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ABSTRACT: In contrast to their hydrocarbon analogues which exhibit only nematic mesophases, poly-
{5-[[[2′,5′-bis[(4′′-(n-(dimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]hept-2-ene}s and
their low-molar-mass model compounds exhibit smectic C mesophases. Since nematic liquid crystals
can be forced into layers by terminating their hydrocarbon substituents not only with fluorocarbon
segments but also with flexible siloxane segments, this supports the hypothesis that the smectic
mesomorphism of amphiphilic molecules containing linear fluorocarbon segments is due primarily to the
immiscibility of the hydrocarbon and fluorocarbon segments, rather than to a shape persistence of
“mesogenic perfluoroalkyl rods”. The 2,5-bis[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]toluenes mimic
both the phases formed by the polymers and the general temperatures of their transitions and are there-
foreexcellent models of the polymers. The 5-{[[2′,5′-bis[(4′′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]-
benzyl]oxy]carbonyl}bicyclo[2.2.1]hept-2-enes were polymerized by ring-opening metathesis poly-
merization in THF at room temperature using Mo(CHCMe2Ph)(N-2,6-iPr2Ph)(OtBu)2 as the initiator.

Introduction

We have recently demonstrated that nematic liquid
crystals can be forced to order into smectic layers by
terminating the mesogen’s hydrocarbon substituents
with fluorocarbon segments.1,2 Smectic layering can be
induced not only in low-molar-mass liquid crystals
(LMMLCs) (Chart 1) but also in side-chain liquid-
crystalline polymers (SCLCPs) with laterally attached
mesogens (Chart 2). Since aliphatic hydrocarbons and
fluorocarbons are highly immiscible, we have attributed
this layered organization to microsegregation of the two
components of the amphiphilic substituents. The extent
of incompatibility of aliphatic hydrocarbon and fluoro-
carbon liquids is exemplified by their endothermic heats
of mixing,3,4 large increases in volume,3,5 and large
positive deviations4 from ideal solution behavior.6 These
liquid mixtures are therefore macroscopically phase
separated at room temperature. For example, the upper
critical solution temperature of mixtures of perfluorobu-
tane and n-alkanes is above room temperature when n
g 7; that of mixtures of perfluoroheptane and n-alkanes
is above room temperature when n g 6.7 The melting
behavior of solid mixtures of aliphatic hydrocarbons and
fluorocarbons is also highly nonideal, with the indi-
vidual pure components preferring to associate only
with themselves.8

Although we attribute the induction of smectic layer-
ing in these liquid crystals to the immiscibility of the
two components in the amphiphilic substituents,1,2

others attribute the smectic mesomorphism of molecules
containing linear fluorocarbon segments to the incor-
poration of “mesogenic perfluoroalkyl rods”.9 Compari-
son of the crystalline structures of polyethylene (PE) and
poly(tetrafluoroethylene) (PTFE) in Table 1 indeed
demonstrates that hydrocarbon-fluorocarbon molecules
are not only amphiphilic with oleophilic and oleophobic
segments but that they are also structurally anisotro-
pic;10 both their amphiphilic nature and their structural
anisotropy promote melting through a multistep pro-
cess.11 The distance between two hydrogens on alter-
nate carbon atoms in the planar zigzag conformation
of polyethylene is 2.539 Å.10,12 This conformation can
therefore accommodate two hydrogen atoms, each with
a van der Waals radius of 1.2 Å. In contrast, the
distance between two fluorine atoms on alternate
carbons would be 2.595 Å in the planar zigzag confor-
mation of poly(tetrafluoroethylene),12 which is not suf-
ficient to accommodate two fluorine atoms with van der
Waals radii of 1.35 Å. The backbone of PTFE is
therefore forced to adopt a helical conformation with a
torsion angle of approximately 16°, resulting in a 136
helix at temperatures less than 19 °C12 and a 157 helix
at temperatures greater than 19 °C.13 Therefore, the
cross-sectional areas of crystalline polyethylene (19.8
Å2)14 and poly(tetrafluoroethylene) (25.5 Å2)15 chains
also differ.

