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ABSTRACT: A series of side-chain liquid-crystalline polymers
(SCLCPs) containing triphenylene mesogen, in which the long
alkyl tail Tp connected directly with main chain, were synthe-
sized successfully. The chemical structures of the monomers
were confirmed by '"H NMR and mass spectrometry. The phase
behaviors of polymers were investigated by a combination of
techniques, including DSC, POM, 1D/2D WAXD, and SAXS. The
experimental results suggested that the type of main chain
played an important role in the LC phase structures of these
polymers. Because of the steric effects of side chains and the
coupling effects between the Tp moieties and the main chains,
all the polymers exhibited columnar phase. However, the

INTRODUCTION Side-chain liquid-crystalline polymers (SCLCPs),
due to the combination of properties of both, liquid crystals and
polymers, possess good processability, film-formation ability, and
good mechanical properties and hence, have attracted great
attention.’™ Due to the 77 stacking of the planar aromatic cores
and the interactions of the peripheral chains, discotic SCLCPs
(DSCLCPs) can self-assemble into well-ordered supramolecular
structures, which find applications as organic superconducting
materials or organic magnetic materials.®® For example, the tri-
phenylene (Tp)-based SCLCPs have been widely investigated
because they possess several advantages, such as relatively easy
synthesis, thermal and chemical stability, excellent charge carrier
mobility, and varieties of mesophases.”’ ! Recently, a comparative
study was conducted to investigate the effect of molecular weight
on phase structure, specifically to gain a deeper insight of the
influence of spacer length of DSCLCPs, based on a homologous
series of well-defined discotic liquid-crystalline polyacrylates
with Tp side groups with different spacer lengths by Chen
etal >3

Tp-based SCLCPs are comprised of four distinct structural
units: the main chain, the spacer, the Tp discotic mesogenic
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SCLCPs with poly(vinyl benzene methyl ether) or polynorbor-
nene backbone displayed hexagonal columnar phase, while
those with polyacrylate or polymethacrylate backbone pre-
sented columnar nematic phase, and the one with poly(vinyl
benzoate) main chain showed rectangular columnar phase.
Moreover, the clearing temperatures (Ti) changed with change
in main chain. Especially, the Ti of the SCLCP with polymetha-
crylate backbone was above 300 °C. © 2016 Wiley Periodicals,
Inc. J. Polym. Sci., Part A: Polym. Chem. 2016, 00, 000-000

KEYWORDS: main chain; phase behavior; structure-property
relations; liquid-crystalline polymers; triphenylene mesogen

group, and the tail."*?! By making changes in the chemical
structure, the phase transitions and phase structures of Tp-
based SCLCPs can be tailored accordingly, which make them
useful for organic electronics and optoelectronic applica-
tions.?%?3 For example, Zeng et al. studied the self-organization
behaviors of pendant mesogenic Tp-based SCLCPs with
regioregular polythiophene backbone and different spacer
lengths.?* The results showed that polymers could self-
organize into mesophases possessing intertwined lamello-
columnar morphologies, though to different extents. This was
a result of the simultaneous coexistence of lamellar and colum-
nar sublattices. Xing et al. investigated the influence of differ-
ent alkyl chain lengths of liquid-crystalline polymers with
triphenylene-containing 1-decynes on mesomorphic proper-
ties.2 The results showed that the polymers with shorter and
longer alkyl chain lengths adopted a homogeneous hexagonal
columnar structure, whereas those with intermediate lengths
formed mesophases with mixed structures. Later, Yu et al.
investigated the mesomorphic properties and phase behaviors
of novel SCLCPs with triphenylene-containing acetylenes, hav-
ing one or three methylene units as the spacer.*® The polymers
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SCHEME 1 Synthetic route for the synthesis of 2-hydroxy-
3,6,7,10,11-pentakis(hexadecyloxy)triphenylene. [Color figure
can be viewed at wileyonlinelibrary.com]

adopted a columnar shape and self-organized into a hexagonal-
ly packed columnar phase. Zhu et al. discussed the LC
behaviors of mesogen-jacketed liquid-crystalline polymers,
containing two Tp units, with different number of methylene
units between the terephthalate core and Tp moieties in the
side chains.?”*® With increase in spacer length and tempera-
ture, the polymers exhibited interesting phase behaviors.
Recently, our group studied the effect of spacer length and
alkyl tail length on the phase behaviors of Tp-based
SCLCPs.2?3% By changing the spacer length and tail length, the
phase behaviors and phase structures of Tp-based SCLCPs
were studied elaborately. However, still there are only few
reports that focus on the LC behavior of Tp-based SCLCPs with
varying main chain and on the investigation of the phase struc-
ture. Study of the phase behaviors of the complete homologous
series would help in designing of new polymers having
tailored phase behavior in a rational manner.

Mesogen-jacketed liquid-crystalline polymers (MJLCPs), in
which mesogenic units are laterally attached to the main
chain through only one covalent C-C bond or a very short
spacer, have gained tremendous interest. This is due to their
novel structures and properties, such as high glass transition
temperatures, broad temperature ranges of mesophase,
formation of banded structures texture after mechanical
shearing in LC state and an ideal rod-forming system.?*~3’
However, the synthesis of MJLCPs is very difficult. It is well
known that these properties of MJLCPs are a result of the
strong coupling and steric effects. Based on those two points,
it can be conceptualized that Tp containing the long alkyl
tail SCLCPs, without the spacer or short spacer, can produce
the “jacketing effect.”*®™*° On one hand, it is easy to synthe-
size Tp-based SCLCPs without the spacer or short spacer. On
the other hand, Tp with long alkyl tails has a large steric vol-
ume and there is also a strong coupling effect between the
main chain and Tp mesogen.

