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Synthesis of Side Chain Liquid Crystal Polymers by Living Ring Opening Metathesis
Polymerization. 1. Influence of Molecular Weight, Polydispersity, and Flexible Spacer Length

(n =2-8) on the Thermotropic Behavior of the Resulting Polymers.
by

Zen Komiya, Coleen Pught, and Richard R. Schrock*

Contribution from

Department of Chemistry 6-331
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

Abstract

The living ring opening metathesis polymerization of S-carbo({n-[(4'-methoxy-4-
biphenylyl)oxyJalkyl}bicyclo[2.2.1}hept-2-ene (1-n, n = 2-8) by Mo(CH-z-Bu)(NAr)(O-¢-Bu)>
(Ar = 2,6-CgH3-i-Pry) is described. Polymers with degrees of polymerization from 5 to 100 and
narrow molecular weight distributions (My/Mp = 1.05-1.24) were obtained in high yield. All
polymers exhibit an enantiotropic nematic mesophase. Glass transition and isotropization
temperatures increase with increasing molecular weight and become independent at approximately
30-50 repeat units. The change in enthalpy of isotropization is relatively independent of molecular
weight. Using polymer blends, it was shown that polydispersity has no effect on either the
transition temperatures or the temperature range of isotropization. Isotropization alternates in an

odd-even manner up to spacer lengths of n = 6, and then levels off.

* To whom correspondence should be addressed.
t Present address: Department of Chemistry, Carnegie Mellon University, 4400 Fifth Ave.,
Pittsburgh, PA 15213.
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INTRODUCTION

Living polymerization methods allow one to synthesize polymers with well-defined
structures.!™ Although anionic polymerization has been exploited the most, the living nature of
the system is often impeded by the presence of polar substituents on the monomer.® Recently,
well characterized molybdenum alkylidene complexes of the type Mo(CHR)(NAr)(O-¢-Bu); (Ar =
2,6-CgH3-i-Pry, R = t-Bu or CMe;Ph)” have been shown to initiate the living ring opening
metathesis polymerization (ROMP) of functionalized norbornenes and norbornadienes.5-8-14
Because this initiator tolerates a variety of functional groups, the molecular engineering of
polymers with novel structures and functionalities, including side chain liquid crystalline polymers
(SCLCPs), should be possible. Related tungsten complexes!> have also been shown to behave as
initiators for certain living polymerization reactions,'®17 although tungsten complexes do not
appear to tolerate functionalities as well as molybdenum complexes.’

SCLCPs have been prepared mainly by radical polymerization of mesogenic acrylates and
methacrylates, and by hydrosilating mesogenic olefins with Si-H groups in polysiloxane
backbones. Because it is difficult to control both the molecular weight and the polydispersity of
the resulting polymers by either of these methods, they are of limited use for determining the
influence of molecular weight and molecular weight distribution on the phase behavior of
SCLCPs.!® However, recently both group transfer polymerization and living cationic
polymerization of vinyl ethers!? have been applied successfully to the synthesis of SCLCPs with
narrow molecular weight distributions.?-28 These reports established the precise relationship
between molecular weight and phase behavior, and elucidated the chain length at which the phase
transitions no longer vary as additional monomer units are added. Some of these studies also
revealed the effect of spacer length on the thermotropic behavior of the SCLCPs.2!?

Similar data for other types of polymers should help establish trends in structure/property
relationships of SCLCPs, and build up knowledge concerning how to prepare novel
macromolecules with specific phases and transition temperatures. The polynorbornene backbone

should provide some interesting new information. Since polynorbornene has a glass transition




temperature of approximately 40°C, the new SCLCPs should have a flexibility between that of
polyvinyl ethers (polymethyl vinyl ether Tg = -31°C) and polyacrylates (polymethylacrylate Tg =
5°C) or polymethacrylates (polymethylmethacrylate Tg = i00°C).?? In this paper we report the
living ring opening metathesis polymerization of mesogenic norbornene derivatives using Mo(CH-
t-Bu)(NAr)(O-1-Bu); as the initiator, and describe the influence of spacer length, of molecular
weight, and of molecular weight distribution on the phase behavior of the resulting polymers. The
norbornene monomer series 5-carbo{n-[(4'-methoxy-4-biphenylyl)oxy]alkyl}bicyclo{2.2.1]hept-
2-ene (1-n) with spacer lengths n of two to eight methylenic units will be discussed. The
synthesis and thermotropic behavior of compounds with n = 9-12 will be presented in a

subsequent paper.

RESULTS AND DISCUSSION
Synthesis of monomers

The monomers were synthesized as shown in Scheme I. The first consisted of nucleophilic
displacement of the halide of an n-haloalkan-1-ol with 4-methoxy-4'-hydroxybiphenyl under basic
conditions.3® However, in the case of 4-chlorobutanol, even under very mild conditions the
tetrahydrofuran was formed exclusively via intramolecular cyclization. Therefore it was necessary
to protect the hydroxy group of 4-chlorobutanol with t2trahydropyran before reaction with 4-
methoxy-4'-hydroxybiphenyl. The resulting mesogenic alcohols were then treated with an
isomeric mixture of bicyclo{2.2.1]hept-2-ene-5-carboxyl chloride (exo:endo = 1:3). Monomer 1.
6 was also synthesized using a higher concentration of the endo isomer (exo:endo=1:9).

