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ABSTRACT: A series of monomers suitable for ring-opening metathesis polymerization (ROMP) containing a
side chain liquid crystal mesogen have been synthesized, where the mesogen is biphenyl-4-carboxylic acid 4-(1-
butoxycarbonyl-ethoxy)phenyl ester (abbreviated asBPP4). Two of the monomers haveBPP4 attached to
norbornene with a 6- or 10-carbon spacer ((R)-4′-(5-bicyclo[2.2.1]hept-5-en-2-yl-pentyloxy)-BPP4,NB6wBPP4,
and (R)-4′-(10-bicyclo[2.2.1]hept-5-en-2-yl-decyloxy)-BPP4,NB10wBPP4, respectively), and the third monomer
hasBPP4attached to norbornadiene via a 10-carbon spacer ((R)-4′-(10-bicyclo[2.2.1]hepta-2,5-dien-2-yl-decyloxy)-
BPP4,NBD10wBPP4). The monomers were polymerized by ROMP using the bimetallic initiator,{Mo(NAr)-
(ORF6)2[)CHC5H4]}2Fe (Ar ) 2,6-diisopropylphenyl, ORF6 ) OCMe(CF3)2). ABA triblock copolymers were
also synthesized where the B) NBD10wBPP4or NBnwBPP4 (n ) 6, 10) and A) methyltetracyclododecene
(MTD). All polymerizations are living with isolated yields greater than 90% and polydispersities ranging from
less than 1.05 to 1.31. Polarized optical microscopy (POM) and differential scanning calorimetry (DSC) studies
revealed glass transition temperatures for the inner block of the triblock copolymers at∼20 °C and smectic-to-
isotropic transitions around 150°C. Small-angle X-ray scattering (SAXS) indicated that the triblock copolymers
exhibit phase segregation. In addition, it was determined from SAXS data that the triblock copolymer containing
NB6wBPP4 forms smectic C* monolayers while the triblock copolymers that containNB10wBPP4 and
NBD10wBPP4form smectic C* bilayers at room temperature. DMA of the triblock copolymers reveals an elastic
plateau above theTg of the center block, indicating these systems exhibit elastomeric behavior at elevated
temperature and could form the basis of interesting materials for LC shape-memory elastomers.

Introduction

Living polymerization methods allow for the synthesis of
polymers with well-defined structures and controlled chemical
compositions as well as the formation of a wide range of block
copolymers.1-5 Under appropriate conditions and choice of
monomer, block copolymers can self-assemble into various
morphologies with nanometer-sized domains.6 ABA triblock
copolymers which exhibit microphase separation can act as
thermoplastic elastomers (TPEs) when the outer block is
amorphous and has a high glass transition temperature (Tg) and
the inner block is flexible and has a lowTg.7

New classes of thermoplastic elastomers can arise when the
central block is functionalized with liquid crystal mesogens,
forming novel block copolymers referred to as thermoplastic
liquid crystalline elastomers (TPLCE);8-10 these materials allow
the formation of uniformly oriented domains using thermoplastic
processing methods, while utilizing the block copolymer
interface as a means of further stabilizing or influencing the
LC phase of interest existent within the soft, continuous phase.
In general, liquid crystalline elastomers (LCEs) are of interest
because they possess electromechanical and electrooptical
properties that have the potential application for moderate to
high strain actuating polymers. LCEs have also been known to
exhibit the property of “soft elasticity”,11-14 a characteristic
which makes them interesting energy absorbing or damping

materials. Most LCEs that have been examined thus far have
been covalently cross-linked siloxane-based materials that must
be processed in a two-stage process to achieve orientation;15-19

the processing advantages of thermoplastics are not accessible
in such systems, and some limitations to extent of cross-linking
exist due to the fact that cross-links can destabilize the LC phase.

Mesogens which exhibit the chiral smectic C* phase are of
particular interest because this phase has been found to exhibit
ferroelectric and piezoelectric properties. The block copolymer
interface of TPLCEs, also known as the intermaterial dividing
surface (IMDS), allows for the alignment of the liquid crystal
mesogens, unlike homogeneous liquid crystal phases which
require surface modification techniques for alignment. The
IMDS also provides confinement within small gaps which has
been found to unwind the pitch of the chiral smectic C* phase.20

The interesting properties and potential applications of these
polymers have been the focus of recent research by several
groups, the polymers synthesized mainly by anionic polymer-
ization of mesogen-functionalized monomers or by attachment
of the mesogen to a preexisting functionalized block copolymer
backbone.10,16,21-30

One living polymerization method that can be employed for
the synthesis of well-defined triblock copolymers is ring-opening
metathesis polymerization (ROMP).5 Although monomers suit-
able for ROMP have been synthesized that contain liquid crystal
mesogens,31-35 no work has been completed with smectic C*
mesogens. (Several reviews are available.36-38) In addition,
despite examples of the synthesis of ABA triblock copolymers
solely by ROMP,39-43 there are no examples in which the central
block is functionalized by liquid crystal mesogens. Therefore,
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there has been no examination of the potential for triblock
copolymers synthesized via ROMP to function as TPLCEs.
Triblock copolymers synthesized via ROMP should have
predictable molecular weights, low polydispersities, tunable
mesogen density, and well-defined polymer architectures.