In this work, a series of long alkyl tail Tp-based SCLCPs, con-
taining either short spacer or no spacer, with variation in
main chain, has been synthesized. The chemical structures of
the polymers are shown in Scheme 1. The main chain of
Tp-based SCLCPs is either polyacrylate, polymethacrylate,
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poly(vinyl benzoate), poly(vinyl benzene methyl ether), or
polynorbornene. For convenience, the corresponding poly-
mers were designated as PMTP, PMMTP, PSTP, POTP, and
PNVTP, respectively. Phase behaviors of the polymers were
studied by DSC, POM, 1D/2D XRD, and SAXS. The experimen-
tal results showed that the nature of main chain plays an
important role in the LC phase structures of these polymers.
POTP and PNVTP exhibited the hexagonal columnar (®y)
phase. PMMTP and PMTP showed the nematic columnar
(®n) phase, whereas PSTP showed the rectangular columnar
(®r) phase. In addition, all the polymers exhibited only weak
n-n interactions of the side-chain triphenylene mesogens,
due to the strong coupling effects between the main chains
with the triphenylene mesogen.

EXPERIMENTAL

Materials

Anhydrous tetrahydrofuran (THF) was distilled from sodium
benzophenone ketyl under argon atmosphere and used
immediately. Triethylamine (TEA) and dichloromethane
(CH,Cl;) were dried over anhydrous magnesium sulfate.
Chlorobenzene (Acros 99%) was purified by washing with
concentrated sulfuric acid to remove residual thiophenes, fol-
lowed by washing, first with 5% sodium carbonate solution,
and then with water before it was dried over anhydrous cal-
cium chloride and distilled. 2,2-Azobisisobutyronitrile (AIBN)
was freshly recrystallized from methanol. Pyrocatechol
(98%, Alfa Aesar) and bromoalkanes along with other
reagents and solvents were used as received without further
purification.

Synthesis of Monomers

The chemical structures and synthetic procedures of five
monomers are shown in Scheme 1. 2-Hydroxy-3,6,7,10,11-pen-
takis(hexadecyloxy) triphenylene was synthesized successfully
according to the literature procedure.?® Detailed procedures
for the synthesis of the other monomers are as follows:

2-Hexadecyloxyphenol and 1,2-Di(hexadecyloxy) Benzene
2-Hexadecyloxyphenol and 1,2-di(hexadecyloxy)benzene were
conveniently synthesized using different molar ratios. For the
synthesis of 1,2-di(hexadecyloxy)benzene, 1,2-dihydroxyben-
zene (10 g, 0.091 mol), 1-bromohexadecane (83 g, 0.274 mol),
K,CO3 (36 g, 0.26 mol), a little bit of KI and ethanol (500 mL)
were taken in 1-L round-bottom flask and the reaction mixture
was refluxed for 12 h. After this, the reaction mixture was
poured into ice water (5 L). The crude solid product obtained
was collected by filtration and dried under vacuum. It was
then purified using column chromatography using silica gel.

2-Hexadecyloxyphenol was prepared using the same proce-
dure, except for the following changes: 1,2-dihydroxybenzene
(10 g, 0.091 mol), 1-bromohexadecane (27.5 g, 0.091 mol),
K,CO3 (36 g, 0.26 mol), a little bit of KI and ethanol (500 mL)
were taken in 1-L round-bottom flask and the reaction mixture
was refluxed for 12 h. After this, the reaction mixture was
poured into ice water (5 L). The crude solid product obtained
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was collected by filtration and dried under vacuum. It was
then purified using column chromatography using silica gel

2-Hydroxy-3,6,7,10,11-Pentakis(Hexadecyloxy)
Triphenylene

In a 1-L round-bottom flask, placed in an ice-water bath, were
dissolved 1,2-di(hexadecyloxy)benzene (20 g 0.036 mol), 2-
hexadecyloxyphenol (6 g, 0.018 mol), and nitromethane (30 mL)
in dried CH,Cl; (500 mL). Then FeCl; (35 g, 0.21 mol) was added
to the above solution, under vigorous stirring. After 3 h, the solu-
tion was further stirred at room temperature for 1 h. Cold metha-
nol (100 mL) was then slowly added to the reaction mixture. The
organic phase was washed with water three times and dried over
anhydrous MgSO,. After removal of the solvent, the crude
product was purified by silica-gel column chromatography. (MS)
(m/z) Calcd. for CogH17,06, 1445.32; found, 1445.383.

[3,6,7,10,11-Pentakis(hexadecyloxy)-2-oxytriphenylene]
Methacrylate

HO-R (0.8 g, 0.00055 mol) and TEA (3 mL) were dissolved in
dry THF (50 mL) to obtain solution A. In another flask, metha-
cryloyl chloride (0.84 g, 0.0081 mol) was dissolved in dry THF
(20 mL) to obtain solution B. The flask containing solution
A was cooled in an ice-water bath, and solution B was slowly
added to the solution A, over a period of 0.5 h. The resultant
mixture was further stirred at room temperature for 10 h.
Most of the THF was distilled off under reduced pressure. This
was followed by addition of water to the residue. The crude
solid product was first collected by filtration and dried under
vacuum. The product was purified by column chromatography
on silica gel, using dichloromethane as the eluent.