All monomers are crystalline and melt into the isotropic state. However 'ess stable
crystalline modifications are obtained from the melit than from solution. but the most
thermodynamically stable crystalline form also can be obtained from the melt by anuealing at the

appropriate temperature.

Polymerization of 1-n

As outlined in Scheme II, n equivalents of 1-n were added to Mo(CH-¢-Bu)(NAr)(O-¢-




Bu)2”3! in THF. After 1 hour at room temperature, benzaldehyde was added to give a
benzylidene terminated polymer. The molecular weight of poly(1-n) was controlled by varying
the molar ratio of the monomer to the initiator ((M]/[I}). The polymer yields were quantitative in all
cases and the polymers were purified by at ieast one precipitation. The results of polymer
characterizations are presented in Table I and Figure 1. A linear relationship is obtained by plotting
the number average molecular weight (Mp) of poly(1-4) and poly(1-6) as a function of [M)/(]] for
ratios up to 100 (Figure 1). Molecular weights were determined by gel permeation
chromatography (GPC) versus polystyrene standards. Figure 1b includes the results of
polymerization of monomer 1-6 (both ratios of exo:endo isomers). Similar plots were obtained
for all other monomers. The fact that these plots are linear, and that the molecular weight
distributions (PDI = My/My) are narrow and independent of molecular weight demonstrates that
the polymerizations are living. However, the lines do not extrapolate to the origin. indicating that
the true molecular weights differ slightly from those determined by comparison with polystyrene
standards. The molecular weights of the 100mers tend to deviate more from theory than shorter
polymers because of increased sensitivity of the catalytic intermediates to trace impurities, to
experimental error in measuring small amounts of catalyst, and perhaps also to slow reaction of
catalytic intermediates with the ester functionality. Although 100mers of 1-n (n = 6,8) sometimes
showed a small double molecular weight peak by GPC analysis, the PDIs are still lower than 1.24.
The GPC traces of poly(1-6) and poly(1-7) are presented in Figure 2, along with GPC traces of
some polymer blends (vide infra).

Proton NMR spectra of poly(1-n) showed broad resonances at 5.2-5.6 ppm for the
olefinic protons and broad resonances at 1.6-2.0 and 2.2-3.0 ppm for protons of the five-
membered ring, consistent with the ring-opened structure. We presume the detailed polymer
structure is complex, consisting of cis and trans double bonds, and head-to-head, head-to-tail and
tail-to-tail arrangements of the repeat units.>>33 In contrast, the resonances due to the aromatic

protons of the mesogenic biphenyl group are relatively sharp.




Thermal characterization of polymers

Poly(1-n) was characterized by a combination of differential scanning calorimetry (DSC)
and thermal polarized optical microscopy. The first and subsequent DSC heating scans were
essentially identical, and all heating and cooling scans were completely reproducible. Figures 3
and 4 show the second heating and first cooling scans of poly(1-6) and poly(1-7) with theoretical
degrees of polymerization of approximately 5 to 100; they are typical of the scans obtained for
polymers with other spacer lengths. The complete thermal transitions from the second heating and
first cooling scans of all polymers are summarized in Table L.

With the exception of oligomers of 1-5, poly(1-n) (n = 2-8) displays only an enantiotropic
nematic mesophase over the entire range of molecular weights and flexible spacer lengths. The
textures observed by polarized optical microscopy and the small enthalpy changes are characteristic
of nematic mesophases. Figure 5 is a representative polarized optical micrograph showing the
schlieren texture of poly(1-4). The presence of a nematic mesophase contrasts with the crystalline
nature of the corresponding monomers. Although stabilization of a liquid crystalline mesophase by
polymerization is traditionally explained as a "polymer effect”, the structures of the norbornene
monomer and the resulting polymer repeat unit are substantially different and therefore are not
directly comparable.

Poly(1-5) containing at least 20 repeat units also displays an enantiotropic nematic
mesophase. However, the nematic mesophase of the two lower molecular weight oligomers is
monotropic and observable only on cooling, while a melting point is observed on heating, in
addition to the glass transition. As shown in Figure 6, a transition ascribable to recrystallization
overlaps with one ascribable to vitrification of the 9mer on cooling. Therefore, the sample
undergoes continued recrystallization upon heating through the glass transition, followed by
melting. The same is true of the 12mer except that recrystallization is not detected on cooling.
However, the fact that the enthalpy of the rerystallization endotherm is only 60% of that of melting
demonstrates that some recrystallization did take place on cooling. Crystallization evidenty is

suppressed below the glass transition temperature at higher molecular weights. We cannot explain




why only the oligomers of the 5-spacer are crystalline.

The phase transition temperatures of each polymer obtained on heating are plotted in Figure
7 as a function of the degree of polymerization obtained by GPC analysis. Regardless of the
length of the spacer, the glass transition and isotropization temperatures of all polymers become
independent of molecular weight at approximately 30-50 repeat units. These results are analogous
to those reported for mesogenic polysiloxanes (DP~12),3# polyvinyl ethers (DP~10-20),2%-25 and
polyacrylates (DP~12-40)3336 and polymethacrylates (DP~12).1% There are a few examples using
less well-defined systems which report unexpectedly high values of a few hundred repeat
units.37-39

Table I also lists the change in enthalpy of isotropization for all polymers at each molecular
weight and all spacer lengths. Because the enthalpy change of the nematic-isotropic transition is so
small and therefore subject to experimental error, the data are scattered as a function of molecular
weight. In general, however, the enthalpy change is relatively independent of molecular weight,
except for the lowest degree of polymerization.

