more shorter
grafted homologues with a pentyl and decyl spacer, (PT;T)s
and (PTT)s respectively, also prepared by Grignard
metathesis, but starting from the 2,5-dibromothiophene
monomeric derivatives, 3a and 3b, that are already bearing
the triphenylene side-group T (Scheme 1). This procedure also
led to well-defined polymeric architectures, with an average
DP, value (1S5 thiophene units) and low PDI (ca. 1.2—1.4).
The detailed protocols for the preparation of all the starting
building blocks la—c, monomers 2a—c, 3a—b, and polymers
are given in Supporting Information.

To complete this systematic study, we also undertook the
synthesis of three alternating grafted copolymers, namely
(PBTT),;, (PTTT),, and (PQTT), (Scheme 2). In this
case, the precursory regioregular alternating copolythiophenes,
(PBT),,, (PTT),,, and (PQT),y possess one bromide end-
terminated lateral decyl chain, regularly alternating with one,
two or three 3-octylthiophene units, respectively. They were
obtained with controlled polymeric architectures (DP, = 36—
45 and PDI = 1.4—1.6) (Table 1) by GRIM polymerization of
the dibromo bis-, ter- or guaterthiophene monomers 6a—6c¢,
respectively (Scheme 2).”” The intermediate bi-, ter- or
quaterthiophene key-synthons Sa—Sc were prepared following
an iterative palladium(0)-catalyzed Suzuki coupling procedure
between 2-bromo-3-(10-bromodecyl)-thiophene 4a, obtained
by bromination of octylthiophene, 1b, with the boronic ester
derivative of 3-octylthiophene, 0, leading to the head-to-tail
coupling compound Sa; this process, bromination-Suzuki
coupling, was repeated twice (Sa — 4b, 4b — 5b; Sb — 4,
4c — Sc); these three oligothiophene, Sa—S5c, were then
converted into their dibromo derivatives, 6a—6c. The final
regioregular copolythiophenes, (PBTT),,, (PTTT),, and
(PQTT),, were obtained by the grafting of the triphenylene
derivative onto the corresponding polythiophene backbones,
(PBT),;, (PTT),, and (PQT), respectively using ether-
ification reaction. The synthetic details of all building blocks 0,
4a—4c, 5a—5c, and 6a—6¢ and alternating copolythiophenes
are given in Supporting Information. It is worth noticing that
the final copolythiophenes, (PBTT),,, (PTTT),, and
(PQTT),, show somewhat higher PDIs than their homologous
homopolymers. This higher polydispersity could be explained
by the influence on the insertion of unusually long monomers,
containing several thiophene units onto the chain-growth
process. The low polymerization degrees are further indicators
of the modified conditions of the polymerization reaction.

Thermal and Mesomorphic Behavior (POM and DSC).
Preliminary investigations of the thermal behavior of all the
polymers were performed by POM and DSC techniques, prior
to SAXS measurements. Almost none of the polymers under
study exhibit specific LC textures with identifiable characteristic
patterns or defects. Birefringence combined to liquid-like
behavior was nevertheless observed by POM, for most of the
polymers, revealing the existence of liquid-crystalline meso-
phases. On cooling from the isotropic state, birefringent
textures are recovered and maintained down to room
temperature without crossing another phase transition. The
homopolymers of the (PT,,T), subseries (n = 15, 45 and 158,
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including the polymer previously reported, n = 45)** produce
viscous textures (Figure S3a,b, Supporting Information), even
on very slow cooling from the isotropic liquid phase, inhibiting
the development of the mesophase natural textures. At high
temperature, (PT,sT),s gives rise to somewhat more fluid
POM textures with coexistence of birefringent and homeo-
tropic regions, characteristic of a uniaxial mesophase (Figure
S3c). The two homopolymers with pentyl spacers ((PTsT),s
and (PTT),s) reveal highly fluid POM textures at high
temperature, with structural defects typical of the nematic phase
(Figure S3d,e). Finally, the same observations as above for
(PT,,T), polymers apply for the alternated copolymer
(PBTT),; with one octylthiophene per repeat monomeric
unit (Figure S3f); in contrast, copolymers with higher amounts
of octylthiophene ((PTTT),; and ((PQTT),) appear
amorphous at all temperatures (no texture), and do not seem
to exhibit mesomorphism. All these results are consistent with
DSC and SAXS measurements (vide infra).

DSC traces obtained for this series of polymers are quite
typical of high-molecular weight compounds, and contain
signals characteristic of glass transitions, and, at higher
temperature, broad exothermic transitions corresponding to
the clearing into the isotropic liquid, the latter in agreement
with those detected by POM. Homopolymers of the (PT,,T),
subseries show a first heating run different from those recorded
on subsequent heating/cooling cycles. For instance, the first
heating of (PT,oT),ss contains an additional annealing
exothermic peak besides the glass transition and the
isotropization (Figure S4a), coinciding with an irreversible
structural transformation, as later evidenced by SAXS. The first
heating of (PT,,T)s contains a broad signal in the temperature
range of the annealing reorganization (also evidenced by SAXS,
Figure SSa), but unlike (PT(T),ss the formation process of
the mesophase takes several hours upon cooling. The
homopolymer with the pentadecyl spacer ((PTsT),s) shows
reproducible traces on both heating and cooling, with a
substantial delay of the clearing temperature on cooling from
the disordered state, thus reducing the mesophase temperature
range accordingly (Figure SSc). Finally, the two homopolymers
with the short spacer ((PTT);s and (PTT),s) exhibit
undefined, irreversible signals during the first heating and
heat flow drifts over an extended temperature range, which are
not associated with significant changes in the SAXS patterns
(vide infra), and more likely related to the fluidification of the
sample and/or to an annealing process (Figures S4b, S5b).

The alternated copolymer (PBTT),; shows a thermal
behavior similar to (PT(T),s, with the occurrence of a broad
signal in the temperature range of the annealing reorganization
during the first heating, and signals characteristic of both a glass
transition and the isotropization, on subsequent heating/
cooling cycles (Figure S6a). In contrast, the absence of any
mesomorphic behavior is confirmed for both copolymers with
high octylthiophene contents ((PTTT),, and (PQTT),). DSC
traces of (PTTT),, only show the signal corresponding to the
glass transition, near 10 °C, with a very good reproducibility
(Figure S6b). (PQTT), however shows an additional broad
endotherm between 40 and 80 °C during the first heating run
but solely a glass transition in subsequent heat—cool cycles, in
accordance with amorphous behavior. A small endotherm
reappears on heating after several day aging at room
temperature (Figure S6c¢).