'H NMR (400 MHy, CDCl;, ppm): 8.22-8.17 (1H, Ar-H), 7.88-
7.74 (a, 1H, Ar-H, b, 1H, Ar-H, c and d, 1H, Ar-H, e, 1H, Ar-H,
f 1H, Ar-H), 6.75 (m, 1H, =CH2), 6.56 (I, 1H, -CH=), 6.04
(n, 1H, =CH2), 4.24-4.19 (g, 10H, -CH2-), 1.97-1.82 (h, 10H,
-CH2-), 1.51-1.44 (j, 10H. -CH2-), 1.33-1.25 (i, 120H, -CH2-),
1.36-1.26 (k, 10H, -CH2-), 0.95-0.92 (1, 15H, -CH3). (MS)
(m/z) [M] Calcd for C19;H17407, 1500.33; found, 1499.609.

[3,6,7,10,11-Pentakis(hexadecyloxy)-2-
oxytriphenylene]methyl Methacrylate

The [3,6,7,10,11-Pentakis(hexadecyloxy)-2-oxytriphenylene]-
methyl methacrylate (MMTP) monomer was synthesized by
a procedure very similar to MTP, mentioned earlier. 'H NMR
(400 MHz, CDCl3, ppm): 8.22-8.17 (b, 1H, Ar-H, ¢, 1H, Ar-H),
7.88-7.74 (a, 1H, Ar-H, d, 1H, Ar-H, e, 1H, Ar-H, f, 1H, Ar-H),
6.45 (o, 1H, =CH2), 5.81 (n, 1H, =CH2), 4.24-4.19 (g, 10H, -
CH2-), 2.14 (m, 3H, =C-CH3), 1.97-1.82 (h, 10H, -CH2-),
1.51-1.44 (j, 10H. -CH2-), 1.33-1.25 (i, 120H, -CH2-), 1.36-
1.26 (k, 10H, -CH2-), 0.95-0.92 (I, 15H, -CH3). MS (m/z)
Calcd. for Cq92H17607, 1514.34; found, 1513.775.

N-{4-[3,6,7,10,11pentakis(Hexadecyloxy)-2-
Oxytriphenylene]Benzoate}-Cis-5-Norbomene-Exo-2,3-
Dicarboximide (NVTP)

N-4-benzoate-cis— 5-norbomene-exo-2,3-dicarboximide was syn-
thesized according to a reported procedure.*' N-4-benzoate-
cis—5-norbomene-exo-2,3-dicarboximide (1.0 g) and HO-R (1.0 g,
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0.69 mmol) were dissolved in dry CH,CI, (100 mL) at room tem-
perature. N, N'-dicyclohexylcarbodiimide (DCC, 1.2 g, 5.8 mmol)
and 4-dimethylaminopyridine (0.5 g, 1.8 mmol) were added to
the solution. The mixture was then stirred at room temperature
for 10 h. After this the reaction mixture was diluted with CH,CI,
(200mL). The resulting solution was washed with water
(100 mL) three times. The organic phase was dried over anhy-
drous MgSO,, filtered and the solvent was removed. The crude
product was purified by column chromatography using silica gel
with dichloromethane as eluent. 'H NMR (400 MHz, CDCl5, ppm):
8.49-8.11 (b, 1H, Ar-H, ¢, 1H, Ar-H, f, 1H, Ar-H,), 7.98-7.61 (d, 1H,
Ar-H, |, 1H, Ar-H,), 6.96 (e, 1H, Ar-H,), 6.47 (m, 1H, Ar-H,), 5.00
(g, 2H, -HC = CH-), 4.30 (g, 10H, -CH2-), 3.41 (n, 2H, -CH-), 2.97
(o, 2H, -CH-), 2.25 (p, 2H, -CH2-), 1.97-1.82 (h, 10H, -CH2-),
1.51-1.44 (j, 10H. -CH2-), 1.33-1.25 (i, 120H, -CH2-), 1.36-1.26
(k, 10H, -CH2-), 0.95-0.92 (1, 15H, -CH3). (MS) (m/z) [M] Calcd
for C113H1807N, 1711.39; found, 1710.547.

4-[3,6,7,10,11-Pentankis(Hexadecyloxy)-2-
Oxymethylenetriphenylene]Styrene (OTP)

Vinylbenzyl chloride (1.2 g, 7.84 mmol), K,CO3 (0.6 g, 4.3
mmol) and very little of tetrabutylammonium bromide
(TBAB, 80 mg, 0.25 mmol) were dissolved in acetone
(100 mL). Then HO-R (0.8 g) and a drop of nitrobenzene
were added. The reaction mixture was stirred under reflux
and nitrogen atmosphere for 12 h in an oil bath. After this,
the reaction mixture was poured into a large amount of
water. The crude product obtained was dried and then puri-
fied by column chromatograph, using dichloromethane as the
eluent. '"H NMR (400 MHz, CDCls, ppm): 7.99-7.74.17 (b, 1H,
Ar-H, ¢, 1H), 7.68-7.39 (a, 1H, Ar-H, d, 1H, Ar-H, e, 1H, Ar-H,
f, 1H, Ar-H, m, 1H, Ar-H, n, 1H, Ar-H), 6.73 (o, 1H, Ar-CH=),
5.71 (p, 1H, =CH2), 5.41 (l, 2H, -CH2-), 5.28 (q, 1H, =CH2),
4.24-4.19 (g 10H, -CH2-), 1.97-1.82 (h, 10H, -CH2-), 1.51-
1.44 (j, 10H. -CH2-), 1.33-1.25 (i, 120H, -CH2-), 1.36-1.26 (k,
10H, -CH2-), 0.95-0.92 (I, 15H, -CH3). MS (m/z) Calcd. for
C107H10806, 1562.38; found, 1561.753.