However, the helical structure and cylindrical surface
of crystalline PTFE does not demonstrate that fluoro-
carbon segments act as rigid rods. The idea that PTFE
forms extended chains with a high resistance to con-
formational change originated from its unusually high
melting point (332 °C)16 and melt viscosity (∼1011 P).17

However, several theoretical and experimental studies
of perfluoroalkanes and PTFE indicate that they are
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surprisingly flexible. For example, the characteristic
ratio18 of liquid PTFE calculated from improved dipole
measurements of n-perfluoroalkanes (C∞ ) 10-15)19

and determined experimentally from light-scattering
experiments of PTFE (C∞ ) 8 at 327 °C)20 is much
smaller than that calculated previously (30 ( 15 at 327
°C),21 although it is still higher than that of liquid
polyethylene (C∞ ) 6.8 at 140 °C).22 The lower charac-
teristic ratios of perfluoroalkanes and PTFE have been
accounted for using a six-state rotational isomeric state
(RIS) model in which the trans (t) and gauche (g+, g-)
conformations are split into distorted states (t(, g+(,

g--) which further reduce steric crowding by allowing
carbon and fluorine atoms to interdigitate; calculated
characteristic ratios vary from C∞ ) 9.8 at 327 °C to C∞
) 15 at 77 °C.23 The rotational energy barriers in
perfluoroalkanes are therefore smaller than in the
corresponding alkanes, yielding a relatively low gauche
energy of Eσ ) 2.5 kJ/mol and predicted gauche prob-
abilities varying from 0.22 at 27 °C to 0.36 at 327 °C,
vs 0.39 at 27 °C for polyethylene.

To determine if the smectic mesomorphism exhibited
by the fluorinated low-molar-mass model compounds
and polymers shown in Charts 1 and 2, respectively, is

Chart 1. Low-Molar-Mass Model Compounds of the SCLCPs in Chart 2; 2,5-Bis[(4′-(n-alkoxy)benzoyl)oxy]toluenes
with Either n-Alkoxy Substituents or n-Alkoxy Substituents Terminated with Immiscible Fluorocarbon or

Oligodimethylsiloxane Substituents

Chart 2. Poly(norbornene)s with Laterally Attached 2,5-Bis[(4′-(n-alkoxy)benzoyl)oxy]benzyl Mesogens with
Either n-Alkoxy Substituents, or n-Alkoxy Substituents Terminated with Immiscible Fluorocarbon or

Oligodimethylsiloxane Substituents
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due primarily to the immiscibility of the hydrocarbon
and fluorocarbon segments as we have stated,1,2 or if it
is due to the shape persistence of mesogenic perfluoro-
alkyl rods,9 we have synthesized the corresponding
LMMLCs (Chart 1) and laterally attached SCLCPs
(Chart 2) in which the fluorocarbon segments are
replaced with immiscible, yet flexible, oligodimethylsi-
loxane segments. That is, it would be impossible for
such compounds to exhibit smectic layering based on a
shape persistence of the immiscible substituents. For
example, poly(dimethylsiloxane) (PDMS) has the lowest
glass transition temperature (-127 °C) known for any
polymer16 and a low characteristic ratio (C∞ ) 6.43).24

Neverthelss, Table 1 demonstrates that hydrocarbon-
oligodimethylsiloxane molecules are not only amphipilic
but that they are also structurally anisotropic. Al-
though PDMS is primarily amorphous, it does exhibit
a crystalline melting transition at -40 °C.25 Due to the
alternating bond angles about silicon (∠OSiO 110°) and
oxygen (∠SiOSi 143°),26 crystalline PDMS has a non-
rectilinear all-trans conformation which results in an
open, ribbonlike 61 helix27,28 and corresponds to a cross-
sectional area of 43 Å2.29