We recently reported the synthesis of a series of bimetallic
molybdenum initiators which are active for living ROMP.41

These catalysts allow for the controlled synthesis of well-defined
triblock copolymers. Bifunctional initiators have the benefit of
allowing for the synthesis of symmetric triblock copolymers
with two sequential additions of monomer, as opposed to the
monofunctional catalysts which require three additions. In
addition, use of a bifunctional initiator should eliminate any
AB impurites that are found with other synthetic methods, and
they may also allow access to ABA polymers that would
otherwise be unavailable for investigation. We have expanded
the use of the bimetallic molybdenum initiators for the synthesis
of ABA triblock copolymers where the A block is composed
of high-Tg amorphous methyltetracyclododecene (MTD) and the
central block is functionalized by liquid crystal mesogens.
Through examination of the thermal and mechanical properties
of the synthesized polymers, we are beginning to explore the
possibility of ROMP triblock copolymers that function as
TPLCEs. Herein, we report the synthesis of a series of
monomers suitable for ROMP which contain a smectic C*
mesogen,BPP444 (biphenyl-4-carboxylic acid 4-(1-butoxycar-
bonylethoxy)phenyl ester), the synthesis of ABA triblock
copolymers, and the thermal and mechanical characterization
of the resulting polymers. These systems exhibit a rubbery
plateau above room temperature; the ability to induce high levels
of orientation in the continuous LC phase via stretching at high
temperatures combined with the ability to quench the stretched
orientation of the film at room temperature may lead to
applications as high-temperature TPLCE actuators or as field-
activated shape memory polymers.

Experimental Section

General Procedures.All manipulations were performed under
nitrogen in a glovebox or using standard Schlenk procedures, unless
otherwise stated. Solvents were dried using conventional procedures.
Deuterated solvents were degassed and distilled from CaH2. Unless
otherwise stated, commercial reagents were used without further
purification. Norbornene, 1,10-dibromodecane, 1,9-dibromononane,
and 1,5-dibromopentane were dried over activated sieves and
distilled. Norbornylmethylene bromide45 and {Mo(NAr)(ORF6)2-
[)CHC5H4]}2Fe41 were prepared according to the literature.

NMR spectra were recorded on a Varian INOVA 500 spectrom-
eter.1H NMR chemical shifts are given in ppm vs residual protons
in the deuterated solvents as follows:δ 7.27 CDCl3, δ 7.16 C6D6,
δ 2.5 (CD3)2SO. For calculation of all polymer compositions the
relaxation time D1 was set to 15 s. Some GPC analyses (solvent
) methylene chloride, 1 mL/min) were carried out on a system
equipped with two Jordi-Gel DVB mixed bed columns (250 mm
length× 10 mm inner diameter) in series. A Wyatt Technology
mini Dawn light-scattering detector coupled with a Knauer dif-
ferential refractometer was employed. PDI values for polymers on
this system were obtained using dn/dc ) 0.132 mL/g. Other GPC
analyses (solvent) tetrahydrofuran, 1 mL/min) were carried out
using a Waters GPC system equipped with 1 Styragel HT3 column
(500-30 000 MW range), 1 Styragel HT4 column (5000-600 000
MW range), 1 Styragel HT5 column (50 000-4 × 106 MW range),
a refractive index detector, and a UV detector (254 nm) was used
for molecular weight measurement relative to polystyrene standards.
All polymer samples were cast from a concentrated (∼10 wt %)
toluene solution onto a Teflon coated sheet and then air-dried for
∼24 h. A TA Instruments Q1000 was used for differential scanning
calorimetry (DSC); the heating and cooling rates were 5°C min-1

in all cases. The optical micrographs were taken using a Zeiss
Axioskop2 polarized light microscope with a Zeiss AxioCam HRc
digital camera. The samples were heated using a Linkam THMS
600 hot stage at a rate of 5°C min-1. A TA Instruments Q800 was
used for dynamic mechanical analysis (DMA). The heating rate
was 3 °C min-1, and oscillations of amplitude of 25µm were
applied to films in 0.02 MPa of tension at a frequency of 1 Hz.
SAXS data were collected with a Siemens 2-D small-angle X-ray
scattering detector. The X-rays were Cu KR radiation with a
wavelength 0.1542 nm, set at 40 kV and 0.66 mA. Silver behenate
was used to calibrate the sample-to-detector distance with a first-
order scattering vector ofq of 1.076 nm-1 (with q ) (4π sin θ)/λ
where 2θ is the scattering angle andλ is the wavelength).