[3,6,7,10,11-Pentakis(Hexadecyloxy)-2-
Oxytriphenylene]Vinylbenzoate (STP)

N, N’-dicyclohexylcarbodiimide (DCC, 1.7 g, 8.4 mmol),
4-dimethylaminopyridine(DMAP, 50 mg, 0.04 mol), HO-
R(1.2 g 0.84 mmol), and 4-vinylbenzoic acid(1.2 g 84
mmol) were dissolved in CH,Cl, solution and stirred for
10 h at room temperature. Then the mixture was diluted
with CH,Cl, (200 mL). The organic phase was washed with
water (100 mL) three times andthe organic phase was
dried over anhydrous MgSO,, filtered and evaporated. The
crude product was purified by column chromatography on
silica gel, with dichloromethane as eluent. 'H NMR (400
MHz, CDCl;, ppm): 8.22-8.17 (b, 1H, Ar-H, ¢, 1H, Ar-H, f,
1H, Ar-H, ], 1H, Ar-H,), 7.90-7.74 (a, 1H, Ar-H, e, 1H, Ar-H),
7.56 (m, 1H, Ar-H), 6.81 (n, 1H, Ar-CH=), 5.97 (p, 1H,
=CH2), 5.45 (o, 1H, =CH2), 4.24-4.19 (g 10H, -CH2-),
1.97-1.82 (h, 10H, -CH2-), 1.51-1.44 (j, 10H. -CH2-),
1.33-1.25 (i, 120H, -CH2-), 1.36-1.26 (k, 10H, -CH2-), 0.95-
0.92 (1, 15H, -CH3). (MS) (m/z) [M] Calcd for Cy¢7H;7807,
1574.36; found, 1576.050.

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2016, 00, 000-000



Polymer

JOURNAL OF
ARTICLE WWW.POLYMERCHEMISTRY.ORG POLYMER SCIENCE Chemlstry
2
=.C-a 0 80°C, 24h
=_C-OR —_— n PMTP
THF/Et3N il AIBN/Chlorobenzene ( )
o (MTP) COOR
ﬁ’&_a bt 80°C, 24h
—_ ﬁ’C'OR ' " (PMMTP)
THF/ Et;N AIBN/Chlorobenzene COOR
(MMTP)
/—Q—coou i
= /—< >—CO0R
HO-R DCCfD\l.»\Pt‘CHzclz Z AlBN,’ChIDrubenrenc (PSTP)
(STP) COOR
/—< >—c1-| Cl su'C 24h
: /—Q—CHIOR (POTP)
KZCO_;IAmmnm‘TBAB AIBN/Chlorobenzene
(OTP)
CH;0R
E; COOH
room temperature, 3h " (PNVTP)
Dccm.\mwcuzch / —Q*COORG",M“ 2nd/CH,Cl
(NVTP)
OC6H3;3
R =
Q COOR
Cy6H3:0 O Q 0C6H33
Cy6H330 OC6H33
SCHEME 2 Routes for the synthesis of monomers and their corresponding polymers.
Polymerization Instruments and Measurements

All the polymers, except PNVTP were synthesized by
the conventional solution radical polymerization method
(Scheme 2). The general procedure for the synthesis of all
polymers, PMTP, PATP, POTP, and PSTP, by conventional solu-
tion radical polymerization is as follows:

Appropriate quantities of the monomer, AIBN, and THF were
taken in a dry reaction tube containing a magnetic stirring bar.
The molar ratio of monomer to AIBN, N onomer: Naigy = 100: 1,
and the monomer mass concentration was 50%. After three
freeze-pump-thaw cycles, the tube was sealed under vacuum.
Polymerization was carried out at 80 °C for 24 h. The sample
was purified by precipitation from THF thrice, followed by hot
acetone. Lastly, the sample dried under vacuum.

PNVTP was synthesized by ring-open metathesis polymeriza-
tion (ROMP). Details of the procedure are as follows:

NVTP (200 mg) and Grubb’s second-generation catalyst
(2.1 mg) were taken in a dry Schlenk tube along with a mag-
netic stirring bar. After three pump-purge cycles with high
purity nitrogen, CH,Cl, (~2 mL) was injected into the mix-
ture and left to stir at room temperature for 3 h. A few
drops of vinyl ethyl ether were added to the reaction mix-
ture using a syringe. After an additional hour, the polymer
solution was diluted with CH,Cl, (5 mL). The obtained
PNVTP was purified on a short alumina column and then the
polymer was precipitated in methanol (100 mL). Lastly, the
product was dried in a vacuum oven for 12 h.
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'H NMR spectroscopy was carried on a Bruker ARX400 MHz
spectrometer using CDCl; as the solvent and tetramethylsi-
lane (TMS) as the internal standard at ambient temperature.
The chemical shifts were reported in ppm.

The apparent number average molecular weight (M,) and
polydispersity index (PDI= M,,/M,) were determined by
GPC (WATERS 1515 instrument) with a set of HT3, HT4 and
HTS5. The p-styragel columns used THF as an eluent and the
flow rate was 1.0 mL min~* at 38 °C. All the GPC data were
calibrated by polystyrene standards.

TGA was performed on a TA SDT 2960 instrument at a heat-
ing rate of 20 °C min~ ' in nitrogen atmosphere.

DSC traces of the polymer were obtained using a TA Q10
DSC instrument. The temperature and heat flow were cali-
brated using standard materials (indium and zinc) at cooling
and heating rates of 10 °C min . Typically, a sample of
mass of about 5 mg was sealed in aluminum pans.