Characterization of the Mesophases Structures by
SAXS. The X-ray patterns of the homopolymers (PTT),

dx.doi.org/10.1021/ma4020356 | Macromolecules 2014, 47, 1715—-1731
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recorded as a function of temperature (Figure 1) contain
several sharp Bragg reflections in the small-angle region and
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Figure 1. (a) SAXS patterns of (PT,T),ss recorded during the first
heat—cool cycle and (b) SAXS pattern of the same polymer after the
first cycle at SO °C [(n), nth lamellar order reflection; hy, and hr,
scattering signals from lateral distances between molten aliphatic
chains and from the triphenylene 7—7 stacking distance].

two scattering halos in the wide-angle region. The broader
scattering corresponds to the molten state of the aliphatic
chains, hg, and reflects the liquid nature of the mesophase,
while the second signal at larger angle is associated with the
triphenylene cores 7—n stacking distance, hp, and thus to the
presence of columns. As for the analogous (PT;oT),s

previously reported (Figure S7), the set of sharp and intense
small-angle reflections (Figures 1b, S8) in the final “annealed”
state comes from a lamello-columnar structure (vide infra,
Tables 2 and 3). The sharpness of the small-angle reflections
indicates that both lamellae and 2D lattice of columns are long-
range correlated, but note that the lamellar orders become
sharp faster than the reflections of columnar registry during the
annealing process. The small-angle region indeed only contains
two broad peaks in the pristine state; their location coincides
with the main reflections of the annealed pattern, which is
indicative of a mesophase preorganization in small domains
(referred thereafter as Cyb for cybotaxis, Figure 1a).

The analogue homopolymer with pentadecyl spacers
((PTsT),s) shows cybotactic (pristine state) and liquid-
crystalline organizations (annealed state) similar to the above
set of homopolymers, except for a thicker lamellae (the
periodicity d increases from 5.0 to 5.8 nm) and a depleted
columnar character. Indeed, besides the numerous sharp
lamellar orders (Figure 2, numbered 1—5, Table 3), the
small-angle region only contains a weak scattering from the
short-range correlated arrangement of columns (Figure 2,
inset). In the wide-angle region two broad scattering maxima h
and h,; reveal the loose piling of triphenylene rings into
columns and a dimer modulation within piles (Figure 2).

Ordering in the last two related homopolymers with the
shorter spacer, ((PTsT),s and (PTsT)s), is considerably
reduced with respect to those discussed above, as evidenced by
the X-ray patterns now showing only small-angle diffuse signals
(periodicities of ca. 3.7 nm, Figures 3 and S9). This is in
consistency with a nematic type of organization (POM), but
the presence of 3 additional broad harmonics (in the ratio
1:2:3:4, Table 4) is very unconventional for a local-range
periodicity, as well as the wide-angle signal (Figures 3 and S9,
hr), both features that are indicative of the persistence of the
lamello-columnar organization at the local nematic scale. These
patterns are discussed below, in connection to the effect of the
spacer-length (vide infra).

As inferred from POM and DSC, only one copolymer
appears to be mesomorphous. The lamello-columnar meso-
phase of (PBTT),, gives rise to similar SAXS patterns and
shows a similar lattice geometry (d ~ 5.2 nm) as the related
homopolymer, except the presence of more lamellar orders and
less reflections specific of the columnar lattice (Figure 4a, Table
3). This reinforced lamellar character is concomitant with the

Table 2. Mesophase Organizations and Transition Temperatures of the Homopolymers and Alternating Copolymers

polymer® pristine state” annealed state®
(PT,,T) 158 Cybramcol LamColg
(PToT),s CybLamcol LamColg
(PTwT) 15 Cybramcol LamColg
(PT,5T)ss CybLumcol Lamcy
(PTT),s - Niamcol
(PTST) s - Niamcol
(PBTT),, Cybpamcol LamColy
(PTTT),, Iso -

(PQTT), Iso -

“Polymer nomenclature.

T, [°C]? T, [°C]° T,, [°CY
15 70—80 114—122
15 50—60 101-107
7 20-50 96—98
-2 50—60 62—-82
35 40—140 160—170
30 40—140 155—162
13 70—-110 123—-134
11 - -

1 - —_

bCybLamCOI: lamello-columnar short-range correlated preorganization. Iso: isotropic phase, i.e., amorphous state without

lamellar and columnar preorganizations. “Mesophase obtained during the first heating above the annealing temperature and on cooling from the
isotropic phase. LamColy: lamello-columnar phase with rectangular sublattice. Lamc,: lamellar phase with short-range correlated columnar registry.
Np.mcor: Nematic phase with lamello-colummar local order. 9Glass transition temperature (step midpoint from 2™ heating DSC curves). “Annealing
temperature range (transformation from the pristine state in the mesophase organization on first heating), estimated from SAXS and DSC.
fsotropization temperature range estimated from onset and maximum in 2™ heating DSC curves.
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Table 3. Reflections Indexation of the SAXS Patterns Recorded at the Temperature T, in the Lamello-Columnar Phase with
Rectangular p2gg** Lattice (LamColy) for (PT,,T);ss, (PT;oT)4s, (PT1oT),s, and (PBTT),, and in the Lamellar Phase with
Medium-Range Ordered Columnar Registry (Lamc,) for (PTT),s

(PTIOT)ISS (PTIOT)45
Rect. LamColy LamColy
Lam? p2gg” T =50 °C T =50 °C
no. 1 hk d [A]° P d [A]° ¥
1 20 50.9 'S 50.2 'S
2 2 40 254 W 25.6 W
3 22 18.58 'S 18.3 'S
4 3 60 16.82 'S 16.6 'S
5 42 15.70 'S 15.5 'S
6 4 80 12.72 w 12.7 w
7 82 10.66 VW 10.5 VW
8 5 10 0 - - - -
9 24 9.79 VW 9.9 w
10 6 120 - - -
11 8 4 - - 7.7 VW
12 7 140 - - - -
13 10 4 - - 7.1 VW
14 8 16 0 - - - -
dT (5} I) [A] - -
hyr (& 1) [A] - -
ha, (& 1) [A] 4.3 (10, VS) 4.4 (10, VS)
hpr (£ 1) [A] - -
he (& 1) [A] 3.56 (60, M) 3.56 (70, M)
d=5053 A d=150.18 A
N =3 Nrppow =3