Synthesis of 5-(6-Bromohexyl)bicyclo[2.2.1]hept-2-ene.This
procedure was adapted from the literature.46 Magnesium turnings
(3.10 g, 0.128 mol) in 100 mL of THF were placed in a three-neck
flask equipped with a condenser, nitrogen inlet, and addition funnel
containing norbornylmethylene bromide (20 g, 0.106 mol). The
norbornene was slowly added to the magnesium over an hour
period, and the solution was refluxed and stirred overnight. The
solution was cooled and transferred via a cannula into an addition
funnel that was attached to a Schlenk flask charged with Li2CuCl4
(0.1 M in THF, 11 mL) and 1,5-dibromopentane (30 g, 0.130 mol).
The reaction mixture was cooled to approximately-20 °C, and
the Grignard solution was added slowly over 2 h. The reaction was
slowly warmed to room temperature overnight. Diethyl ether (100
mL) was added to the solution, and it was washed with saturated
NH4Cl solution. The aqueous layer was extracted with ether; the
organic layers were combined and then washed with brine. The
volatile components were removed on the rotovap, and the residue
was distilled under reduced pressure; yield of crude oil 10.96 g
(41%, 0.043 mol). This fraction was purified by column chroma-
tography on silica gel using hexanes (Rf ) 0.53). A total of 6 g
(22%) of clean product (colorless oil) was isolated from this first
column. A second column was run on the remaining residues, and
the yield from this was 3.86 g (14%; endo:exo) 80:20).1H NMR
(CDCl3) (all peaks reported are for this isomer unless otherwise
stated): δ 6.10 (1H, m,HCCHendo), δ 6.08 (1H, m,HCCHexo), δ
6.02 (1H, m, HCCHexo), δ 5.91 (1H, m, HCCHendo), δ 3.42 (2H,
m, (CH2)5CH2Br), δ 2.78 (1H, s, CHCHCHCH2exo), δ 2.75 (1H, s,
CHCHCHCH2endo), δ 2.50 (1H, s, 1H, s, CHCHCHCH2exo), δ 1.97
(1H, m, (CH2)6CH), δ 1.8-1.1 (12H, m),δ 0.49 (1H, m, (CH2)5-
CHCHH). 13C{1H} NMR (CDCl3, major isomer only):δ 137.07,
132.53, 49.73, 45.55, 42.68, 38.87, 34.85, 34.21, 33.02, 32.58,
29.20, 28.63, 28.38.

Synthesis of 5-(10-Decahexyl)bicyclo[2.2.1]hept-2-ene.Pre-
pared in a similar manner as described for 5-(6-bromohexyl)bicyclo-
[2.2.1]hept-2-ene. A total of 6.2 g (37%, 0.020 mol) of clean product
(colorless oil) was isolated from the column; endo:exo) 80:20.
1H NMR (CDCl3) (all peaks reported are for this isomer unless
otherwise stated):δ 6.10 (1H, m,HCCHendo), δ 6.08 (1H, m,
HCCHexo), δ 6.02 (1H, m, HCCHexo), δ 5.91 (1H, m, HCCHendo),
δ 3.42 (2H, m, (CH2)5CH2Br), δ 2.78 (1H, s, CHCHCHCH2exo), δ
2.75 (1H, s, CHCHCHCH2endo), δ 2.74 (1H, s, CHCHCHCH2endo),
δ 2.50 (1H, s, 1H, s, CHCHCHCH2exo), δ 1.97 (1H, m, (CH2)6CH),
δ 1.8-1.1 (21H, m),δ 0.48 (1H, m, (CH2)5CHCHH). 13C{1H}
NMR (CDCl3, major isomer only):δ 137.04, 132.65, 49.75, 45.59,
42.71, 38.94, 35.01, 34.31, 33.05, 32.63, 30.10, 29.84, 29.75, 29.65,
28.99, 28.67, 28.39.

Synthesis of 2-(10-Bromodecyl)bicyclo[2.2.1]hepta-2,5-diene.
This procedure was adapted from the literature.47 A three-neck flask
equipped with a nitrogen inlet was charged with potassiumtert-
butoxide (3.9 g, 0.035 mol) and norbornadiene (5 mL, 0.046 mol)
in THF (100 mL). The solution was cooled to-78 °C, and
n-butyllithium (13.6 mL, 2.5 M, 0.035 mol) was added dropwise
over a period of 1 h, while keeping the temperature below-65
°C. The solution was stirred at-65 °C for 30 min and then at-40
°C for 30 min. It was then cooled to-78 °C and transferred via a
cannula over a period of 1 h to asecond flask charged with 1,10-
dibromodecane (13 mL, 0.058 mol) in THF (100 mL), which was
cooled to-65 °C. After the addition was complete, the reaction
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was stirred at-40 °C for 2 h and then at 0°C for 2 h. At this
time, the reaction was quenched with saturated NH4Cl (50 mL)
and H2O (50 mL). The reaction was extracted with ether (3× 200
mL). The organic layers were combined and washed with water
and brine. The organic layer was dried with Mg2SO4, and the
volatile components were removed by rotovap. The residue was
distilled under reduced pressure. The first fraction that was distilled
was mostly 1,10-dibromodecane. The second fraction (oil: 200°C;
head: 130°C; pressure: 300 mTorr) was clean 2-(10-bromodecyl)-
bicyclo[2.2.1]hepta-2,5-diene (2.8 g, 26%, 0.0090 mol).1H NMR
(CDCl3): δ 6.76 (2H, m,HCCH), δ 6.12 (1H, m, CH), δ 3.50
(1H, s, CHCHCHCH2), δ 3.42 (2H, t, CH2Br), δ 3.28 (1H, s,
CHCHCHCH2), δ 2.18 (2H, m, CHCCH2), δ 1.96 (2H, s, CH2-
norbornadiene),δ 1.86 (2H, m, CH2CH2O), δ 1.41-1.25 (14H, m,
CH2(CH2)7CH2CH2O). 13C{1H} NMR (CDCl3): δ 159.24, 144.01,
142.59, 133.27, 73.63, 53.66, 50.17, 34.27, 33.01, 31.71, 29.65,
29.62, 29.60, 29.53, 28.94, 28.36, 27.39. HRMS (ESI) Calcd for
C17H27Br [M]: 310.1291. Found: 310.1296.