LC texture of the polymers was examined using POM (Leica DM-
LM-P), equipped with a Mettler Toledo hot stage (FP82HT).

One-dimensional wide-angle X-ray diffraction (1D WAXD) experi-
ments were performed on a BRUKER AXS D8 Advance diffractom-
eter, equipped with a 40-kV FL tube as the X-ray source (Cu Ko)
and the LYNXEYE XE detector Background scattering was
recorded and subtracted from the sample patterns. The heating
and cooling rates in the 1D WAXD experiments were 10 °C min~ *.
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FIGURE 1 "H NMR spectra of monomers and the polymer PSTP.

Two-dimensional wide-angle X-ray diffraction (2D WAXD)
was carried out using a BRUKER AXS D8 Discover diffrac-
tometer, equipped with a 40-kV FL tube as the X-ray source
(Cu Ka) and VANTEC 500 detector. The point-focused X-ray

MA%‘&} WWW.MATERIALSVIEWS.COM
|

beam was aligned either perpendicular or parallel to the
mechanical shearing direction. For both the 1D and 2D
WAXD experiments, the background scattering was recorded
and subtracted from the sample patterns.
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TABLE 1 Molecular Characteristics and Properties of the Series of Polymers

Sample M, (x10™%g mol~ ") PDI? T, (°C)P T, (°C)° T, (°C)? Lce T (°C)°
PMMTP 49.5 1.93 377 149.1 >300 Yes 27.9
PMTP 3.4 1.33 334 84.8 Yes 27.2
PNVTP 7.4 1.96 380 130.2 147.8 Yes 11.6
PSTP 36.1 1.76 381 131.1 153.1 Yes 15.1
POTP 4.67 1.66 337 70.0 Yes 25.7

@ Determined by GPC in THF using PS standard.

® The temperatures at 5% weight loss of the samples under nitrogen
[T4(N2)] were measured by TGA heating experiments at a rate of 20 °C/
min.

¢ The glass transition temperatures (Tg) and the melting temperatures
(Tm) were obtained from DSC during the second heating process at a
rate of 10 °C min~" under nitrogen atmosphere.

9 The transition temperature from LC phase to isotropic phase (T;) as
measured by POM at a heating rate of 10 °C min~" when the inflection
light intensity reduced to 50%.

¢ The liquid crystallinity was determined by POM.

(a) First cooling
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T ___/\JU _A MMTP
=]
< P
ol S l STP
j ) o
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FIGURE 2 DSC curves of MTP, MMTP, STP, SOTP, and NVTP in the first cooling (a) and second heating (b) runs at the rate of 10

°C min~". [Color figure can be viewed at wileyonlinelibrary.com]

Small-angle X-ray scattering (SAXS) experiments were per-
formed with a high-flux SAXS instrument (SAXSess, Anton
Paar), equipped with Kratky block-collimation system and a
Philips PW 3830 sealed-tube X-ray generator (Cu Ko). The
wavelength was 0.1542 nm. A highly sensitive SAXS imaging

TABLE 2 Liquid-Crystallinities of the Monomers

Phase Transition Temperature (°C)

Monomer Second Heating First Cooling

MTP C43.1 07431 C1 24.0C, 31.5C3
36.70 60.4 |

MMTP C,30.5C,42.1 ® 8231 C; 19.3C;, 29.4C3
37.40 78.3 |

STP C1245C,37.5D104.6 | C30.8d297.61

OTP C;50.7 C, 57.4 ® 71.3 | C349 ®63.7I

NVTP C34.7 ®55.91 C26.8®49.51

C, crystal; @, columnar phase; |, isotropic state.
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plate, which was 264.5 mm away from the sample was used
to collect the signal in vacuum. Samples were placed in
between aluminum foils, which were folded and sandwiched
in a steel sample holder. After background subtraction, des-
mearing was performed according to the Lake’s method.

RESULTS AND DISCUSSION

Synthesis and Characterization of Monomers and
Polymers

A series of Tp-based monomers (MTP, MMTP, STP, SOTP, and
NVTP) were successfully synthesized according to the syn-
thetic route, illustrated in Scheme 2. The chemical structures
of the monomers were confirmed by H NMR and high-
resolution mass spectrometry. Figure 1 shows the 'H NMR
spectra (in CDCl3 solvent) of the monomers MTP, MMTP, STP,
SOTP, and NVTP, respectively. The chemical shifts and peak
integrations of all the protons in the monomers are in excel-
lent agreement with their expected structures. The MTP,
MMTP, OTP, and STP monomers could be easily polymerized
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FIGURE 3 Columnar phase texture of MMTP at 47.9 °C (a) and crystal texture of MMTP at 30.0 °C (b). [Color figure can be viewed

at wileyonlinelibrary.com]

by free radical polymerization. The PNVTP could be obtained
by ROMP. Herein, STP was used as an example for elucidat-
ing the process. Figure 1(ef) shows the 'H NMR spectra
(CDClI3) of the monomer STP and its polymer PSTP. The char-
acteristic resonances of the vinyl group at 5.41 and 5.92
ppm could be easily seen for the monomer STP in Figure
1(e). After polymerization, characteristic resonances of the
vinyl group disappeared completely and the chemical shifts
of PSTP were quite broadened in Figure 1(f), which was con-
sistent with the expected polymeric structure. The M, values
of polymers were determined by GPC. The data are summa-
rized in Table 1. The M, values of these polymers ranged
from 3.7 X 10* to 49.5 X 10* g mol~ ' with polydispersity
indexes of 1.23-1.96, eliminating the influence of M,, on the
LC behaviors of the polymers.