a=2d=1011A
b=2ar=399A
S = 4036 A?
Npr~ Np = 12
Srpr = 336 A
Vi ~ 1378 A3

A =24~ 327 A2
h~819A

a=2d=1004 A
b =2a; =396 A
S =3972 A*
Npr~ Np = 12
Srpr = 331 A?
Vi & 1378 A3

A =2A; ~ 330 A%
h~833 A

(PToT)ys (PBTT),, (PT15T)ss
LamColy LamColy Lamgg
T = 80 °C T = 80 °C T = 50 °C
d [A)° ¢ d [A)° i d [A]° ¢
50.8 'S 51.9 'S 58.6 M
254 w 259 VW 29.3 w
18.70 'S 18.49 S
16.86 'S 17.26 'S 19.48 S
15.76 Vs 15.75 S
12.70 W 12.97 w - -
10.71 VW - -
10.16 VW 10.38 w 11.72 w
9.77 VW - -
- - 8.65 W 9.77 w
7.88 VW - -
- - 7.41 W 10.5 VW
- - 6.49 VW - -
- - 18.0 (150, S)
- - 7.3 (30, M)
4.3 (10, VS) 44 (10, VS) 4.4 (10, VS)
- 3.81 (85, M) -
3.55 (60, W) 3.56 (40, M) 3.53 (20, W)
d=5077 A d=5188 A d=5862 A
Nrppow =3 Nrpow =3 Nrppow =3
a=2d=1015 A a=2d=1038 A
b = 2ap = 400 A b=2a;=396A 2ar ~ 37.8 A
S = 4066 A2 S = 4105 A? (&/ar = 8)
Npr & Np = 12 Npr = 24; Ny = 12

Srepr = 339 A2
Vi ~ 1408 A®

A =2A; ~ 333 A2
h~831A

Stepr = 342 A
Vy = 1712 A3

A =2A; ~ 396 A*
h =~ 1001 A

Sripr & 369 A%
Vi & 1516 A3

2A1 ~ 310 A?

h~821A

“Indexation of the lamellar orders. “Indexation of the reflections of the lamello-columnar lattice. “Measured spacing. “Intensity (VS, very strong; S,
strong; M, medium; W,: weak; VW, very weak; —, missing); ¢, for diffuse reflections, correlation length from Scherrer formula; dr, diffuse reflection
from columnar registry; h,r, triphenylene dimers stacking distance; h, lateral distances between molten aliphatic chains; hpr, polythiophene
backbone 7—7-stacking distance; hr, triphenylene m—7-stacking distance; d, Nr,, layer spacing and number of triphenylene column rows per
lamella; a, b, S, Npp, Ny, parameters of the columnar lattice, lattice area, number of backbones, and number of columns in the bidimensional lattice;
ar, spacing within rows (in the Lamc, phase, dr is assimilated to the reflection (11) of the average lattice ar X d); Sp,pr = d X ar/Nryq, cross-
section area per column including spacer and backbone; Vy;, volume of the repetition unit; A, At = 2Ny, X Vy;/d, “packing area” and section of a
single column in the plane of the lamellae; h = 2V}/St,pr, periodicity in perpendicular to the lattice plane.

appearance in the wide-angle region of an additional scattering
due to the stacking of polythiophenes (fipr) (the attribution is
confirmed with reference patterns, see Figure S10 in
Supporting Information). The vanishing of the mesophase for
(PTTT),, results in X-ray patterns with only small-angle
scattering due to intermolecular distances, characteristic of the
amorphous state (Figure 4b). The same pattern is observed for
(PQTT), above 100 °C, but below this temperature the small-
angle scattering signal shape gradually evolves toward two
reflections in the spacing ratio 1:2 while the hpp maximum
grows on the wide-angle scattering. With correlation lengths in
the 200 A range on cooling, the systems turns out to be very
close to a mesophase based on segregated polythiophene
lamellae (Figure S11). Strictly speaking, structures at high and
low temperatures are just different states of the same
amorphous phase, since neither a POM texture nor a DSC
peak could be observed. Though, this embryonic segregation at
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low-mesogen content likely prefigures the lamellar structure of
the neat semicrystalline polyalkylthiophene.

The mesomorphic characteristics of the polymers and
polymorphic data are listed in Table 2. Positions and widths
of all reflections, precisely measured on the SAXS patterns, and
correctly indexed, are gathered in Tables 3 and 4, and
commented in combination with additional information from
oriented thin films.

Summarizing, SAXS powder measurements (along POM and
DSC) partly reveal the intricate nature of the various
mesophases formed by these sets of triphenylene-functionalized
polymers. Three regimes could be distinctively observed: (i)
polymers deprived of mesomorphism, i.e., the copolymers with
high thiophene/triphenylene ratios, (ii) polymers displaying a
low-ordering nematic mesophase, i.e., those with a short lateral
spacer between the backbone and the triphenylene, and (iii)
polymers with decyl or longer spacers showing highly ordered
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Figure 2. SAXS pattern of (PT;T),s at SO °C on cooling from
isotropic state. Inset view: pattern with improved resolution at low
angle and diffraction peak superposition [Labels defined as in Figure

1].
10000

Intensity (counts)

10 20 (°) 20 30
Figure 3. SAXS pattern at 80 °C on cooling of polymer (PTST),s.
Inset view: pattern with improved resolution at low angle and
diffraction peak superposition [labels defined as in Figure 1].

mesophases, provisionally identified as lamello-columnar, all
having a long-range lamellar sublattice, resulting likely from
polythiophene segments arranged into parallel rows, inter-
played with a 2D sublattice, generated by the one-dimensional
stacking of the triphenylene cores and the subsequent columnar
layout. The absence of aligned samples and the nonobservation
of additional cross-reflections (hkl) however did not permit to
retrieve the respective orientations and connections between
both sublattices, and thus to ultimately elucidate the mesophase
structure. We thus attempted other techniques of alignment
specific of conjugated polymers, actually conceivable because of
the presence of the polythiophene moiety. Nanometer scale
thin films prepared by the drop flow casting method showed
regions with some orientations when analyzed by AFM. Going
on polymer thin film techniques, we then resorted to use
directional epitaxial crystallization (DEC), in order to prepare
samples suitable for TEM-ED and GISAXS. The comple-
mentary information accessed in that way provided a deeper
insight in the various supramolecular organizations, and
permitted the complete elucidation of the structure of the
lamello-columnar mesophases, as reported now.