Synthesis of NB6.A three-neck flask equipped with a condenser
was charged with KOH (1.5 g), ethanol (195 mL), water (9.7 mL),
a few crystals of KI, and 4′-hydroxybiphenyl-4-carboxylic acid (2.5
g, 0.012 mol). The solution was heated to reflux, and 5-(6-
bromohexyl)bicyclo[2.2.1]hept-2-ene (6 g, 0.023 mol) was added.
The solution was allowed to reflux overnight, at which time a
solution of 10% KOH in 70% ethanol was added. The solution
became yellow in color and was refluxed for an additional 3 h.
The compound was allowed to cool at which time a dilute solution
of HCl was added in order to hydrolyze the secondary ester product.
The solid formed was collected and washed with ethanol and water.
The white product was insoluble in most organics; yield 4.2 g (92%,
0.011 mol). The powder was triturated with pentane and dried in
vacuo overnight. The compound isolated was then further reacted
to yieldNB6wBPP4, thereby confirming the identity of the isolated
product.

Synthesis of NB10.Prepared in a similar manner as described
for NB6; yield 3.4 g (79%, 0.0041 mol).1H NMR (all peaks
reported are for the major isomer (endo:exo) 80:20), unless
otherwise stated):δ 12.92 (1H, s, COOH), δ 7.97 (2H, d, aromatic
CH), δ 7.54 (2H, d, aromatic CH), δ 7.67 (2H, d, aromatic CH), δ
7.03 (2H, d, aromatic CH), δ 6.11 (1H, m,HCCHendo), δ 6.08 (1H,
m, HCCHexo), δ 6.02 (1H, m,HCCHexo), δ 5.91 (1H, m, HCCHendo),
δ 4.01 (2H, m, (CH2)9CH2O), δ 2.72 (1H, s, CHCHCHCH2exo and
endo), δ 1.93, 1.79, (both 1H, m),δ 1.73, 1.41 (both 2H, m),δ 1.31-
10.98 (17 H, m),δ 0.41 (1H, m, CHHCH(CH2)10). HRMS (ESI)
Calcd for C30H38O3 [M+]: 446.2815. Found: 446.2819.

Synthesis of NBD10.Prepared in a similar manner as described
for NB6; yield 1.8 g (84%).1H NMR (CD3)2SO): δ 12.92 (1H, s,
COOH), δ 7.98 (2H, d, aromatic CH), δ 7.78 (2H, d, aromatic
CH), δ 7.67 (2H, d, aromatic CH), δ 7.03 (2H, d, aromatic CH), δ
6.73 (2H, m,HCCH), δ 6.10 (1H, m, CH), δ 4.00 (2H, t, OCH2),
δ 3.45 (1H, s, CHCHCHCH2), δ 3.26 (1H, s, CHCHCHCH2), δ
2.13 (2H, m),δ 1.86 (2H, m),δ 1.72 (2H, m),δ 1.41-1.25 (14H,
m). HRMS (ESI-) Calcd for C30H36O3 [M-H]: 443.2581. Found:
443.2582.

Synthesis of NB6wBPP4.To a round-bottom flask was added
NB6 (3.7 g, 9.5 mmol), (dimethylamino)pyridine (0.12 g, 0.95
mmol), (+)-butyl-2-(4-hydroxyphenoxy)propanoate (2.25 g, 9.5
mmol), and dry methylene chloride (100 mL) under a N2

atmosphere. The solution was cooled to 0°C, dicyclohexylcarbo-
diimide (4.9 g, 23.7 mmol) in methylene chloride was added, and
the reaction was allowed to stir overnight and slowly warm to room
temperature. The reaction solution was filtered, and the volatile
components were removed by rotovap. The compound was purified
by column chromatography on silica gel using 1:9 ethyl acetate:
hexanes. The appropriate fraction (Rf ) 0.42) was dried with Mg2-
SO4, and the volatile components were removed by rotovap. The
white powder was dried in vacuo, and 3.0 g (52%, 0.0049 mol)
was isolated.1H NMR (C6D6) (all peaks reported are for the major
isomer (endo:exo) 80:20), unless otherwise stated):δ 8.31 (2H,
d, aromatic CH), δ 7.45 (2H, d, aromatic CH), δ 7.37 (2H, d,
aromatic CH), δ 7.05 (2H, d, aromatic CH), δ 6.91 (2H, d, aromatic

CH), δ 6.86 (2H, d, aromatic CH), δ 6.11 (1H, m,HCCHendo), δ
6.04 (1H, m,HCCHexo), δ 5.95 (1H, m, HCCHendo), δ 4.52 (1H, q,
CHCH3), δ 3.93 (2H, m, (CH2)5CH2O), δ 3.71 (3H, m, OCH2CH2-
CH2CH3), δ 2.73 (1H, s, CHCHCHCH2exo andendo), δ 2.69 (1H, s,
CHCHCHCH2endo), δ 2.48 (1H, s, CHCHCHCH2exo), δ 1.93, 1.78,
1.52, (all 1H, m),δ 1.68 (2H, m),δ 1.45 (3H, d, CHCH3), δ 1.41-
1.00 (13 H, m),δ 0.73 (t, 3H, CH3(CH2)3O), δ 0.54 (1H, m,
CHHCH(CH2)5). 13C{1H} NMR (C6D6, major isomer only): δ
172.08, 165.46, 160.43, 156.33, 154.06, 146.40, 146.08, 137.55,
132.97, 131.40, 129.1, 128.68, 127.25, 123.47, 116.35, 115.58,
73.68, 68.41, 65.17, 50.32, 46.20, 43.32, 39.51, 35.50, 33.15, 31.10,
30.41, 30.01, 29.38, 26.80, 19.52, 18.97, 14.03. HRMS (ESI) Calcd
for C39H46O6 [M + Na]: 633.3186. Found: 633.3164.