Mesomorphic Properties of the Monomers
The thermal behavior of the monomers was studied by a
combining DSC and POM techniques. Figure 2(a,b) shows the

o I ) T ¥ T o T v I
100 200 300 400 500 600
Temperature( C)

FIGURE 4 TGA curves of polymeric samples in N, at a heating rate
of 20 °C min~". [Color figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 5 DSC curves of (a) PMMTP, PNVTP, and PSTP (b) POST
and PMTP in the first cooling and second heating at the rate of 10
°C min~". [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Textures of polymers (a) PMTP at 75.3 °C, (b) POTP at 63.7 °C, (c) PNVTP at 140.4 °C, (d) PSTP at 143.6 °C, and (f)
PMMTP at 300 °C. [Color figure can be viewed at wileyonlinelibrary.com]

first cooling and the second heating DSC curves of MTP,
MMTP, STP, SOTP, and NVTP at a rate of 10 °C min~ %, under
nitrogen atmosphere after eliminating the thermal history.
Table 2 lists the transition temperatures. During the process
of cooling or heating, a small exothermic or endothermic
peak (marked by an arrow) in the high-temperature region
was detected for each monomer. Meantime, the typical

1004 *
1 ‘ 9 PMMTP
i PNVTP||PSTP
£ 604
=
B
©
£ 404
= PMTP
20
] S —— N ——
T k T X T T T T
50 100 150 200 250
temperature(°C)

FIGURE 7 The changes in reflection of light intensities for poly-
mers at a heating rate of 10 °C min~". [Color figure can be viewed
at wileyonlinelibrary.com]
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pseudo focal-conic texture was observed upon cooling from
the isotropic melt [Fig. 3(a)]. This indicated that the forma-
tion of the columnar phase was caused by the n-7 stacking
of the planar TP cores. Therefore, these transition peaks cor-
responded to the interconversions between isotropic and
columnar phases, which indicated the formation of the enan-
tiotropic LC phase. In the low temperature region, a big peak
or several small peaks appeared. Combined with the POM
results [Fig. 3 (b)], these peaks corresponded to the crystal-
line melting. In general, the monomers could form the crys-
talline phase in the low-temperature region and columnar
phase in the high-temperature region.

Phase Transitions and Phase Structures of the Polymers

The TGA results of the polymers are shown in Figure 4 and
all samples had good thermal stability. The temperatures at
5% weight loss of the samples were above 330 °C under
nitrogen at a rate of 20 °C min~ ' and details of the decom-
position temperatures are shown in Table 1. The thermal
and liquid-crystalline properties of the polymers were inves-
tigated by a combination of DSC and POM techniques. From
the DSC curves (Fig. 5), all polymers showed the melting
peaks of long alkane tails on heating and the results are pre-
sented in Table 1. For PMMTP, PSTP, and PNVTP, the glass
transition was observed.

However, no other peaks were observed in case of all poly-
mers. This phenomenon was often observed for MJLCPs. This
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FIGURE 8 1D WAXD patterns of PMTP during the second heat-
ing (a) and subsequent cooling (b) and the SAXS profile of

PMTP(c). [Color figure can be viewed at wileyonlinelibrary.com]

implied that these polymers had phase structures similar to
MJLCPs, which was the result of the bulky triphenylene
mesogens wrapped around the main chain.

Birefringence of the polymers was studied by POM. For main-
taining consistency with DSC analysis, all the samples were
heated to 200 °C and then slowly cooled to room temperature.
When the temperature was again raised in the second heating
scan, the polymers behaved differently depending on the main
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chain. Based on this result, the polymers could be divided into
three types. First, the PMTP and POTP had a colorful texture at
room temperature and also relatively low T; compared to
others polymers. After they were cooled slowly from T;, the
birefringence appeared easily again [Fig. 6(a,b)]. For PSTP and
PNVTP, no birefringence was observed in the heating process,
until they were annealed for a long time below the T; [Fig.
6(c,d)]. Lastly, when PMMTP [Fig. 6(f)] was heated to 300 °C,
the sample showed a colorful texture throughout the process.
From the POM results, it was evident that all polymers could
form the LC phase.

To get more insight into the phase transition temperature,
reflection light intensity (birefringence) measurements were
carried out. This was due to the fact that it was difficult to
detect the phase transition temperatures of samples by DSC.
The curves for changes in reflection of light intensity are
shown in Figure 7. For maintaining consistency with DSC
analysis, all samples were heated uniformly at the rate of 10
°C min~*. From the figure, it was evident that the polymers
showed obvious transitions at their respective clearing
temperatures (T;) (reflection of light intensity was observed
at 50%), which indicated a transition from the ordered state
to isotropic state. The results are presented in Table 1.
Although the polymers contained the same side chains, the
T; values of polymers were different.