The peak width of transitions involving liquid crystalline mesophases as a function of
molecular weight is also of interest. Because the transition temperatures of oligomers depend on
the chain length, we might expect that the peak widths of oligomerics should be broader than those
of high molecular weight polymers with the same polydispersity. In addition, polydisperse
oligomers would then be expected to exhibit broader peaks than essentially monodisperse
oligomers and polymers. This trend has been observed for both main chain LCPs,*? and for some
mesogenic polysiloxanes*! and polyvinyl ethers.21-2 However, this argument assumes that each
chain length melts independently, even when the different chain lengths are isomorphic. An
alternative argument is that since the rate of formation of each phase decreases with increasing
molecular weight due to increasing viscosity, transitions of higher molecular weight polymers
should be slower than those of lower molecular weight polymers, with the result that the transition
occurs over a broader temperature range. Indeed, the peak width of isotropization also has been

observed to increase with increasing molecular weight over the range of molecular weights where




the transition temperatures are independent of molecular weight. '

With the exception of the poly(1-6) 145mer, it appears that the isotropization transitions
plotted in Figure 3 may become slightly sharper as molecular weight increases. The peak width
also can be qualitatively observed by polarized optical microscopy, since it corresponds to the
amount of biphasic material (anisotropic and isotropic) present at the transition. In order to
determine whether or not polydispersity affects the sharpness of the nematic-isotropic transition of
these polymers, we prepared the multimodal blend of poly(1-6) shown in Figure 2a using low
PDI 9, 16, 57 and 145mers in a ratio of 15:15:15:55. The resulting blend has a number average
molecular weight of 9741 (DP = 23) and a polydispersity of 2.5. Even this multimodal sample
undergoes a sharp transition from the nematic to the isotropic state (Figure 4), and the glass
transition and isotropization temperatures of this blend correspond to those of a
monomodal/monodisperse 23mer (Table I).

We also prepared the bimodal blend of the 6 and 78mers of poly(1-7) shown in Figure 2b.
This blend has a number average degree of polymerization of 22 and a polydispersity of 4.78. The
nematic-isotropic transition of this extremely polydisperse sample is also sharp (Figure 4), and the
transition temperatures again correspond to those of a monodisperse 17mer (Table I). Therefore,
the peak width is not affected by polydispersity if the component polymers are isomorphic over the
temperature range at which the transition occurs.

As discussed earlier, the spacer length does not affect the molecular weight at which the
phase transitions become independent of molecular weight. However, the spacer length does
affect the temperature of the transitions. The transition temperatures determined on heatng are
plotted in Figure 8 as a function of the number of methylenic units in the flexible spacer, including
poly(1-n) with n = 9-12.42 In order to avoid errors ascribable to the theoretical and/or
experimentally determined molecular weights, the transition temperatures are plotted only for the
50mers and 100mers, since the temperatures of these transitions are independent of molecular
weight. The glass transition temperature decreases rapidly with increasing spacer length as a

consequence of decreased packing density of the chains. Those compounds with n 2 9 exhibit side




chain crystallization; melting/crystallization overlaps Tg when n = 10-12. In general, the
isotropization temperatures decrease slightly as the spacer length increases, with an odd-even
alternation. This alternation is observable only for spacer lengths up to n = 6. Polymers that
contain even spacers display higher isotropization temperatures than those that contain the odd
spacers.

Since the glass transition temperatures decrease rapidly with increasing spacer length while
isotropization decreases only slightly, the temperature window of the mesophase is broader for the
longer spacers. Figure 7 also demonstrates that the temperature window broadens as spacer length
and molecular weight increase. This is generally true for SCLCPs, except that an increase in the
isotropization temperature with increasing spacer length may also contribute to stabilization of the
mesophase.?1-25.:43-45

With SCLCPs, there has been some discrepancy as to whether even or odd member
spacers result in higher isotropization temperatures. This discrepancy was resolved for
polysiloxanes, polyacrylates, and polymethacrylates by considering the total number of atoms
between the backbone and mesogen as part of the "spacer", including the interconnecting units. '8
In this case, "even spacer” lengths result in higher smectic-isotropic transition temperatures
because they place the mesogen perpendicular to, rather than at an angle to the polymer backbone.
Consequently the anisotropy and linearity of the mesogenic side chains are enhanced, and the
formation of layers favored. In contrast, the nematic-isotropic transition temperatures of polyvinyl
ethers containing 4-cyano-4'-biphenyloxy mesogens and short spacers are higher for the "odd
spacers" than for the “even spacers".