Synthesis of NB10wBPP4.Prepared in a similar manner as
described forNB6wBPP4; yield 1.9 g (43%, 0.0029 mol).1H NMR
{CDCl3) (all peaks reported are for the major isomer (endo:exo)
80:20), unless otherwise stated):δ 8.22 (2H, d, aromatic CH), δ
7.69 (2H, d, aromatic CH), δ 7.60 (2H, d, aromatic CH), δ 7.14
(2H, d, aromatic CH), δ 7.01 (2H, d, aromatic CH), δ 6.93 (2H, d,
aromatic CH), δ 6.11 (1H, m,HCCHendo), δ 6.08 (1H, m,HCCHexo),
δ 6.01 (1H, m,HCCHexo), δ 5.91 (1H, m, HCCHendo), δ 4.75 (1H,
q, CHCH3), δ 4.18 (2H, m, (CH2)9CH2O), δ 4.03 (3H, m, OCH2-
CH2CH2CH3), δ 2.76 (1H, s, CHCHCHCH2exo and endo), δ 2.74
(1H, s, CHCHCHCH2exo), δ 2.51 (1H, s, CHCHCHCH2endo), δ 2.0-
1.5 (129 H, m),δ 0.92 (t, 3H, CH3(CH2)3O), δ 0.49 (1H, m,
CHHCH(CH2)5). 13C {1H} NMR (C6D6, major isomer only): δ
172.06, 165.45, 160.41, 156.32, 146.41, 146.07, 137.51, 132.97,
132.70, 131.38, 129.12, 127.25, 123.45, 116.34, 115.56, 73.38,
68.39, 65.16, 50.31, 46.22, 43.32, 39.59, 39.55, 35.63, 33.16, 31.09,
30.77, 30.51, 30.43, 30.40, 30.18, 29.99, 29.52, 26.80, 19.50, 18.95,
14.01. HRMS (ESI) Calcd for C43H54O6 [M + Na]: 689.3813.
Found: 689.3834

Synthesis of NBD10wBPP4.Prepared in a similar manner as
described forNB6wBPP4; yield 1.0 g (44%, 0.0015 mol).1H NMR
(CDCl3): δ 8.22 (2H, d, aromatic CH), δ 7.69 (2H, d, aromatic
CH), δ 7.60 (2H, d, aromatic CH), δ 7.14 (2H, d, aromatic CH), δ
7.02 (2H, d, aromatic CH), δ 6.93 (2H, d, aromatic CH), δ 6.76
(2H, m,HCCH), δ 6.12 (1H, s, CCH), δ 4.75 (1H, q, CH3CH), δ
4.18 (2H, m, OCH2CH2CH2CH3), δ 3.56 (2H, m OCH2(CH2)9), δ
3.50 (1H, m, CHCHCHCH2), δ 3.28 (1H, m, CHCHCHCH2), δ
2.18, 1.96 (both 2H, m),δ 1.64 (3H, d, CH3CH), δ 1.63-1.2 (18
H, m), δ 0.92 (3H, t, CH3CH2CH2CH2O). 13C {1H} NMR
(CDCl3): δ 172.35, 165.48, 159.71, 159.22, 155.46, 146.06, 145.28,
143.98, 142.56, 133.26, 132.09, 130.83, 128.53, 127.64, 126.71,
122.75, 116.02, 115.12, 73.61, 73.33, 68.28, 65.33, 53.65, 50.15,
31.70, 30.68, 29.72, 29.70, 29.64, 29.55, 29.54, 29.41, 27.39, 26.21,
19.14, 18.80, 13.81. HRMS (ESI) Calcd for C43H52O6 [M + Na]:
687.3656. Found: 687.3664.

Example of Homopolymerization: Synthesis of Poly-
(NB6wBPP4)100. {Mo(NAr)(ORF6)2[)CHC5H4]}2Fe (5.0 mg, 0.0033
mmol) andNB6wBPP4 (203 mg, 0.33 mmol, 100 equiv) were
weighed into separate vials, and toluene was added to each. The
monomer solution was added to the catalyst and allowed to rapidly
stir for 1 h. At this time, two drops of benzaldehyde were added,
and the solution was allowed to stir for another hour. The solution
was then brought out of the box, added to methanol (100 mL), and
allowed to sit overnight. The solution was filtered through a pad
of Celite on which the precipitate collected. The precipitate was
then washed through with tetrahydrofuran, and the volatile com-
ponents were removed to yield poly(NB6wBPP4)100; yield 169 mg
(83%).