Phase Structure Identification of the Polymer

To get more information on molecular arrangements of the
polymers, temperature dependent 1D WAXD, 2D WAXD, and
SAXS experiments were performed. For the 1D WAXD experi-
ment, about 60 mg of each polymer was taken in an alumi-
num foil substrate. The samples were then heated to their T;
temperatures (PMMTP was heated to 280 °C) and then
annealed for 10 h below the T; temperature. From the 1D
WAXD experimental results, no obvious diffractions were
observed in 20 ~ 25° for all polymers, which represented n-
7 stacking in a discotic LC columnar layout. This suggested
that the Tp mesogens could not self-organize as well-ordered
supramolecular columns, due to the strong coupling effects
between the main chain and Tp. However, at low angles, the

Second heating
T(C)
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210
180
150
120
20

Intensity(a.u.)
Intensity(a.u.)

kﬂ )
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(c) (d)
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90

Intensity (a.u)

@, (a=3.47nm)

T
40 5 10 15

5 10 15

20 25 30 35
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-
40 1 2 3 & 5 8 7T B 9 1
ginm )

FIGURE 9 1D WAXD patterns of PMMTP during the second heating (a) and subsequent cooling (b), the SAXS profile of PMMTP (c),
and the schematic representation of the molecular packing of PMMTP and PMTP (d). [Color figure can be viewed at wileyonlinelibrary.

com]
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FIGURE 10 2D WAXD patterns of PMMTP at room temperature, with the X-ray beam perpendicular (a) and parallel (c) to the shear
direction, (b) shearing geometry. [Color figure can be viewed at wileyonlinelibrary.com]

samples showed different diffraction peaks, which implied
that the polymers formed structures with different phases.
From the XRD results, the polymers could be divided into
three categories based on phase structures.

PMTP and PMMTP belonged to the first kind. Figure 8(a,b)
illustrates the temperature-variable 1D WAXD patterns of
PMTP from 30 to 75 °C and from 75 to 30 °C during the sec-
ond heating and subsequent cooling runs. And the range of
20 was from 1.5° to 35° A strong reflection peak at low

(a) Second heating |

180°C
150 °C

A P 1507

120 °C \ - S 100°C

. " -

2 Theta ()

(100)

r

—_—

Intensity(a.u)

@y (a=5.39nm)

5 6 7 8 9 10
-1
q(nm )

[
w -

FIGURE 11 1D WAXD patterns of PNVTP during the second heat-
ing (a) and subsequent cooling (b), SAXS profile of PNVTP, and (c)
the schematic representation of the molecular packing of PNVTP
(d). [Color figure can be viewed at wileyonlinelibrary.com]
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angle was observed at 26 = 2.55° (d = 3.47 nm), and there
was no other narrow reflection peak at the low angle. After
the sample was heated to 75 °C, the reflection peak
appeared as a broad halo. At a high angle, a slightly sharp
diffraction peak at 20 = 20° (d spacing of 0.44 nm) appeared,
which was the result of a crystalline long-alkyl tail at low
temperature. The SAXS results Figure 8(c) further confirmed
the phase structure of PMTP. From the diffraction pattern,
only one diffraction peak was observed at a low angle with

(b)

>

shear direction

Z

shear gradient

FIGURE 12 2D WAXD patterns of PNVTP at room temperature
with X-ray beam perpendicular to (a) shear direction, shearing
geometry (b). [Color figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 13 1D WAXD patterns of the POTP during the second
heating (a) and subsequent cooling (b), SAXS profile of POTP
(c). [Color figure can be viewed at wileyonlinelibrary.com]

g=1.81 nm ' and the corresponding d-spacing of 3.47 nm,
which was consistent with the 1D WAXD. The 1D WAXD and
SAXS results of PMMTP (Fig. 9) were extremely similar to that
of PMTP. As seen in Figure 9(a,b), in case of either heating or
cooling, a strong diffraction peak appeared in the whole process,
which indicated that the polymer exhibited the LC phase. This
was also consistent with the POM results. To further confirm the
phase structure of PMMTP, 2D WAXD experiments were per-
formed. The oriented sample was prepared by mechanically
shearing a film with a thickness of ~1 mm at 245 °C and then
annealing at 80 °C overnight. Figure 10(a) shows the 2D WAXD
profiles of PMMTP, with X-ray beam perpendicular to the direc-
tion of the shear. A pair of diffraction arcs was observed at a
low-angle, which indicated that an ordered structure was
formed at the nanometer level. When the X-ray beam was paral-
lel to the direction of shear [Fig. 10(c)], a ring pattern at
20 = 2.55° (d-spacing = 3.47 nm) was observed, which indicat-
ed that the intensity distribution was isotropic. Considering the
similarity of the X-ray results to the previously reported results,
it may be proposed that PMMTP and PMTP exhibited a colum-
nar nematic (®y) phase, in which each cylinder could be attrib-
uted to a single polymeric chain with the side groups tightly
jacketing the backbone. Moreover, it was interesting to find that
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FIGURE 14 1D WAXD patterns of PSTP during the second heat-
ing (a) and subsequent cooling (b), SAXS profile of PSTP (c), and
the schematic drawing of the molecular packing of PSTP (d).
[Color figure can be viewed at wileyonlinelibrary.com]

the column diameters of PMTP and PMMTP were the same
(3.47 nm) [Fig. 9(d)].

PNVTP and POTP belonged to the second category. Figure
11(a,b) shows the temperature-variable 1D WAXD patterns
of PNVTP from 30 to 180 °C and from 180 to 30 °C in the
20 range of 2.5° to 30°. Only one peak at 20 =3.29° was
observed at the low-angle. On heating to 150 °C, the peak

|

—> alkyl tail

——> main chain and TP core

FIGURE 15 The structural representation of the cylinder. [Color
figure can be viewed at wileyonlinelibrary.com]

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2016, 00, 000-000


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

12

ARTICLE

TABLE 3 The Diameter of the Column, the Length of Rigid Moi-
eties of Side Chain, the Length of Long Alkyl Tail Stretching,
and Deduced Angle Between TP Mesogen and Main Chain

LC a P r2° A Angle®
Sample phase (nm) (nm) (nm) (nm) (°)
PMTP Dy 3.47 0.98 2.02 3.00 35
PMMTP @y 3.47 0.98 2.02 3.00 35
PNVTP (O 5.39 1.92 2.02 3.94 43
POTP Dy 4.55 1.59 2.02 3.61 39
PSTP dR / 1.61 2.02 3.63 /

@ Experimentally determined diameter of the column of ®y and diame-
ter between the two columns of ®y.