As shown in Scheme III, similar arguments can be applied to this mesogenic
polynorbornene system. However, in order to compare it with the above acyclic polymer
backbones, the substituted carbon atom of the cyclopentane ring may also be considered as part of
the "spacer”. If this is so, then "even spacers” are more linear and anisotropic, and our data agree
with those obtained for polysiloxanes, polyacrylates, and polymethacrylates. On the other hand, if

the substituted carbon of the cyclopentane ring is not considered part of the spacer, then "odd




spacer” lengths are more anisotropic and should have the higher transition temperatures
corresponding to the polyvinyl ethers. Therefore, these results do not resolve the confusion;
results from additional well defined systems exhibiting nematic-isotropic and smectic-isotropic
transitions will be required. However, the relative anisotropy and placement of the mesogen
relative to the backbone may not dictate the stability of nematic mesophases, or the orientation of
the backbone and mesogen may not be comparable in these two polyvinyl ether and
polynorbornene systems. That is, since there are three nematic mesophases possibie in SCLCPs
which are defined by the relative orientations of the mesogenic side chain and polymer backbone,*
the nematic mesophases of the polyvinyl ether system and this polynorbornene system may be

different and therefore not comparable.

CONCLUSIONS

5-Carbo{n-[(4'-methoxy-4-biphenylyl)oxy]alkyl}bicyclo[2.2.1]hept-2-enes with n = 2-8
were polymerized by ring opening metathesis polymerization in a living manner to provide a
complete series of well defined SCLCPs with systematically varying molecular weights. All
polymers exhibit an enantiotropic nematic mesophase which is stabilized by both increasing
molecular weight and increasing spacer length. Because of the simplicity of the mesomorphic
behavior of this system, it was possible to determine the effect of polydispersity on the transition
temperatures by blending monodisperse polymers. The isotropization temperature of polydisperse
and multimodal blends corresponds to that predicted by the number average molecular weight. In
addition, the range over which this transition occurs is not influenced by the polydispersity. In this
system, the transitions become independent of molecular weight when chains contain 30-50 repeat
units, and polymers with an odd number of methylenic units in the spacer display higher transition
temperatures than those with an even number. This alternation vanishes when the spacer length is

greater tnan n = 6.
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EXPERIMENTAL SECTION

Materials and Methods. All polymers were prepared in THF under a nitrogen
atmosphere in a Vacuum Atmospheres drybox. Tetrahydrofuran was vacuum transferved from
sodium benzophenone ketyl just before use. Diethyl ether and THF used for monomer synthesis
were distilled from sodium benzophenone ketyl under nitrogen. Dichloromethane used for
purification of monomers was distilled from calcium hydride under nitrogen. Pentane was washed
with 5% nitric acid in sulfuric acid, stored over calcium chloride, and then distilled from sodium
benzophenone ketyl under nitrogen. 4,4'-Dihydroxybiphenyl (97%), 2-chloro-1-ethanol (99%), 3-
chloro-1-propanol (98%), 6-chloro-1-hexanol (97%), 7-bromo-1-heptanol (95%), and 8-bromo-1-
octanol (95%) were used as received from Aldrich. 4-Chloro-1-butanol (Aldrich, 85%) was
washed with aq NaHCO3, dried with MgSO4, and distilled. 5-Chloro-1-pentanol (95%) was used
as received from Lancaster Synth. Inc. 2-Norbornene-5-carboxylic acid chloride (exo/endo =
1/3)*" and 4'-methoxy-4-hydroxybiphenyl*® were prepared as described in the literature. Endo-2-
norbornene- 5-carboxylic acid was synthesized by hydrolysis of the corresponding endo-methyl
ester obtained by the Lewis acid catalyzed Diels-Alder addition of cyclopentadiene and
methylacrylate.** Endo-2-norbomene-5-carboxylic acid chloride was prepared by treatment of the
carboxylic acid with PCls under standard conditions. All other reagents and soivents were
commercially available and used as received.

The catalyst was synthesized in four steps from [NH4][M0207];3! the intermediates are
Mo(NAr),2Cly(dimathoxyethane), Mo(NAr)2(CH2-t-Bu);, and Mo(CH-t-
Bu)(NAr)2(triﬂate)z(dimethoxyethane).7 It is very important to remove all ArNH3OTf from
Mo(CH-t-Bu)(NAr)(triflrte)2(dme) before adding lithium t-butoxide. All steps must be carried
out under a dinitrogen atmosphere and the catalyst must be stored and used under dinitrogen or
other inert gas in the absence of water and other potentially reactive protic impurities in the
monomer (e.g., carboxylic acid or alcohol). The catalyst used in these studies was stored as a
solid at -40 °C under dinitrogen.

Polymer blends were prepared by coprecipitation in methanol of the appropriate amount of




11

each component from THF (0.05 g/mL); the yield of the blend of poly(1-6) was 76%, while the
yield of poly(1-7) was 77%.

300 MHz 1H NMR spectra were recorded on a Varian XL-300 spectrometer. All spectra
were recorded in CDCl3 with TMS as internal standard. Obvious multiplicities and routine
coupling consiants are usually not listed. Molecular weight was determined by gel permeation
chromatography (GPC) at room temperature using a set of Shodex KF802.5, 803, 804, 805, 800P
columns (700, 2x103, 2x104, 1x105 A, and a precolumn, respectively), a Knauer differential
refractometer, and a Spectroflow 757 absorbance detector set at 300 nm on 0.1-0.3 % (w/v)
samples in THF. GPC columns were calibrated using polystyrene standards (Polymer
Laboratories Ltd.) ranging from 1206 to 1.03x106 MW. A Perkin Elmer DSC-7 differential
scanning calorimeter was used to determine the thermal transitions which were read as the maxima
and minima of the endothermic or exothermic peaks, respectively. All heating and cooling rates
were 20°C/min. Glass transition temperatures (Tg's) were assumed to be the temperature at the
middle of the change in the heat capacity. All second and subsequent heating scans were identical.
A Nikon optical polarized microscope (magnification 160x) equipped with a Mettler FP82 hot stage
and a Mettler FP800 central processor was used to observe the thermal transitions and to analyze
anisotropic textures.