Atomic Force Microscopy Study of Oriented Poly-
meric Thin Films. The morphology of the (PTT),s and
(PT,T),s thin films on surfaces was first studied using tapping
mode atomic force microscopy (AFM). A (PT,,T),s thin film
was successfully prepared from an octane hot solution (75 ug/
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Table 4. SAXS Patterns at the Temperature T, in the
Nematic Phase with Lamello-Columnar Local Organization
(NLamcor) for (PTsT)45 and (PTST)IS

(PTST)4S (PTST)IS
Cyb. NLamcol NLamcol
Lam T = 80 °C T = 80 °C
- d[A)”  E[A 6 d[A]® A 6
37 160 M 37.5 120 M
2 182 120 'S 183 100 VS
3 12.6 100 M 12.5 100 M
4 9.2 100 VW 92 100 VW
Dy 16.1 50 'S 159 40 VS
hy, 4.4 10 VS 4.4 10 VS
hy 3.54 40 S 3.54 4 S
d=369(2) A d=369(4) A
(&/d = 3) (&/d = 3)
Nrgow = 2 Nreow = 2

D, =D;~ 161 A
(§1/Dy = 3)
Sripr & 297 A?
Vy ~ 1267 A3

2A ~ 275 A*
h~853A

D, =D;~159A
(§1/Dy = 2.5)
Sripr R 294 A
Vu ~ 1267 A3

2A ® 274 A?

h~ 863 A

“Indexation of reflections from local-range ordered lamellae (cyb lam.
for cybotactic lamellae) of column dimers. “Measured spacing.
“Correlation length from Scherrer formula. “Intensity. Dy: lateral
distances between dimers. hg: lateral distances between molten
aliphatic chains. hp: triphenylene 7—7-stacking distance (Table 3). d,
Ny thickness of cyb. lamellae and number of rows of half dimers
per lamella. D : distance between dimers within rows. St,pp = d X D/
N,y area per half dimer in the plane of dimer stacks. Vy;: volume of
the repetition unit. A} = 2Ny, X Vyy/d: area per dimer in the plane of
the cyb. lamellae. h = 2V)y/Sp,pr: periodicity along the stacking
direction of dimers.

mL) by flow casting process on an OTS treated silicon
substrate,® then annealed at 90 °C for 20 min. The AFM
topography and phase images show a nanostructured film with
terraces (Figure Sab), indicative of extended flat lamellae
oriented parallel to the substrate surface. The heights of the
terraces determined from topography images were about 10
nm, S nm or multiples of 5 nm (Figures Sc,d and S12). They
coincide well with the lamellar periodicity of the bulk structure
measured from SAXS patterns (Table 3). A (PT;T),s thin film
was also prepared, but from a concentrated CHCI; solution
(2.5 mg/mL) by similar flow casting process on a cleaned bare
silicon substrate (without OTS), then annealed at 130 °C for
20 min. The AFM phase images reveal a good molecular
resolution. They display a nanostructured film with a number of
thin stripes, periodically stacked within lamellae-type structures,
as underlined on the left of Figure Se. The spacing between the
lamellae (e.g, between consecutive dark stripes) ranges
between ten and several tens of nanometers and is thus a
priori compatible with the average backbone length of 17 nm
(DP,, = 4S; DPI = 1.2), confirming that the regions between
two consecutive lamellae are constituted by the polymers ends,
which may correspond to amorphous zones (Figure 8f).'
Between these zones, the organized domains result from the
lateral self-assembly of the main polymers segments predom-
inantly face-on on the substrate surface. An additional
substructure is moreover observed in the bright domains in
the direction perpendicular to the backbones (Figure Sf),
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Figure 4. SAXS patterns of (a) (PBTT),, at 50 °C on cooling from
isotropic state, and (b) of (PTTT),, at 50 °C in the amorphous state
[labels defined as in Figure 1; hpy, scattering signal from the
polythiophene backbone 7—7 stacking distance, Figure $10].

whose periodicity of about 3.8 nm coincides with the
periodicity of the short-range correlated layering, evidenced
in SAXS patterns (Table 4). This coincidence means that the
layers embryos formed by the alternation of backbones and side
groups mainly lie in the plane of the substrate, presumably due
to the epitaxial orientation of the polythiophene chains on the
bare silicon substrate.

TEM and GISAXS Studies of Oriented Thin Films of
(PT,,T), by DEC. Nanostructured oriented films of a few tens
of nanometers thickness with several polymers were fabricated
by using the directional epitaxial crystallization method with
1,3,5-trichlorobenzene (TCB, conditions described in Support-
ing Information). The films of the longest polymer
((PT1T),ss) all contain large regions with uniform in-plane
alignment, making possible a detailed investigation by TEM,
ED and GISAXS. In contrast, the same preparation conditions
used for (PT(T),s led to thin films exclusively constituted by
amorphous or nonoriented zones, which do not provide access
to any further structural information. Films of (PT;T),s and
(PT4T),s were also obtained as poorly structured and oriented,
but small zones suitable for ED analysis could nevertheless be
selected. These observations are consistent with bulk properties
and AFM results. For (PT;,T);s and (PT;sT),s the
mesophase domains in POM textures grow slowly from the
isotropic melt and the isotropic phase is maintained below the
melting temperature of TCB (63 °C) or even down to room
temperature in DSC cooling runs. In contrast, the transition
from the isotropic state of (PT(T),ss is weakly delayed and
becomes complete above the temperature of directional
solidification. The differences in the thin films quality might
therefore be the consequence of the variation of the
isotropization temperature in the polymer series. It is tempting
to attribute this variation to the influence of the backbone
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length onto the constitution of well-structured large-size
polymer lamellae, but previous study on P3HT films evidenced
an improved crystallinity for the shortest polymers (although
the polymerization degrees were slightly higher, ranging from
34 to 206).>* More likely, the stabilization of the mesophase
organization for the long backbone is due to an improved
microsegregation of the pending mesogens, but the involved
mechanism is not clear yet.

The availability of thin films of (PT,T),ss permits one to
perform further and more detailed structural investigations.
Optical microscopy of (PT(T),ss films evidenced a maximum
of absorption coinciding with the growing direction of TCB
crystals (crcp) associated with a high birefringence between
crossed polarizers, which is a sign for the alignment of the
polymer backbones parallel to cpcp. This is confirmed by TEM
BF images (Figure 6a) showing a uniformly oriented
alternation of dark and bright stripes. The contrast in the
TEM BF image is obtained by the use of a small objective
aperture that cuts off the diffracted electrons i.e. dark stripes
correspond to crystalline lamellae and bright regions to
interlamellar amorphous zones. As inferred from the Fourier
transform of the BF image (inset, Figure 6a), a characteristic
30-nm lamellar periodicity, almost identical to that observed for
P3HT films oriented on TCB, is observed.'*" This observation
suggests that the characteristic lamellar structure is enforced by
the epitaxial orientation of the polythiophene backbone,
regardless of the presence of lateral pending triphenylene
moieties. This result further indicates that (PT;oT)ss is
semicrystalline with the coexistence of disordered zones that
alternate with domains of crystalline “P3HT” segments. This
implies that the polythiophene backbone can fold despite the
presence of bulky pending triphenylenes. Folding is further
supported by the fact that the contour length of the chain (L =~
60 nm for DPn ~ 158) exceeds clearly the lamellar period
observed by TEM. In other words, the amorphous interlamellar
zones may contain folds, tied-chains, and chain-ends.