Amphiphilic hydrocarbon/oligodimethylsiloxane sub-
stituents have also been incorporated into LMMLCs,30,31

liquid-crystalline dimers,32-34 and main-chain liquid-
crystalline polymers35-37 (MCLCPs) based on rigid-rod
mesogens. With few exceptions,34,37 these compounds
exhibit only smectic mesophases when the oligodimeth-
ylsiloxane segment is only a few units long, and many
correspond to hydrocarbon analogues that exhibit only
nematic mesophases or smectic-nematic phase se-
quences.31,33,36 SCLCPs with siloxane spacers38 or sub-
stituents39 also tend to form smectic mesophases. Nev-
ertheless, the SCLCPs with laterally attached mesogens
shown in Chart 2 are the most challenging systems
possible for inducing smectic layering; both the molec-
ular architecture40-42 and the use of only a short
spacer43 disfavor smectic mesomorphism. However,
oligodimethylsiloxanes are not nearly as immiscible
with hydrocarbons as fluorocarbons are. For example,
a 1:1 mixture of n-decamethyltetrasiloxane and n-
hexane requires only 6.2% as much energy to form a
homogeneous solution as a 1:1 mixture of n-perfluoro-
hexane and n-hexane.44 Therefore, incorporation of
immiscible oligodimethylsiloxane segments into the
hydrocarbon chemical structure of laterally attached
SCLCPs will also test the limits of this immiscibility
concept for inducing smectic layering in nematic liquid
crystals.

Results and Discussion

Synthesis and Thermotropic Behavior of Model
Compounds. The LMMLCs in Chart 1 serve as models
of the SCLCPs in Chart 2. They are based on the same
mesogen with identical substituents, including a lateral
methyl group to mimic the benzylic spacer of the
polymers. For example, both the 2,5-bis[(4′-(n-alkoxy)-
benzoyl)oxy]toluenes and the poly{5-[[[2′,5′-bis[(4′′-(n-
alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]-
hept-2-ene}s exhibit only nematic mesophases.41 The
2,5-bis[(4′-(n-(perfluoroalkyl)alkoxy)benzoyl)oxy]tol-
uenes mimic not only the phases (smectic A and smectic
C) formed by the poly{5-[[[2′,5′-bis[(4′′-(n-(perfluoroalkyl)-
alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]-
hept-2-ene}s but also the general temperatures of their
transitions.

The model compounds containing oligodimethylsilox-
ane segments were synthesized by an analogous route
to that used to prepare the model compounds containing
fluorocarbon segments. As shown in Scheme 1, ethyl
4-hydroxybenzoate was etherified with an n-bromoole-
fin, followed by saponification of the resulting ethyl 4-(n-
alkenyloxy)benzoate. The mesogen was then generated
by coupling the 4-(n-alkenyloxy)benzoic acids with half
an equivalent of methylhydroquinone in the presence
of dicyclohexylcarbodiimide (DCC) as the dehydrating
agent. The oligodimethylsiloxane segments were intro-
duced by platinum-catalyzed hydrosilylation of the
double bonds of the n-alkenyloxy substituents. We will
refer to these model compounds as CnSi(m+1) according
to the number of carbons in the hydrocarbon segments
and silicones in the siloxane segments, respectively.

The equilibrium thermal transitions obtained on
heating and on cooling the model compounds are sum-
marized in Table 2. The data obtained on heating are
from samples that are at thermodynamic equilibrium
and generally represent samples crystallized from the
melt after annealing at room temperature for several
days. As shown by the cooling data in Table 2, crystal-
lization from the melt to the most thermodynamically
stable phase is slower than the timescale of the dif-
ferential scanning calorimetry (DSC) experiment, and
the samples either do not crystallize on cooling or
crystallize incompletely; only C8Si2 crystallizes in a less
stable crystalline phase if it is not annealed. C4Si2,
C5Si2, and C4Si3 crystallize after annealing for several
days at room temperature but do not crystallize by
annealing for 30 min at a temperature slightly lower
than the melting point. However, C4Si3 crystallizes
extremely slowly and crystallizes only partially after
annealing at room temperature for 1-12 months; the