Example of Triblock Copolymerization: Synthesis of Poly-
(MTD) 50(NB6wBPP4)200(MTD) 50. {Mo(NAr)(ORF6)2 [)CHC5H4]}2-
Fe (4.5 mg, 0.00299 mmol) andNB6wBPP4(365 mg, 0.598 mmol,
200 equiv) were weighed into separate vials, and toluene was added
to each. The monomer solution was added to the catalyst and
allowed to rapidly stir for 1 h. A solution of MTD (52 mg, 0.299
mmol, 100 equiv) in toluene was added, and the solution was stirred
for another hour. At this time, a couple drops of benzaldehyde were
added, and the solution was allowed to stir for another hour. The
solution was then brought out of the box, added to methanol (100
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mL), and allowed to sit overnight. The solution was filtered through
a pad of Celite on which the precipitate collected. The precipitate
was then washed through with tetrahydrofuran, and the volatile
components were removed to yield poly(MTD)50(NB6wBPP4)200-
(MTD)50; yield 462 mg (109%). The greater than 100% yield is
ascribed to the presence of residual solvent in the polymer.

Results and Discussion

Synthesis of Monomers.We chose to examine a series of
three monomers that contain the liquid crystal mesogen, BPP4
(Figure 1), as it has been found to exhibit a smectic C* phase
in other systems.44,48One set of monomers has the LC mesogen
attached to norbornene by a 6- or 10-carbon spacer ((R)-4′-(5-
bicyclo[2.2.1]hept-5-en-2-yl-pentyloxy)-BPP4,NB6wBPP4, and
(R)-4′-(10-bicyclo[2.2.1]hept-5-en-2-yl-decyloxy)-BPP4,NB10wBPP4,
respectively). Therefore, we can compare the effects of an
increase in the length of the carbon spacer in the triblock
copolymers synthesized. The third monomer contains the LC
mesogen attached to norbornadiene with a 10-carbon spacer
((R)-4′-(10-bicyclo[2.2.1]hepta-2,5-dien-2-yl-decyloxy)-BPP4,
NBD10wBPP4). We might expect a polymer prepared from
NBD10wBPP4to have a more rigid backbone than a polymer
prepared fromNB10wBPP4.

The halogen-functionalized norbornenes required for the
NBnwBPP4monomers (exo:endo) 20:80,n ) 6 or 10) were
synthesized according to Scheme 1 through reaction of the
appropriaten-bromo-functionalized compound through copper-
catalyzed Grignard coupling with bromomethylnorbornene. The
corresponding halogen-functionalized norbornadiene required
for NBD10wBPP4was synthesized according to Scheme 2 by
deprotonation of norbornadiene with Schlosser’s base followed
by reaction with 1,10-dibromodecane. These bromide-function-
alized compounds could then be treated with 4′-hydroxy-4-
biphenylcarboxylic acid to form one-half of the corresponding
monomers,NB6, NB10, andNBD10. Further coupling with (+)-
butyl-2-(4-hydroxyphenoxy)propanoate yielded the desired mono-
mersNB6wBPP4, NB10wBPP4, andNBD10wBPP4, respec-
tively, as shown in Scheme 3.

Polymerization of Monomers. MonomersNBnwBPP4 (n
) 6 or 10) andNBD10wBPP4were polymerized in quantitative
yields in toluene using the bimetallic initiator,{Mo(NAr)-
(ORF6)2[)CHC5H4]}2Fe (Ar ) 2,6-diisopropylphenyl, ORF6 )
OCMe(CF3)2) (Scheme 4). The molecular weight of the
polymers was varied by controlling the molar ratio of monomer
to initiator ([M]/[I]). For the synthesis of a homopolymer,
benzaldehyde was added after 1 h in order to quench the
polymerization. For the synthesis of a triblock copolymer, the

desired amount of methyltetracyclododecene (MTD) was added
to the stirred mixture after 1 h. After an additional hour had
elapsed, benzaldehyde was added to quench the polymerization.
In all cases, the polymers were isolated by precipitation from
methanol.

A series of homopolymers ofNB6wBPP4were synthesized
in order to demonstrate that the polymerization is living. The
isolated yields of the polymers were all greater than 90%. As
shown in Figure 2, a linear relationship is obtained by plotting
the number-average molecular weight values (Mn vs polystyrene)
of poly(NB6wBPP4) as a function of [M]/[I]. The results are
summarized in Table 1. The linear relationship observed and
the low polydispersities are consistent with living polymerization
under the conditions employed. The experimentalMn values
cannot be directly compared to the expectedMn values as the
GPC system used was calibrated using polystyrene standards.
The bimetallic initiator was previously shown to give experi-
mentalMn values close to the expectedMn value (within 4%)
as determined by MALDI-TOF MS when using norbornene-
based monomers.41

Homopolymers (100-mers) of the other two monomers
(NB10wBPP4andNBD10wBPP4) were synthesized, as well
as triblock copolymers of all monomers, where methyltetracy-
clododecene (MTD) was the outer hard block (50 equiv per
side) and the inner block was a liquid crystal functionalized
monomer (200 equiv). The results of these polymerizations are
summarized in Table 2, and the gel permeation chromatographs
(GPCs) of the polymers are shown in Figure 3. Polydispersities
(PDI) are less than 1.13 for the homopolymers and 1.31 for the
triblock copolymers. Isolated yields were all greater than 90%.