Synthesis of n-[(4'-methoxy-4-biphenylyl)oxylalkyl-1-ol (n = 2-8). All of
the compounds except n = 4 were synthesized by a modified literature procedure®? as in the
following example. 5-Chloro-1-pentanol (3.8 g, 0.031 mol) was added to a solution of 4'-
methoxy-4-hydroxybiphenyl (6 g, 0.03 mol) and NaOH (1.2 g, 0.03 mol) in ethanol (50 mL) and
water (3 mL). After stirring at reflux for 24 h, the reaction mixture was poured into water and the
precipitated product was filtered and washed with 150 mL of 10% aq NaOH and water.
Recrystallization from ethanol yielded 3.9 g (45%) of colorless crystals. Higher yields (>80%)
were obtained using bromoalcohols.
2-[(4'-Methoxy-4-biphenylyl)oxylethanol. lH NMR § 2.10 (t, 1H, -OH), 3.90 (s, 3H,
CH30-), 4.05 (m, 2H, -CH20H), 4.18 (dd, 2H, -CH20Ar), 7.01 (dd, 4, Haryp), 7.53 (dd, 4,




Hary1)-

3-[(4'-Methoxy-4-biphenylyl)oxy]-1-propanol. lH NMR § 1.72 (1, 1H, -OH), 2.03 (q,
2H, -CH2CH720H), 3.80 (s, 3H, CH30-), 3.86 (dt, 2H, -CH2OH), 4.13 (1, 2H, -CH20Ar),
6.92 (dd, 4, Hary1), 7.44 (dd, 4, Haryi).

4-[(4'-Methoxy-4-biphenylyl)oxyl-1-butanol was synthesized from the tetrahydropyranyl
ether of 4-chloro-1-butanol prepared by a standard procedure.®® The chloroether was reacted with
4'-methoxy-4-hydroxybiphenyl and the resulting substituted tetrahydropyranyl ether was
hydrolyzed without separation: 1H NMR & 1.56 (brt, IH, -OH), 1.85 (m, 2H, -CH2CH20ATr),
1.97 (m, 2H, -CH2CH20H), 3.80 (dt, 2H, -CH2O0H), 3.90 (s, 3H, CH30-), 4.10 (1, 2H,
-CH20Ar), 7.00 (dd, 4, Hary1), 7.52 (dd, 4, Hary))-
n-[(4'-Methoxy-4-biphenylyl)oxyl-1-alkanol. The !H NMR spectra of the n-{(4'-
methoxy-4-biphenylyl)oxy]-1-alkanols, n 2 5, are identical: & 1.25 (1, 1H, -OH), 1.3-1.7 (m,
2[n-3]H, -[CH2]px-3-), 1.83 (q, 2H, -CH2CH?20AI), 3.65 (q, 2H, -CH20H), 3.85 (s, 3H,
CH30-), 4.00 (t, 2H, -CH20ATr), 6.96 (dd, 4, Hary1), 7.46 (dd, 4, Hary)).

Synthesis of S-carbo{n-[(4'-methoxy-4-biphenylyl)oxyJalkyl}-
bicyclo[2.2.1]hept-2-enes (1-n, n = 2-8). The 1-n monomers were prepared in 70-80%
yield as in the following example. A solution of 2-norbornene-5-carboxylic acid chloride (1.56 g,
9.96 mmol) in THF (5 mlL) was added dropwise to a refluxing slurry of 7-{(4'-methoxy-4-
biphenylyl)oxy]-1-heptanol (3.0 g, 9.54 mmol) and triethylamine (1.01 g, 9.98 mmol) in THF
(40mL). The solution was refluxed and stirred for 24 h. The mixture was cooled and the solvent
was removed on a rotary evaporator. The residue was dissolved in chloroform and the solution
was washed with aqueous K;CO3 and water, and then dried over anhydrous MgSOg4.
Concentration of the filtered chloroform solution yielded 3.31 g (80%) of 1-7.

All monomers were purified by column chromatography using Al,0O5 as the stationary
phase and THF as eluent, followed by at least two recrystallizations in the drybox from ether,
ether:pentane or ether:methylenechloride. The monomers were recrystallized until no improvement

was seen in the polydispersity of polymers prepared using 100 equiv of monomer: 1H NMR
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resonances at 8 1.32 (d), 1.5 (m), 1.6 (d), 1.94 (m), 2.31 (dd), 2.98 (br s), 3.06 (td), 3.12 (br s)
and 3.30 (br s) are due to the non-olefinic norbornene protons of both isomers; 5.95 (dd) and 6.21
(dd) are due to the endo olefinic protons, and 6.15 (m) is due to the exo olefinic protons; 1.2-2.0
(m, 2[n-2]H, -[CH?]n-2-), 3.86 (s, 3H, -OCH3), 4.07 (1, 2H, -CH>OAr), 4.18 (m, 2H,
-CH700C-). Melting points (by DSC) are: 1-2 94°C; 1-3 91°C; 1-4 77°C; 1-5 98°C; 1-6 72°C;
1-7 80°C; 1-8 60°C.