Table 1. Comparison of the Conformations of Crystalline Poly(ethylene),10 Poly(tetrafluoroethylene),12 and
Poly(dimethylsiloxane)28,29

H

H H

H

x

F

F F

F

x Si
O

CH3 CH3

x

van der Waals radii of substituents, Å 1.2 1.35 2.0
distance between substituents on alternate

atoms in planar zigzag conformation, Å
2.539 2.595 3.78

spatial representation along the chain

helix type 11 (planar zigzag) 136 61
torsion angle, deg 0 16 35-40
cross-sectional area, Å2 19.8 25.5 43
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enthalpy of melting of C4Si3 reported in Table 2 is
therefore not from a sample that is at thermodynamic
equilibrium. The melting points of C6Si3 and C8Si3 are
evidently less than -10 °C; they do not crystallize from
solution or from the melt, even after annealing at room
temperature for 1 year. Only C6Si2 and C5Si3 reach
equilibrium during the cooling scan at -10 °C/min.
However, crystallization of C5Si3 varies. Although it
generally crystallizes at 39 °C, occasionally it crystal-
lizes at 31 °C, thereby revealing the isotropic-smectic
C (i-sC) transition. The monotropic sC-i transitions
were observed on heating by reheating quenched samples
from the sC mesophase before they crystallized to any
extent.

All of the model compounds exhibit only a sC me-
sophase, although it tends to be monotropic and ob-
served only on cooling when the hydrocarbon segment
is short. Therefore, terminating the n-alkoxy substit-
uents with immiscible but flexible oligodimethylsiloxane

segments is also extremely effective at inducing smectic
layering in nematic LMMLCs. Both the 2,5-bis[(4′-(n-
(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]toluenes and
the 2,5-bis{[4′-(n-(perfluoroalkyl)alkoxy)benzoyl]oxy}-
toluenes exhibit smectic mesophases, whereas the 2,5-
bis[(4′-(n-alkoxy)benzoyl)oxy]toluenes form only nematic
mesophases. In contrast to the hydrocarbon-fluoro-
carbon model compounds whose transition temperatures
decrease with increasing hydrocarbon length, all of the
transition temperatures of the siloxane analogues in-
crease with increasing hydrocarbon length and decrease
with increasing siloxane length. That is, the transition
temperatures increase toward the melting point of
polyethylene (HDPE mp 138 °C)16 as the molecule
becomes more like polyethylene and decrease toward the
melting point of poly(dimethylsiloxane) (-40 °C)25 as it
becomes more like PDMS.

Table 2 also lists the enthalpy changes associated
with the phase transitions of the model compounds. The

Scheme 1. Synthesis of the 2,5-Bis[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]toluene Model Compounds
(n ) 4-6, 8; m ) 1, 2)

Table 2. Thermal Transitions and Thermodynamic Parameters of
2,5-Bis[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]toluenesa

CO(CH2)nO

O
CH3

OC

O

O(CH2)n Si

CH3

CH3

Si

CH3

CH3

OSi

CH3

CH3

CH3 O Si

CH3

CH3

CH3mm

phase transitions, °C (∆H, kJ/mol)

designation n m heating cooling

C4Si2 4 1 k 52 (29.5) [sC 42 (6.98)] i i 34 (6.34) sC
C5Si2 5 1 k 17 (1.70) k 63 (26.3) sC 70 (7.03) i i 61 (7.03) sC 40 (13.6) k 8 (1.64) k
C6Si2 6 1 k 9 (4.26) k 58 (14.5) sC 74 (9.32) i i 69 (9.06) sC 35 (12.1) k -3 (1.63) k
C8Si2 8 1 k 44 (12.1) sC 88 (9.10) i i 84 (8.88) sC 16 (8.56) k
C4Si3 4 2 k 28 (>5.2) [sC 24 (4.91)] i i 15 (4.16) sC
C5Si3 5 2 k 66 (33.4) [sC 54b] i i 38 (3.09) sC 39 (29.7) k
C6Si3 6 2 sC 48 (5.88) i i 43 (4.81) sC
C8Si3 8 2 sC 71 (5.68) i i 65 (5.40) sC