Using low-dose HR-TEM, the crystalline lamellae display a
substructure, i.e. a periodic fringed pattern (Figure 6b), with a
S-nm periodicity in the direction perpendicular to the polymer
backbone. In P3HT, a similar fringed pattern is observed within
crystalline lamellae but with a 1.65 nm period corresponding to
the distance between two layers of z-stacked polythiophene
backbones separated by one layer of alkyl side-chains. The
contrast in the HR-TEM image is due to the alternation of 7-
stacked polythiophene backbones containing sulfur atoms and
the layers of alkyl side-chains containing only the lighter C and
H atoms. This contrast can only be observed if the z-stacking
direction of the PT chains coincides with the direction of
incident electron beam. In the present case, we can propose a
similar origin for the contrast in the HR-TEM image, but the 7-
stacked polythiophene chains are separated by a much larger
distance due to the presence of the bulky triphenylenes
whereby increasing the interchain distance to 5 nm. Regarding
the stem length in the crystalline lamellae, it amounts to 10—12
nm, to be compared to the 30 nm total lamellar period
(crystalline+amorphous). This value is similar to that observed
for high-molecular weight P3HT.*

The observation of a fringed pattern in HR-TEM with a 5-
nm period is fully consistent with the SAXS results evidencing a
lamellar sublattice with the same characteristic period of $ nm.
ED patterns (Figure 7) confirm this attribution and show that
the intensity within the lamellar reflection series is maximum
for the third order, evidencing that the (003) reflection of the
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Figure 5. (a) Topography and (b) phase AFM images of (PT, T),s thin film on silicon wafer treated with the silylating agent
octadecyltrichlorosilane (OTS). (c) 3D image of terrace structure of the (PTy,T),s film on OTS-treated wafer. (d) Terrace step profile of
(PT(T),s film on treated OTS wafer determined from topography of c); e) and f) AFM phase images of (PTsT),s thin film on silicon wafer. The
yellow bars and blue dotted lines stay for the individual polymer chains and their lamellae, respectively. The blue arrows indicate the average length
of polymer chain. The black arrows indicate the interlamellar distance of the lamello-columnar local organization.

lamellar sublattice and the (200) reflection of the columnar
sublattice actually correspond to the same periodicity in the
intertwined lamello-columnar lattice. Moreover, the stacking of
the triphenylenes into columns gives rise to a half diffuse
reflection (hr) located at about 0.355 nm with a correlation
length of about 6 nm (Scherrer formula). In the ED pattern,
this reflection is oriented along the polythiophene backbone
direction, indicating that the stacking of the triphenylenes
fluctuates around a preferential direction coinciding with the
polymer chain direction.

The observation of the lamellar periodicity by TEM and ED
in a normal incidence configuration implies that polythiophene
stacks, triphenenylene columns and aliphatic medium alternate
in the substrate plane. In consequence, both the scattering due
to the stacking of polythiophenes (hpr) and the fundamental
reflections specific of the columnar sublattice are inaccessible in
the configuration of TEM. The “hpy” scattering is anyway very
weak or extinct, as shown by its absence in the powder patterns
of (PTT),ss the overlapping with the hy scattering having
been excluded by comparison with a reference P3HT recorded
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versus temperature (hpy = 3.80 + 0.03 A between room
temperature and 150 °C, Figure S10, Supporting Information).
This means that the stacking of the polythiophene backbones
cannot be very regular, in spite of the several sublayers’
alternations within the well-defined layers. The reflections
specific of the columnar sublattice area is obviously present in
the powder patterns and should be observable in thin films by
using a grazing-incidence configuration. Thus, the pattern,
acquired on a synchrotron GISAXS line with the X-ray beam
parallel to the polymer backbone (Figures 8 and S13), logically
contains on the equator the lamellar orders evidenced by
TEM/ED, but also on the meridian a reflection revealing the
stacking of rows of triphenylene columns. The enlarged width
of this additional reflection would correspond to a correlation
length in the order of 200 A, but this value is just a lower limit,
as experimental causes contribute to the enlargement (angular
divergence of the beam, extended sample size in the beam
direction). Actually, a certain degree of structural disorder is
expected, since the directional solidification occurs around 63
°C, i.e. below the annealing temperature of (PT;,T),ss in the
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b) &

Figure 6. (a) TEM BF images of an oriented (PT;,T),ss thin film,
exhibiting alternated dark and bright stripes, attributed to crystalline
lamellae and amorphous zones, respectively (FFT shown in inset); (b)
HR-TEM image showing the substructure within crystalline lamellae,
ie, a periodic fringed pattern with a S-nm periodicity (inset view: 4 X
4 magnification of the zone delimited by the rectangle).

a) 0.35nm b)

=

Figure 7. (a) ED pattern of an oriented (PT,,T),sg thin film; (b)
magnification of the small angle region. The blue arrow indicates the
growth direction of TCB (crcp). The reflections at 1.63 and 4.88 nm
correspond to the 1st and the 3rd lamellar orders (ie, to the
reflections (0 2) and (0 6) of the lamello-columnar lattice, Table 3).

bulk. The technique of alignment concerns the polymer
backbones and therefore the layers but should not influence
the columnar packing within the layers, which is not long-range
correlated in the bulk at the film preparation temperature.
Indeed, very similar patterns are observed in the bulk on first
heating in the partially annealed sample, the lamellar order
becoming long-range before the columnar order: sharp lamellar
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Figure 8. GISAXS pattern of an oriented (PT(T),ss thin film with the
X-ray beam parallel to the backbone direction. In consistency with
TEM and ED results, the 1st and the 3rd lamellar orders appear on the
equator. In addition, an equatorial arced peak at 18.2 A on the equator
shows the columnar registry.

reflections coexist then with an unique diffuse reflection located
at 182 A (£ ~ 100 A) (Figures 8 and S13, Table 3).

Bl DISCUSSION

Lamello-Columnar Structure of the Polymers of the
(PT;oT), Subseries. The completion of the “phase” trans-
formation induces the long-range ordered columnar and
lamellar sublattices, which are the same for the three polymers
(PT,,T),, the location and intensity ratios of the reflections in
the patterns being nearly identical (Figures 1, S7, S8). This
observation is a logical consequence of the medium-range
correlated organization in the common direction of polymer
backbones and columns: the associated correlation length (&
~ 60—70 A) is close to the theoretical backbone length of the
shortest polymer ((PT,,T);s), but substantially below for the
other polymers, and a further increase of DP, should then not
any more influence the organization.