® The length of rigid moieties of side chain.

¢ The length of long alkyl tail stretching as all-trans conformation.

9 The ideal length of side chain.

¢ Deduced angle between TP mesogen and main chain.

became diffuse, which implied that the orderliness in the
structure had been destroyed. Upon cooling, the diffraction
peak reappeared, which indicated the formation of an
ordered structure. The sample was further studied by SAXS,
the results of which are shown in Figure 11(c). Compared to
the 1D WAXD results, a sharp first-order peak centered at
g1=135 nm ' and a second-order diffraction peak
appeared at g, = 2.34 nm ™ *. The ratio of the scattering vec-
tors of the two peaks g;: g, was 1: 32, which suggested a
hexagonal columnar (®y) phase. The corresponding d-spac-
ings were 4.65 nm and 2.67 nm, which could be assigned as
(100) and (110) diffractions of the hexagonal structure with
a=5.39 nm. Therefore, the peak appeared at low angle in
the 1D WXRD pattern is the second diffraction peak and the
missed first-order diffraction cannot be detected own to
exceed the test range. Figure 12(a) shows 2D WAXD of
PNVTP with the X-ray beam perpendicular to the direction
of shear. Two pairs of diffraction arcs attributed to (100)
and (110) diffractions were located on the meridian. The
result confirmed the hexagonal packing of cylinders. Due to
the steric effect of side chain and the strong coupling effect
between the main chain and TP mesogens, the TP-based
mesogens could not form ordered structures. This resulted
in the disappearance of d-spacing of 0.36 nm, which was
unique feature of n-7n stacking in the discotic LC columns.
The schematic representation of the molecular packing of
PNVTP is shown in Figure 11(d).

Figure 13 shows temperature dependent 1D WAXD and
SAXS of POTP. Diffraction in the low region at 2.41 was
detected. The peak that appeared at 2.41 in Figure 13(a),
disappeared at high temperature, which indicated that the
orderly structure was destroyed. On cooling, the ordered
structure was formed again [Fig. 13(b)]. In the high 20 range
of 10-35°, at lower temperature, the WAXD patterns showed
only one peak, which showed the typical crystal formed by
the long alkoxy tails. In the SAXS results [Fig. 13(c)], two
peaks also were observed with g-values of 1.61 and
2.75 nm ! at the low-angle and the ratio of the scattering
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vectors of the two peaks g;: g, was 1: 3'/2 Hence, both
POTP and PNVTP showed the ®y phase.

PSTP belonged to the third category. When an ether bond
(POTP) was replaced by an ester bond (PSTP), PSTP showed
a different phase structure. Results of temperature depen-
dent 1D WAXD experiment of PSTP are shown in Figure
14(a,b). Two peaks were visible at the low-angle, which
were close to each other when heating or cooling. The scat-
tering vector ratio of the diffractions was 1: 2'/2 These two
peaks also appeared in SAXS [Fig. 14(c)] and the correspond-
ing g values were 2.47 and 1.71 nm™}, respectively. It could
be speculated that the PSTP formed a rectangular columnar
(®r) phase and the two peaks at the low angle could be
assigned as (11) and (20) with ¢ =5.09 nm and b =5.30 nm
[Fig. 14(d)].

Phase Predictions

To get a clear idea of the columnar phases formed by the back-
bone and TP moieties, the model showing the packing of the
columns is shown in Figure 15. The columns were comprised
of two parts: the core and shell. The core (the central portion
of column) included the main chain and TP core (r;) and the
shell included the alkyl tail (r;). The radius of the central por-
tion of column changed as the backbone changed, but the
thickness of outer layer remained the same. As shown in Table
3, compared to the diameters of columns from the SAXS
results, the ideal lengths of side chains were much larger. As
for this, it was considered that the cylinders of the polymers
were similar to the cylinders of MJLCPs, which were formed by
the “jacketing effect” of rod-like supramolecular mesogens. It
meant that the Tp mesogens were tilted away from the main
chains. From simulation, the length of the alkyl tail with all-
trans was about 2.02 nm. For PMTP and PMMTP, the diameter
of column was 3.47 nm. This suggested that the Tp mesogen
tilted to an angle of ~35° off the main chain. For PNVTP and
POTP, the triphenylene side chain wrapped itself around the
main chains to form columnar-shaped molecules with diame-
ters of 5.39 and 4.55 nm, respectively. The corresponding tilt
angle was 43° and 39°, respectively.

CONCLUSIONS

In summary, a series of SCLCPs with different main chains,
containing TP mesogenic groups with the same long-alkyl
tails (PMTP, PMMTP, PSTP, POTP, and PNVTP) were success-
fully synthesized. Although the monomers had bulky meso-
genic pendants, all polymers were easily obtained by
conventional solution radical polymerization or ring-open
metathesis polymerization. The M, of the polymers were in
the range of 3.4 X 10* to 49.5 X 10* g-mol . All the poly-
mers were thermally stable. The phase structures and transi-
tions of the polymers were investigated by DSC, POM, and
WAXD. The results showed that all the polymers exhibited
properties typical of MJLCPs. In other words, irrespective of
the structure of main chain, all the polymers presented the
columnar phase, in which the TP mesongens were wrapped
around the main chains. However, the phase transition tem-
perature strongly depended on the main chain. This work
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provided a new perspective to understand the structure-
property relationships of SCLCPs.
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