a k ) crystalline; sC ) smectic C; i ) isotropic; [monotropic]. b Detected only by polarized optical microscopy.
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change in enthalpy of isotropization is essentially
constant as a function of the hydrocarbon length for the
heptamethyltrisiloxane (CnSi3) series. However, the
change in enthalpy of isotropization of the pentameth-
yldisiloxane (CnSi2) series increases with increasing
hydrocarbon length and is also significantly larger than
that of the CnSi3 series; the enthalpy of melting
decreases with increasing hydrocarbon length. This
indicates that the amphiphilic substituents of the CnSi2
series with the shorter siloxane segments may not be
microphase separated.

As shown by the representative polarized optical
micrograph in Figure 1a, the sC texture initially devel-
ops in the form of small bâtonnets and irregularly
shaped droplets, which are distinctly different from the
true droplets formed by a nematic mesophase. These
compounds exhibit the two natural textures of the sC
mesophase,45 often in the same sample preparation
(Figure 1b). Compared to the focal conic fan texture of
a sA mesophase, the fans are not sharply defined, even
in regions where they are very large (Figure 1c). As
shown in Figure 1d, the schlieren texture tends to be
highly threaded.

Synthesis and Thermotropic Behavior of the
Monomers. Although the model compounds were
synthesized by an analogous route to that used to
prepare the hydrocarbon-fluorocarbon model com-
pounds, the siloxane-containing monomers could not be
synthesized directly from the model compounds by free-
radical bromination at the benzylic position. The si-
loxane segments are extremely sensitive to bromine,
acid, base, and many other reagents. For example,
bromination of the model compounds using either
bromine or N-bromosuccinimide cleaved a substantial

amount of the siloxane segments to regenerate alken-
yloxy substituents. We finally synthesized the mono-
mers by the route shown in Scheme 2 by first protecting
the carboxylic acid of the 4-(n-alkenyloxy)benzoic acids
with a benzyl group, followed by hydrosilylation, and
then deprotection of the benzyl group using hydrogen
in the presence of palladium on carbon. The amphipilic
benzoic acids were then coupled with half an equivalent
of 2,5-dihydroxybenzaldehyde using DCC as a dehy-
drating agent. The key step in the synthesis is the
reduction of the aldehyde group using sodium borohy-
dride in the presence of acetic acid. In the absence of
acetic acid, reduction of a 2,5-bis[(alkoxybenzoyl)oxy]-
benzaldehyde generates a phenol by intramolecular
transesterification of the desired benzylalkoxide via a
six-membered endo-trig cyclic transition state.41

The resulting benzyl alcohol also rearranges readily,
and the monomer was therefore synthesized by slowly
adding bicyclo[2.2.1]hept-2-ene-5-carboxyl chloride and
triethylamine simultaneously but separately to a cold
solution of the benzyl alcohol in order to avoid trans-
esterification catalyzed by unreacted acid or base. The
resulting monomers are soluble in both polar solvents
such as ethanol and nonpolar solvents such as hexane;
their solubility in hexane increases as the length of the
hydrocarbon segments increases. We will refer to these
monomers as mCnSi(m+1) according to the number of
carbons in the hydrocarbon segments and silicones in
the siloxane segments, respectively.

Figure 1. Polarized optical micrographs (200×) observed on cooling 2,5-bis[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]toluenes
from the isotropic melt: (a) C8Si2, 88.2 °C, sC irregular droplets and bâtonnets; (b) C8Si2, 85.3 °C, region exhibiting both schlieren
and small focal conic fan sC textures; (c) C8Si2, 85.3 °C, sC texture with large focal conic fans; (d) C5Si2, 53.5 °C, highly threaded
schlieren sC texture.
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Table 3 summarizes the equilibrium thermal transi-
tions oberved on heating and on cooling the monomers.
With the exception of mC8Si2 and mC8Si3, all of the
monomers are gummy liquids or waxy solids. Their
melting transitions are close to room temperature and
are depressed relative to the melting temperatures of
the corresponding model compounds. Most of the
monomers crystallize from the melt to the most ther-
modynamically stable phase during the timescale of the
DSC experiment. For example, mC8Si2, mC5Si3,
mC6Si3, and mC8Si3 reach equilibrium during the
cooling scan at -10 °C/min; mC4Si2 recrystallizes
partially on cooling and partially on reheating. mC5Si2