The closeness of one of the columnar first order periodicities
to the third lamellar order allows suggesting the lamello-
columnar organization, which consists in a bidimensional lattice
with a periodicity of three rows of columns (Nr,, = 3) along
the coincidence direction (e.g,, lattice tripling). The symmetry
turns out to be rectangular, the a-lattice parameter being
assigned to the direction of the normal to the lamellae and the
b-parameter, to the direction of the rows. As shown hereafter
the lattice includes two lamellae and two columns per row,
corresponding to Ny = 12 columns and Npy = 12 backbones
per lattice (Table 3, Figure 9a). In the direction perpendicular
to the lattice plane, a periodicity of 2 polymer repetition units is
considered because of the herringbone conformation of
backbones. This defines an elemental cell containing Z = 24
repetition units whose volume is estimated to 1380 + 80 A3
from partial volume data (p = 1.08 + 0.06 g/cm?); a cell
periodicity perpendicular to the lattice, h = 8.2 + 0.5 A (caption
of Table 3), is then deduced from the ratio of the cell volume V'
(33 £ 2 x 10* A%) and of the lattice cross-section area (S = 4.04
X 10* A?). This value is actually close to the theoretical
periodicity along the polymeric backbone (2 X Iy & 7.70
A*32) which would be the one for perfectly registered
backbones of infinite length and orthogonal to the lattice plane.
The discrepancy with the thickness of two stacked triphenylene
rings is slightly larger (2 X hy ~ 7.10 A) and must be
compensated by fluctuations in the ring orientation, as
suggested by ED patterns, or by other mechanisms contributing
to the disorder in the structure.
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Figure 9. Schematic views of the supramolecular organization of (a) (PT,,T), polymers in the LamColg phase, (b) (PBTT),, copolymer in the
LamColy phase, and (c) (PT;sT),s polymer in the Lamg, phase. Blue discs represent the triphenylene columns and red boards, the polymer
backbones; the molten aliphatic parts fill the empty spaces. Column and backbone axes are perpendicular to the lattice plane. d is the lamellar
periodicity; a and b are the parameters of the rectangular lattice delimited by the thick white lines (LamColg phase) or of the average repetition unit
of the local organization within lamellae visualized by the dashed lines (Lamc,, phase).

The segregation in alternating sublayers of backbones and
columns separated from molten chains takes place by
compromising the constraints coming from the different
bulkiness of the polymers and pending groups, from the
short interconnection through the aliphatic spacer and from the
conformation of the polymer. For the description of this aspect
of the mesophase organization, additional geometric parameters
are needed, in particular the “packing area” A, which is defined
as the projection area of the unit cell in the plane of lamellae (A
= 12Vy/d ~ 327 A%). Another useful parameter is the section
of triphenylene columns parallel to the columnar axis 20rg,
which is deduced from the volume fraction of hexa(pentyl)-
triphenylene in the polymer (f1., ~ 0.86) and from the lattice
area per column S/Nr, by considering an equal repartition of
the chains around the cores: the distance between columns ap,
would then be the same as in a hexagonal columnar phase (ar,
= [fren X S/Np X 2/ \/ 3]%% = 18.3 A), determining 264, (2674,
=h X arg, & 150 A%). The packing area is close to the section
of 2 columns, in consistency with the triple row organization
deduced from X-ray patterns, the small difference between
molecular areas being attributed to experimental errors, to a
dissymmetric repartition of aliphatic tails around the columnar
cores and to the volume contribution of the spacers connecting
the polymers to the inner row of columns.

The six polymers constituting a single sublayer would cover a
minimum surface 60y if they were stacked with the backbone
plane parallel to the layer normal (66pr = 6 X hpp X 2 X lpp =
176 A%). A contrario, the much larger packing area reveals that
backbones are considerably tilted in the lattice plane or less
tilted but partially mixed with the molten aliphatic tails filling
gaps in the backbone sublayer. Whatever the mechanisms
involved in adapting the various molecular areas, the
discrepancy with 60pr prevents the regular stacking of
backbones, as confirmed by the absence of the hpyp scattering
in SAXS powder patterns (vide infra). A more favorable
sublayer organization with better segregated backbones would
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exhibit a smaller packing area and therefore lead to an increased
number of rows in the triphenylene sublayers, which is
hindered by the limited length of the aliphatic spacer. Thus,
in the triple row organization the constraint of the spacer can
be evaluated from the shortest distance separating columnar
cores and backbones in the case of an equal repartition of the
molten aliphatic chains around the columnar cores. This
shortest distance would then be of about 19 A, if the columnar
cores are assimilated to cylinders of 10 A diameter (according
to the section deduced from the estimated volume fractions).
However, the decyl spacers impose a maximum distance
between backbones and triphenylenes of only 14 A and
therefore pull the columns of the inner row within the aliphatic
periphery of the outer rows. Consequently columns are
alternatively up and down shifted in the inner row and likely
wide and narrow spaced in the outer rows, resulting in the
double-column periodicity along the b-axis. Corollary, back-
bones connected to a column of an inner row are also shifted
toward this inner row. Because of the herringbone
conformation of the polymers, half of the pending groups of
this polymer must then come from the outer row of the next
triphenylene sublayer, forcing outer and inner rows of
neighboring sublayers to face and generating the two layer
periodicity along the g-axis. A schematic representation of this
packing model with p2gg** symmetry is displayed in Figure 9a.