Polymerization procedure. A solution of Mo(CH-z-Bu)(NAr)(O-¢-Bu)s (0.2 mL,
0.0205 mol/L) in THF was added in one portion to a rapidly stirred solution of monomer (3 mL,
0.137 mol/L, 100 equiv) in THF and the mixture was then stirred for 1h. The polymerization was
quenched by adding 20 uL of benzaldehyde (0.19 mmol). After 30 min, the solution was added
dropwise to methanol (~50 mL) and the precipitated polymer was isolated by centrifugation,
washed with methanol, and dried in vacuo. In all cases, polymer yields were more than 90% and
GPC analyses showed no traces of monomer. Further purification of samples by reprecipitation
had no effect on their thermotropic behavior. When 20 equiv or less of monomer was used, the
catalyst concentration was adjusted to 0.205mol/L: 1H-NMR 8 1.0 ( m, terminal +-Bu), 1.2-2.2
(br), 2.2-3.2 (br), 3.85 (s, -OCH3), 4.07 (br, -CH20ATr), 4.26 (br, -CH200C-), 5.15-5.55 (br,
olefinic H), 6.97 (br d, Hary1), 7-51 (br d, HaryD).

Acknowledgements. RRS thanks the Office of Naval Research (N00014-89-J1542) and ZK

thanks Japan Synthetic Rubber Company for support.

References
(1) Rempp, P.; Merrill, E. W. "Polymer Synthesis"; Hiithig and Wepf: New York, 1986.
(2) Webster, O. W. Science 1991, 251, 887.
(3) Odian, G. "Principles of Polymerization"; Wiley: New York, 1981.
(4) Grubbs, R. H.; Tumas, W. Science 1989, 243, 907.
(5) Schrock, R. R. Acc. Chem. Res. 1990, 23, 158.
(6) Nakamura, S.; Hirao, A. Prog. Polym. Sci. 1990, 15, 229.




14

(7) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.; O'Regan, M. J.
Am. Chem. Soc. 1990, 112, 3875.

(8) Bazan, G.; Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.; O'Regan, M. B ;
Thomas, J. K.; Davis, W. M. J. Am. Chem. Soc. 1990, 112, 8378.

(9) Bazan, G. C,; Schrock, R. R.; Cho, H.; Gibson, V. C. Macromolecules 1991, 24, 4495.

(10) Sankaran, V.; Cohen, R. E.; Cummins, C. C.; Schrock, R. R. Macromolecules 1992, 25,
6664.

(11) Cummins, C. C.; Beachy, M. D.; Schrock, R. R.; Vale, M. G.; Sankaran, V.; Cohen, R.
E.J. Am. Chem. Soc. 1992, 114, 1153.

(12) Bazan, G. C.; Oskam, J. H.; Cho, H.-N.; Park, L. Y.; Schrock, R. R. J. Am. Chem.
Soc. 1991, 113, 6899.

(13) Cummins, C. C.; Schrock, R. R.; Cohen, R. E. Chem. Mater. 1992, 4, 27.

(14) Ng Cheong Chan, Y.; Schrock, R. R.; Cohen, R. E. Chem. Mater. 1992, 4, 24.

(15) Schrock, R. R.; DePue, R. T.; Feldman, J,; Yap, K. B.; Yang, D. C.; Davis, W. M ;
Park, L. Y.; DiMare, M.; Schofield, M.; Anhaus, J.; Walborsky, E.; Evitt, E.; Kriiger, C.; Betz,
P. Organometallics 1990, 9, 2262.

(16) Schrock, R. R.; Feldman, J.; Cannizzo, L.; Grubbs, R. H. Macromolecules 1987, 20,
1169.

(17) Wu, Z.; Wheeler, D. R.; Grubbs, R. H. J. Am. Chem. Soc. 1992, 114, 146.

(18) Percec, V.; Pugh, C. in "Side Chain Liquid Crystal Polymers"; C. B. McArdle, Ed.;
Chapman and Hall: New York, 1989; pp 30, and references therein.

(19) Feit, B. A.; Cho, C. G.; Webster, O. W. Macromolecules 1990, 23, 1918.

(20) Percec, V.; Tomazos, D.; Pugh, C. Macromolecules 1989, 22, 3259.

(21) Percec, V.; Lee, M.; Jonsson, H. J. Polym. Sci., Polym. Chem., Ed. 1991, 29, 327.

(22) Percec, V.; Lee, M. Macromolecules 1991, 24, 2780.

(23) Percec, V.; Lee, M. Macromolecules 1991, 24, 1017.

(24) Percec, V.; Lee, M. Polym. Bull. 1991, 25, 123.




15

(25) Percec, V.; Lee, M. J. Macromol. Sci., Chem. Ed. 1991, A28, 651.

(26) Sagane, T.; Lenz, R. W. Macromolecules 1989, 22, 3763.