Figure 1. BPP4 mesogen.

Scheme 1

Scheme 2

Scheme 3

Figure 2. Graph of [M]/[I] vs Mn for homopolymers of poly-
(NB6wBPP4).
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Proton NMR resonances in the olefinic range were quite
broad, indicating a lack of stereoregularity of the main chain.
The 1H NMR spectra of the triblock copolymers were virtual
superpositions of the two homopolymers, as shown in Figure
4. The ratio of the integration of the resonances in the olefinic
region was used to approximate the ratio of LC functionalized
monomer to MTD. These values are given in Table 2 and are
close to the expected value of 0.5. The low polydispersities,
correct ratio of monomers, and quantitative yields are consistent
with a living system. Although the polymers are not indefinitely
stable toward oxidation, the same set of polymers were used
for all further characterizations over a period of 8 months.

Thermal Characterization of Polymers.The homopolymers
and triblock copolymers were analyzed by differential scanning
calorimetry (DSC) to determine the glass transition temperatures
(Tg) of the central blocks with the attached mesogens. All values
are reported in Table 3, and DSC traces of the second heating
and first cooling of the triblock copolymers are shown in Figure
5. There was no notable difference observed when comparing
the three monomers with increased length of the carbon spacer
(NB6wBPP4vsNB10wBPP4) or with increased rigidity of the
backbone structure (NB10wBPP4vs NBD10wBPP4). TheTg

of the inner blocks of the respective triblock copolymers
corresponded to theTg of the LC homopolymers at∼20 °C,
suggesting that the blocks are well phase segregated. However,
theTg of the MTD blocks was not observed in any of the three
triblock copolymers. In DSC scans of a homopolymer of MTD,
we observed a transition at∼220°C. In the triblock copolymers,
the weight percentage of MTD is too small for its glass transition
to be observed. A second possible explanation is that there may
be some phase mixing in the continuous phase of the system.

Phase transitions in the liquid crystalline sections of the
monomers, homopolymers, and triblock copolymers were
explored via DSC as reported in Table 3. The DSC transitions
at low temperatures indicate the crystallization of the monomers,
which behave as classical low molar mass liquid crystals. The

smectic to isotropic transitions occur in these compounds at∼85
°C for all three monomers.

Side chain crystallization is not observed in the homopoly-
mers over the temperature range of the DSC scans; as is
observed with the majority of LC polymers, the material exists
as a glass at low temperature and transitions directly into the
LC phase at theTg. The smectic-to-isotropic transition is
observed at higher temperatures in the homopolymer than in
low molar mass monomer, and there is also a broadening of
the transitions that occurs on attachment to the polymer
backbone. In general, it is expected that certain LC phases are
stabilized when mesogens are attached to polymer backbones;
this trend has been reported in other systems.10,23,30The smectic-
to-isotropic transitions are elevated near 150°C for all three
homopolymers.

In DSC scans of the triblock copolymers, there are slight
increases in the final smectic-to-isotropic phase transitions by
a few degrees for the triblock copolymers containingNB6wBPP4
andNBD10wBPP4. This suggests that the presence of the MTD
block interface stabilizes the liquid crystalline phases. However,
there is a slight decrease in the final smectic-to-isotropic phase
transition for the triblock copolymer containingNB10wBPP4,
suggesting a destabilization of the liquid crystalline phases.
When analyzing the DSC scans for all three triblock copolymers,
two transitions occur near the LC clearing point. In the triblock
copolymer containingNB6wBPP4, however, the temperatures
of the two transitions are so close that the peaks merge into
one broad transition. The first of the two transitions is likely to
be a smectic C* to A transition, whereas the second transition
is the clearing point.

Further confirmation of the liquid crystal clearing points for
the monomers, homopolymers, and triblock copolymers was
established through polarized optical microscopy (POM). Bi-
refringence for all samples was observed for the smectic liquid
crystal phases, which disappeared as the temperature of the
sample was increased above the liquid crystal clearing points.
The POM data were in good agreement with the DSC data.

Small-angle X-ray scattering (SAXS) was performed on the
triblock copolymers in order to investigate the morphology of
the block copolymer and the liquid crystalline mesophases. All
three samples exhibited a scattering peak on the order of 30-
40 nm, which indicates phase segregation (Figure 6). However,
higher order peaks are not observed, which suggests that there
is no long-range order. The highTg of the MTD blocks could
provide kinetic limitations for achieving well-ordered systems.
The triblock copolymer with theNB6wBPP4block has a first-

Scheme 4

Table 1. Summary of GPC Data for Poly(NB6wBPP4)
Homopolymers

equiv expectedMn (×104) actualMn (×10 4)a polydispersity

50 3.1 2.7, 2.7 1.18, 1.18
100 6.1 4.9, 5.0 1.10, 1.11
150 9.2 7.2, 7.4 1.09, 1.11
200 12.2 10.0, 10.0 1.12, 1.13
300 18.3 15.1, 15.9 1.15, 1.15

a Mn versus polystyrene standards. Samples run in tetrahydrofuran.
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order scattering peak at 2.9 nm, indicating the presence of
smectic monolayers. Considering the calculated molecular length
of the mesogen unit attached to the backbone (3.5 nm49), it was
concluded that triblock copolymers ofNB6wBPP4 form a
smectic C* phase with a mesogen tilt angle of∼34° related to
the layer normal.