Effects of the Bulkiness and Spacer Chain-Lengths.
Copolymers. Three main molecular features appear to
constrain the molecular packing in this particular lamello-
columnar phase: (i) the different bulkiness of the triphenylene
and of the polythiophene moieties; (ii) the limited spacer
length and (iii) the intrinsic semicrystalline structure imposed
by the P3HT backbone. Removing a fraction of the
triphenylene rings connected to the polymer permits the
tuning of the respective bulkiness between polymers and
pending groups. As described above, different copolymers
alternating alkyl and triphenylene side groups were prepared
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with different thiophene/triphenylene ratios. Thus, as this ratio
was raised (1:1 — 2:1), SAXS patterns of the alternated
copolymer (PBTT),, did not evidence any change for the
LamColy mesophase organization, for which very similar
geometrical parameters were retrieved (a slight 2% elongation
of the lattice along the a-direction being solely noticed). The
main differences with respect to the homopolymers consist in
the appearance, next to the hy scattering at 3.56 A, of an
additional scattering at 3.81 A, attributed to hpr, and in the
extension of the visible lamellar order series up to the eighth
order (Table 3). These results attest the now regular stacking of
backbones, leading to a much improved segregation in
sublayers with sharper interfaces and then to a reinforced
stability of the organization, as confirmed by the extension of
the mesophase range to higher temperature. Thus, using the
same methodology as above (partial molecular volumes and
transverse cross sections of molecular segments), the unit cell
now contains Npr = Z = 24 backbones for a slightly enlarged
cell periodicity perpendicular to the lattice (h = 10.0 + 0.7 A)
and packing area (A = 12V},/d = 396 + 30 A*). The minimum
surface covered by the 12 polymers constituting a single
sublayer 120p1 (120p7 = 12 X hpp X 2 X lpp = 352 A?) is now
close to A, allowing a regular stacking with the backbone plane
close to the layer normal, in consistency with experimental
observations (Figure 9b). Moreover, because of the herring-
bone conformation combined to the alternated structure, all
pending groups should come from the same side of the
polymer and the registry of successive triphenylene layers does
now occur with the alternated up and down stacking of
backbones. The significant difference between h, 2 X I (&
7.70 A) and 2 X hy (= 7.12 A) reflects the disorder in the
packing, in relation with the reduced correlation length of the
columnar piling and the relative shortening of the polymer
(vide infra). Remarkably, all these changes in the polythiophene
sublayer do not influence significantly the lattice geometry and
the triple-row organization within the triphenylene sublayer.
Increasing this ratio (to 3:1 and 4:1) led to the complete
suppression of the mesomorphism for the other two
copolymers, (PTTT);,, and (PQTT),. If the LamColy
mesophase would have been maintained for the alternated
copolymer (PTTT),,, the number of backbones per sublayer
would have reached 18 for a minimum surface 186, (180pr =
18 X hpr X 2 X Ipp = 528 A?) exceeding substantially the
packing areas of the triple row organizations described above.
One may have expected that the packing within the
triphenylene sublayer would then change for a double-row
organization realizing the adaptation of molecular areas. In
practice, the material does not show any type of mesophase
organization and is amorphous at all temperature, exhibiting
exclusively a glass transition close to room temperature. The
SAXS patterns confirm the absence of long-range order, as they
contain a single broad small-angle scattering at about 17 A
which corresponds to average intermolecular distances; trivially
lateral distances between chains and other moieties give rise to
a broad wide-angle scattering with a maximum located at about
4.3 A. Tt should be mentioned that the hp scattering is not
visible in the patterns, indicating that triphenylene rings do not
pile regularly. This observation may be directly related to the
absence of mesophase organization: because of the herringbone
conformation, the periodicity along the polymer chain has now
reached 6 X Ipr (= 23 A). On each side of the backbone, two
successive pending groups bearing triphenylene rings are now
separated by two pending groups constituted by octyl chains,
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which logically hinder the stacking of the rings. The influence
of the triphenylene logically further declines for PQTT giving
rise to a room temperature molecular organization that comes
down to alternating sublayers of backbones and pendent
groups. Indeed the molecular area (S ~ 62 A?) deduced from
layer spacing (d ~ 36 A) and repeat unit volume (Vy & 2240
A®) hardly exceeds the minimum section of well stacked
polythiophenes (40py 58 A?), confirming the evolution
toward a lamellar structure resembling to P3HT. In consistency
with the reduced intensity of the first lamellar order, pendent
groups bearing and devoid of triphenylene form intermediate
strata of increased electronic density roughly in the middle of
pendent group sublayers. These strongly disorganized strata
might then cause bending and other deformations of layers, and
delay the appearance of the orientational long-range order
despite well segregated polythiophene sublayers.

Thus, to summarize, the variation of the thiophene/
triphenylene ratio showed that the triple row organization
persists with loosely packed and with close stacked backbones
(for the homopolymers and the former copolymer, respec-
tively). Unfortunately, the mesophase properties vanish for a
further expansion of the polythiophene sublayer, following
concomitant structural changes.

Effect of the Spacer-Length. We next investigated the
influence of the spacer-length between the PT backbone and
the triphenylenes, suspected to play a major role in the
occurrence of the LamColy phase. Thus, for the homopolymer
(PTsT),s, i-e. with a pentadecyl spacer, the maximum distance
between backbones and triphenylenes reaches 20 A, which is
then comparable to the shortest distance separating columnar
cores and backbones, in the case of an equal repartition of the
molten aliphatic chains around the columnar cores (i.e., 19 A,
vide infra). In the case of (PT(T), polymers, the discrepancy
between both distances was supposed to pull the columns of
the inner row between those of the outer rows, but this
constraint of limited spacer length now vanishes for the
(PTsT),s polymer. Surprisingly, this leads to a drastic
reduction of mesophase ordering, the isotropization temper-
ature decreasing by nearly 40 °C with respect to (PT,,T),s and
the long-range ordered columnar sublattice being replaced by a
unique half diffuse reflection located at about 18 A. Yet the
lamellar stacking is long-range and the intensity modulation in
the lamellar order series reveals that the segregation in lamellae
and rows is very close to the one in the LamColy phase.
Moreover, ED patterns on oriented thin films (also prepared
with the DEC method) confirmed the attribution of the very
strong third lamellar order and showed that the layers are still
parallel to the polymer backbones (Figure S14). The only
significant change of the lamellar ordering with respect to
(PT,oT), consists in a substantial increase of the thickness (by
about 8 A, i.e. 15%), which is a logical consequence of the
release of the constraints due to the spacer. Thus, with the
vanishing of the up and down shifts in the inner row, the same
columns may be composed of triphenylene rings coming from
both sides of the triple rows which may explain the apparition
in the X-ray pattern of an additional diffuse scattering at twice
hr, corresponding to the dimer periodicity (hyr).>® The sharing
of columns between several backbones would then contribute
to the disorder in the piling and in the lateral packing of
columns, but would mainly decorrelate the locations of
successive triple rows. This may then be the cause of the
reduction of the long-range LamColy ordering to a lamellar

~
~
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Figure 11. (a) ED pattern of oriented (PTT),s thin films; (b) magnification of the small angle region. The blue arrow indicates the growing
direction of TCB crystals. Bows in the wide-angle region are located at about 3.49 A and result from the stacking of triphenylene rings (hy). The
reflections centered at about 36.1, 17.4, and 12.3 A correspond to the three first orders of the short-range correlated lamellar stacking.

phase with short-range correlated columnar registry (abbre-
viated as Lam,, Figure 9c¢).

Despite the loss of the columnar long-range ordering, the
release of the spacer-length constraints preserves the
organization in triple rows alternating with backbone sublayers.
It is expected this not to remain if the spacer is shortened to
pentyl, i.e. to the length of the tails in the periphery of columns.
Indeed, (PT,T), polymers exhibit another type of mesophase,
stable over an extended temperature range (Table 4). On first
heating, the DSC traces contain several undefined signals
corresponding likely to the annealing and to the gradual
fluidification evidenced by POM, leading to fluid textures
typical of a uniaxial nematic phase ca. 20 °C below the
isotropization temperature (vide supra). These textures are
then kept on cooling and on further heating runs with a gradual
variation of the viscosity, while only the signals of the
isotropization and of the glass transition are visible in DSC
traces. X-ray patterns do not change significantly in the
mesophase range and are even very close to the patterns in the
pristine state. The main difference concerns the hy scattering,
which is not detected on the first heat until the glass transition
is crossed and which vanishes then again at the isotropization
temperature. In the small-angle region, a scattering with a
maximum, located at 17 to 18 A, is observed throughout the
mesophase domain up in the isotropic state. Indeed, the
absence of any sharp reflections in the mesophase confirms its
assignment to a nematic phase, but the careful analysis of the
scatterings shows that it can be decomposed into several diffuse
reflections of unequal width and intensity (Figures 3 and S9,
inset views from 4° to 8°). On the first heat, the analysis is
ambiguous, probably because of small structural changes
occurring gradually with the fluidification noticed by POM,
but on cooling the composition of the scattering is clear and
surprisingly constant in the whole nematic range and moreover
identical for both polymers.