(27) Sagane, T.; Lenz, R. W. Polym. J. 1988, 20, 923.

(28) Sagane, T.; Lenz, R. W. Polymer 1989, 30, 2269.

(29) Polymer Handbook; Braundrup, J.; Immergut, E. H., Ed.; John Wiley and Sons: New
York, 1975.

(30) Finkelmann, H.; Happ, M.; Portugal, M.; Ringsdorf, H. Makromol. Chem. 1978, 179,
2541.

(31) Fox, H. H; Yap, K. B.; Robbins, J.; Cai, S.; Schrock, R. R. Inorg. Chem. 1992, 31, in
press.

(32) Ivin, K. J. "Olefin Metathesis"; Academic: New York, 1983.

(33) Ring-Opening Polymerization; Ivin, K. J. ;. S., T., Ed.; Elsevier: London, 1984.

(34) Stevens, H.; Rehage, H.; Finkelmann, H. Macromolecules 1989, 22, 1588.

(35) Portugall, M.; Ringsdorf, H.; Zental, R. Makromol. Chem. 1982, 183, 2311.

(36) Uchida, S.; Morita, K.; Miyoshi, K.; Hashimoto, K.; Kawasaki, K. Mol. Cryst. Liq.
Cryst. 1988, 155, 189.

(37) Frosini, A.; Levita, G.; Lupinacci, D.; Magagnini, P. L. Mol. Cryst. Liq. Cryst. 1981,
66, 21.

(38) Kostromin, S. G.; Talroze, R. V.; Shibaev, V. P; Plate, N. A. Makromol. Chem., Rapid
Commun. 1982, 3, 803.

(39) Shibaev, V. P. Mol. Cryst. Lig. Cryst. 1988, 155, 189.

(40) Blumestein, A. Polym. J. 1985, 17, 277.

(41) Gray, G. W. in "Side Chain Liquid Crystal Polymers"; C. B. McArdle, Ed.; Chapman and
Hall: New York, 1989; pp 11.

(42) Komiya, Z.; Pugh, C.; Schrock, R. R. Macromolecules 1992, 25, submitted.

(43) Mauzac, M.; Hardouin, F.; Richard, H.; Achard, M. F.; Sigaud, G.; Gasparony, H. Eur.
Polym. J. 1986, 22, 137.




16

(44) Gemmel, D. A ; Gray, G. W.; Lacey, D.; Alimoglu, A. D.; Ledwith, A. Polymer 1985,
26, 265.

(45) Gemmel, D. A.; Gray, G. W.; Lacey, D. Mol. Cryst. Lig. Cryst. 1985, 122, 205.

(46) Warmner, M. in "Side Chain Liquid Crystal Polymers"; C. B. McArdle, Ed.; Chapman and
Hall: New York, 1989; pp 7.

(47) Jacobine, A. F.; Glaser, D. M.; Nakos, S. T. ACS Polym. Mat. Sci. Eng. 1989, 60, 211.

(48) Rodriguez-Parada, J. M.; Percec, V. J. Polym. Sci., Polym. Chem. Ed. 1986, 24, 1363.

(49) Sauer, J.; Kredel, J. Angew. Chem. Int. Ed. Engl. 1965, 4, 989.

(50) Bernady, K. F. J. Org. Chem. 1979, 44, 1438.




L NETRIN

g7=u
u-y g0 =X

o I d-o"tnoroo ~<——— w0 Do'noon ~N oI Do

_ooo% X"(HO)OH




I u-:o:om
g-Z=u
WO D-o"tno)- = u
(u-pKjod
4
{ng-1-0)AVN)XO)OW- o._a.. \c..m..
..,o__m; . = oz....._c._n..
C:U._n— ng-) u-r ng-) I




Scheme 11




FLzuLo) 191
dpeu(p60) gL
3LEu(860)08!
Jepu(erngg!
Icru(pz) 161!

F1pu(szo) 16!
39pu(850) g9t
3zeu(gso) gLt
Fpcu(z90) 8L
36cu(9s0) 081!

305 u(Lz0) LS
dggu(op0) 991
3p9u(ssp)oLt
3y u(eco) LLt
FpLu(650) 081

8urjooo

1(6L°0) L9 upg B
1(060)8LuZYy 3
1(56'0) S8 u¢gy 3
1orneg6uos 3
1(grnNgeu g3

1Tz 9ugy s
1(8%°0) 1LugS S
1190 6L u LS8
1(95°0) 98 u 198
1(Js0) 88 U 19 8

1(800) 69 u L5 3
1(620)8Lug9 3
1(9L°0) L8 U 69 8
1(Z90) 16u L3
(€S0 c6upLS

Suneay

p(nuwy/py)sa3urys Adpeyrus Surpuodsarion pue (5, )uomsuen aseyd

I
91
L
a9
0S1

cl
[4¢
LS
SCl

[4
61
o
01

dd

vl
Il
601
SOl
so'l

a1l
el
A
80°1
0Tl

vi'l
140!
60°1
LO'1
SO'1

Idd
IdD

SSLE
v08¢S
9LE6
00812
LS8TS

£997
{444
te9L
L10T
£66ty

T8LT
oley
66L9
geTsl
90¢tLe

UnW

£961
$T6t
0¢8L
$7961
6vT6t

L9L1
peSe
890L
1L9L1
84393

[441]
L4 51
68CL
19391
ot

S
01

0¢S
001

01
0c
0¢S
001

S
o1
0c
0¢S
001

p-1
b1
b1
p-1

€1
€1
1 |
-1
€1

(Ad |
1
<1
<1
(A |

U (jowyjow) Idwouow

109y,

SIWA0d 3unnNsay dY) Jo UONEZIIdIEIRY)) PUB U-] JO UOHERZLIAWA[OJ

1319

(oW ]/[u-1]




drzu(gnoLe
JL1uED b9t
dozu(eon) gLt
dezu(eLeL?
dgzu(381)98!
30cu(061) 68!