The triblock copolymers containingNB10wBPP4 and
NBD10wBPP4have first-order scattering peaks at room tem-

perature of 5.9 nm, suggesting the presence of smectic C*
bilayers. However, when the former was heated to 100°C, a
scattering peak at 3.8 nm was observed, which indicated that a
phase transition has occurred from the smectic C* bilayer to a
monolayer. Across a broad range of intermediate temperatures,
scattering for both layer spacings is observed, indicating that
the two phases coexist. The tilt angles for the smectic C* phases
are calculated to be∼42° and ∼18° for the bilayer and the
monolayer, respectively, when using a calculated molecular
length of 4.0 nm.49 However, it is possible that the mesogens
are interpenetrated between bilayers, and therefore the given
calculated tilt angle may be greater than the actual value. A
similar bilayer-to-monolayer transition was observed for the
triblock copolymer containing theNBD10wBPP4mesogen. It
is not surprising that the transition from bilayers to monolayers
was not observed in DSC and POM for these two triblock
copolymers, as the transition occurs over a wide temperature
range, with the two phases coexisting. In addition, the textures
of liquid crystalline polymers in POM had very small domain
sizes, inhibiting the ability to observe smectic-to-smectic
transitions. The SAXS data affirmed that the two transitions
observed near the LC clearing point are smectic C* to smectic
A transitions followed by smectic A to isotropic transitions.

Dynamic mechanical analysis (DMA) confirmed theTg of
the LC polymer center block and also revealed the presence of
an elastic plateau above theTg of the LC center block in all of
the triblock copolymers. The triblocks containingNB6wBPP4
displayed an elastic plateau above theTg of the LC center block
until the onset of the smectic-to-isotropic transition, where the
sample failed (Figure 7). However, in the triblock containing
NB10wBPP4, the elastic plateau is interrupted by a transition
near 70°C, which is correlated with the smectic C* bilayer-
to-monolayer transition (Figure 8). A similar DMA was also
observed for theNBD10wBPP4-containing triblock copolymer,
also confirming the bilayer-to-monolayer transition.

The elastomeric nature of the system is revealed by the
presence of the elastic plateau in the DMA traces and indicates
that these materials show potential for use as TPLCE actuators
or other smart materials. In future studies, we will focus on
systems with a lowerTg for both the inner and outer blocks.
The Tg of the outer blocks will be optimized to ease the
processability of the polymer as well as allow the system to
achieve long-range ordering, while still providing enough
rigidity to act as physical cross-links. The lowerTg of the inner
block will enable the system to act as an elastomer at room
temperature.

Conclusions

Liquid crystal functionalized monomers,NB6wBPP4,
NB10wBPP4, andNBDw10BPP4, were synthesized and then
polymerized by ring-opening metathesis polymerization in a
living manner using the bimetallic molybdenum initiator,{Mo-
(NAr)(ORF6)2[)CHC5H4]}2Fe. A series of triblock copolymers
were synthesized, where the outer block was MTD. The liquid

Table 2. Summary of Polymerization Data for Homopolymers and Triblock Copolymers

polymer Mn (×104)a PDI yield expected A:Bb actual A:Bc

(NBD10wBPP4)100 7.8 <1.05 96
(MTD)50(NBD10wBPP4)200(MTD)50 14.9 1.05 94 0.5 0.48
(NB10wBPP4)100 6.88 1.13 90
(MTD)50(NB10wBPP4)200(MTD)50 11.7 1.31 92 0.5 0.50
(NB6wBPP4)100 6.95 1.07 95
(MTD)50(NB6wBPP4)200(MTD)50 18.0 1.22 95 0.5 0.48

a Mn versus polystyrene standards. Samples run in dichloromethane.b Ratio of monomer B vs monomer A according to added [M]/[I] ratios.c Ratio of
monomer B vs monomer A according to1H NMR.

Figure 3. GPC traces of homo- and triblock copolymers.

Figure 4. 1H NMR of poly(NB6wBPP4)100 (top), poly(MTD)100

(middle), and poly(MTD)50(NB6wBPP4)200(MTD)50 (bottom).
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crystalline polymer inner blocks exhibited glass transition
temperatures around 20°C, and the smectic-to-isotropic transi-
tions were observed around 150°C. SAXS studies showed that
the triblock copolymers containingNB6wBPP4form a smectic
C* monolayer, while those containingNB10wBPP4 and
NBD10wBPP4form smectic C* bilayers at room temperature.
For the latter two triblock copolymers, a transition was observed
at elevated temperatures, and two phases were observed, smectic
C* bilayers and monolayers. In addition, phase segregation was

observed for the triblock copolymer systems, as indicated by
the SAXS studies and correspondence of the glass transition
temperature of the inner blocks to the homopolymer transitions.
DMA analysis showed that the triblock copolymers exhibit
elastic plateaus. The results of the studies of the triblock
copolymers give evidence that with optimization ABA triblock
copolymers synthesized via ROMP have the potential to act as
TPLCEs, actuators, or shape-memory materials at elevated or
at room temperature. Future studies will focus on developing
systems that exhibit glass transition temperatures of the central
block below operating temperatures (i.e., below room temper-
ature) and increased phase separation and long-range order by
altering the composition of the outer block.
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