Thus, these signals consist in 4 broadened lamellar orders
overlapping a more diffuse reflection Dy related to the spacing
of columns (Table 4). The correlation lengths associated with
these reflections and to the hy scattering correspond roughly to
3 lamellae, 3 columns and about 11 rings piled into columns.
This suggests classifying this mesophase among the columnar
nematics, but with an unconventional lamello-columnar local
positional ordering (thereafter designated as Ny co1)-

Oriented patterns might help to describe the local positional
ordering and both samples were slowly cooled down from the
isotropic state in a 1.0 T home-built magnetic oven equipping a
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specific SAXS line, but patterns did not evidence any alignment
of the sample. Fortunately, the preparation of oriented thin
films by DEC was finally successful for the (PT T),s polymer.
ED patterns on these oriented thin films contain the lamellar
orders and the hp scattering bows in perpendicular directions,
the latter direction coinciding roughly with that of the polymer
chains (Figure 11). The segregation type is therefore similar to
the one existing in the LamColy phase, except that the lamellar
periodicity is now shrunken by about 1/3; the most intense
reflection in the series, which is now the second order, confirms
the expected organization change from triple to double rows of
columns. In consequence, the packing area drops by about 50%
and spaces backbones, which are hence buried in the periphery
of interconnected columns. This suggests a new view of the
organization, based on the arrangement in disorganized layers
of dimers, constituted by the whole of two columns and the
interconnecting backbones (Figure 12). In the absence of
registry, correlations between successive layers, the Drp
scattering just reflects the lateral distance between dimers.
The layering is short-range correlated but the sublayer
interfaces are sharp, as shown by the presence of four lamellar

Figure 12. Schematic view of the local positional organization with the
Ni.mcol phase of (PT4T), polymers. Blue discs represent the
triphenylene columns and red boards, the polymer backbones. Molten
aliphatic parts fill empty spaces. Column and backbone axes are
perpendicular to the sheet plane. d and Dy are the average distances
between the dimers of columns and backbones.

dx.doi.org/10.1021/ma4020356 | Macromolecules 2014, 47, 1715—-1731



Macromolecules

orders, with intensity ratios almost reproducing the sequence of
high- and low-electronic density segments in the dimers. This
means that the dimers are well confined in regularly stacked but
strongly bent layers, likely in relation with their large size
hampering their diffusion between layers. Within nematic
domains these bent layers adopt all possible orientations and
the polythiophenes appear macroscopically as a uniform
decoration of the interfaces between columns, whose common
preferential alignment defines the nematic director. The
influence of the polymer decoration on the average structure
thus resembles to the swelling of the aliphatic periphery with
hydrocarbon solvents that also reduces columnar long-range
positional ordering to nematic columnar.*® The polymer
however confers its intrinsic properties to the material,
explaining in particular the high viscosity and the freezing of
the texture at low temperature, due to the approach and the
crossing of the glass transition.

B CONCLUSIONS

In order to completely elucidate the structure of the
unconventional lamello-columnar mesophase recently discov-
ered in regioregular triphenylene-functionalized polythio-
phenes, we synthesized and studied the thermal and self-
organization behaviors of two series of intricate polymeric
systems associating the shape-persistent regioregular poly(3-
alkylthiophene) backbone with laterally pending mesogenic
triphenylenes. In the homopolymer series, the length of the
polymer backbones and the length of the aliphatic spacer
between the polymeric backbone and the discotic side groups
were systematically varied, whereas the thiophene/triphenylene
ratio (i.e., the degree of polymer lateral substitution) was varied
in the copolymer series. The precise structure of the lamello-
columnar mesophase was elucidated principally by resorting to
oriented thin film techniques developed for m-conjugated
semicrystalline polymers, used for the first time for such LC
systems. In particular, the directional epitaxial crystallization
technique led to thin films with the backbones lying parallel to
the substrate, from which the respective orientations between
polymer backbones and triphenylene columns were inves-
tigated by TEM, ED, and GISAXS. Thus, backbones and
columns turned out to be parallel to each other, in an overall
lamello-columnar structure consisting in the alternation of
triple rows of columns and of backbone sublayers.

The decyl spacer in (PT(T), is hardly sufficient to link
backbones to triphenylenes of intermediate rows and leads to
periodic undulations of the layers and rows, at the origin of the
large columnar sublattice involving two lamellae, 12 columns
and 12 backbones. With longer spacers releasing these
geometric constraints, the long-range correlated columnar
superstructure vanishes, but the lamellae of alternating
backbone layers and disorganized triple-rows subsist. With
shorter spacers, triple-rows are expectedly substituted by
double-rows, but both columnar and lamellar substructures
get concomitantly short-range correlated in an overall
cybotactic organization of macromolecule dimers. The
common average orientation of the dimers remains however
long-range correlated, as in a nematic phase of single molecules
or columns. In this polymer series, the long-range lamello-
columnar order only appears for the intermediate decyl spacer,
when the three rows organization persists with geometric
constraints. Presumably, the reason should be that these
constrains correlate the respective positions of columns beyond
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the intercalated backbone layers, successive triple rows are
disconnected otherwise.

Surprisingly the organization in triple rows does not evolve
toward double rows when a fraction of the pending mesogens is
removed through copolymerization with alkyl thiophene
monomer. A copolymer realizing the perfect adequacy between
the theoretical cross sections of both moieties (PT and T), and
two more with even more diluted mesogens, were compared to
the analogous homopolymers. While the more diluted
copolymers are amorphous, the former copolymer shows the
same mesophase as the homopolymers, over an extended
temperature range. Even the geometrical parameters remain
nearly unchanged; the only significant structural difference is
the improved registry of backbones, due to the intercalation of
the repeat units devoid of pending mesogens. Corollary, the
long-range correlated structure of this copolymer involves the
regular alternation of registered backbones and stacked discotic
mesogens, consisting in two orthogonal 7-stacking directions.

These optimized polymeric architectures based on two
chemically different moieties constitute an interesting basis for
the design of novel self-organized complex semiconducting
materials. Associated with judicious side groups as for example
n-type entities, we anticipate that this simple and versatile
strategy for producing distinct conductive channels, could lead
to a new class of supramolecular ambipolar materials, easily
processable, potentially suitable for electronic and optoelec-
tronic applications. Efforts in this direction are being
encouraged.
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