Jogu(ss)eg!
3ZTu(z60)991
dezu@rypLe
dozu(Ig) LLY
dgzu(izn6L!
3gzu(gy1)iIg!
6z u(gy1)981
dgeu(Ly1) eyt
3Leu (L) 88!

3 580€)A6SUGCYT

3epu(orn gLy
Ipeu(LoD Ly
Jreu(Lznige
dreu(zn g

1(€9'1) g8 u g 3
ICINIR AR A
1(8T1) 6L U 8T 8
1(91)sguigd
1(b6'1) €6 U 9¢ 8
1(Z1'7) S6u8e 3

1(Ip'1) 68V LE 3
1(6r'1)zLuged
1(Ienoguies
T(Lr)vyguged
1(gz1)9guped
1(gp'1) L8uGES
1(6£'1)T6u8E 3
@y eeuy 3
1(Ep'1)S6uEy 8

1(589) L8 A (Z6'1-) 99 A 9Y 3
1(€6S) 06 1 (W€ LA 1S 3

19’ 1)oguoy 3
1(6€'1) L8uUEy S
1(be'1) g8 upp 3

LU 8LV
9 oIl
or I
Ll 601
S¢S0l
8L LUl
€ 05T
9 0Tl
6 9l
A NA R
€ 0Tl
91 91
96 €I'l
LS 9r1
ST pLI'L
6 Tl
[ASAR
0z 111
9 901
1S1 2t

9sL
L18C
12744
LSTL
9Tes|
680v¢

IvL6
£99¢
796t
¢91¢
0696
6£L9
£8LET
L90ve
22019

06vt
t96v
G818
98¢9C
LyT19

§pualq
€LIT S
9vEY 01
1968 0z
6CLIT  0S
LSy 001

§PUdIq
£012 S
90ZH ol
80€9 St
1148 0T
118 0z
8201 0§
8201 0§
¢s0zy 001
£€0T S
SSov 01
o118 0z
9Z€0C 0
ss0r 001

L-1
L-1
L1
L-1

L-1

9-1
9-1
9-1
9-1
391
9-1
39-1
9-1
9-1

S-1
S-1
S-1
s-1
s-1

(I 3[qe 1. Jo uonenunuo))




1X31 39S 3 "06:0]=0PU3/OXH 5 Wu3said sem yead 1ySrom repnosjow

AQop j[rws v p "uolisuen snotaaxd yum padderssaQ , *srdonouopy q ‘Sueds 8009 1511y pue Sunesy puosss woy wieq ¢

dgru(gs1) L9t
dLru(grneLe
361 u(L91)8L1
dizu(srnzge
JIzu(9L ) €8T

1y eLuoed
18P 6Lugr S
1(09'1) ¥8u 9z 3
1(€8'1) L8u L7 3
1SS’ 1) 16u Qg 3

9 LTl
6 40!
AN
6¢ 111
t0l pt'l

16LT
80y
9189
86VLI
98t9¥y

evee 9 8-1
98hv 01 8-1
cL68 0t 8-1
0evee 0s 8-1
198tV 001 8-1

(1 21qe, jo uonenunUOD)




Figure Captions

Figure 1. Plots of the number average molecular weight (Mn) and the polydispersity (PDI =
Mw/Mn) of (a) poly(1-4), and (b) poly(1-6) versus the molar ratio of monomer to initiator
(IMJ/ID.

Figure 2. GPC traces of (a) poly(1-6) and (b) poly(1-7), including blends. The theoretical and
observed (in parentheses) degrees of polymerization (DP) are shown on each trace.

Figure 3. Normalized DSC thermograms of poly(1-6); (a) second heating scan; (b) first cooling
scan.

Figure 4 Normalized DSC thermograms of poly(1-7) observed (a) on the second heating, and
(b) first cooling scans.

Figure 5. Polarized optical micrograph (magnification 160x) of the nematic schlieren texture
observed on cooling poly(1-4) 16mer from the isotropic state; 77 °C.

Figure 6. Normalized DSC thermograms of poly(1-5) 9mer and 12mer; (a) second heating scan;
(b) first cooling scan.

Figure 7. Dependence of the phase transition temperatures on the GPC determined degree of
polymerization of (a) poly(1-2), (b) poly(1-3), (c) poly(1-4), (d) poly(1-5), (e) poly(1-6), (f)
poly(1-7), and (g) poly(1-8). All data are from the second heating scans.

Figure 8. Dependence of the phase transition temperatures on the flexible spacer length (n

methylenic units) of the 100 mers and 50 mers of poly(1-n).
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