and mC6Si2 crystallize in a less stable phase if they
are not annealed at room temperature for several days.
Only the monomers with the shortest hydrocarbon
segments exhibit a sC mesophase. mC4Si3 apparently
does not crystallize from either the melt or from solution
and exhibits an enantiotropic sC mesophase. The sC

mesophase of mC4Si2 is monotropic and observed only
on cooling. Therefore, introduction of a large bulky
norbornene substituent depresses isotropization of the
2,5-bis[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]-
toluenes more than melting, as is typical of norbornene
monomers containing a laterally attached mesogen.1,41,42

Scheme 2. Synthesis of the
5-{[[2′,5′-Bis[(4′′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl}bicyclo[2.2.1]hept-2-ene

(n ) 4-6, 8; m ) 1, 2) Monomers
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Synthesis and Thermotropic Behavior of the
Polymers. As shown in Scheme 3, the 5-{[[2′,5′-bis-
[(4′′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]-
oxy]carbonyl}bicyclo[2.2.1]hept-2-enes were polymerized
by ring-opening metathesis polymerization in THF at
room temperature using Mo(CHCMe2Ph)(N-2,6-iPr2Ph)-
(OtBu)2 as the initiator. All of the polymerizations were
performed using [M]0/[I]0 ≈ 50 in order for the polymers’
thermotropic behavior to be independent of molecular
weight (DPn g 25).41,43 Although some of the resulting
polymers have GPC-determined number-average de-
grees of polymerization (DPn ) 37-91 relative to
polystyrene) that do not correspond to the initial
monomer-to-initiator ratio ([M]0/[I]0 ) 41-50), all of the
polymers contain more than 25 repeating units (Table
4). The polydispersities are also rather broad (pdi )
Mw/Mn ) 1.26-1.87), albeit monomodal, which indicates

that we were unable to completely dry these gummy
monomers. We will refer to these polymers as pCnSi-
(m+1) according to the number of carbons in the
hydrocarbon segments and silicones in the siloxane
segments, respectively.

The thermotropic behavior of the polymers is sum-
marized in Table 5. All of the polymers exhibit a sC
mesophase, and none of the polymers exhibit a nematic
mesophase. Therefore, terminating the n-alkoxy sub-
stituents with immiscible but flexible oligodimethylsi-
loxane segments is also very effective at inducing
smectic layering in poly(norbornene)s with laterally
attached mesogens. However, the temperature range
over which the sC mesophase is observed is narrow for
all of the polymers, and isotropization occurs at a
temperature very close to the glass transition temper-
ature. Although the polymers are organized in a

Table 3. Thermal Transitions and Thermodynamic Parameters of
5-{[[2′,5′-Bis[(4′′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl}bicyclo[2.2.1]hept-2-enesa

CO(CH2)nO

O

OC

O

O(CH2)n Si

CH3

CH3

Si

CH3

CH3

OSi

CH3

CH3

CH3 O Si

CH3

CH3

CH3mm

O

C O

phase transitions, °C (∆H, kJ/mol)

designation n m heating cooling

mC4Si2 4 1 k 21 (13.1) [sC
b] i i -19 (7.07) sC

mC5Si2 5 1 k 37 (15.9) i i 9 (14.5) k
mC6Si2 6 1 k 50 (24.0) i i 27 (21.6) k
mC8Si2 8 1 k 55 (20.9) i i 41 (19.8) k
mC4Si3 4 2 sC -3 (5.95) i i -14 (6.03) sC
mC5Si3 5 2 k 6 (4.80) k 17 (11.2) i i 6 (16.6) k
mC6Si3 6 2 k 40 (21.8) i i 19 (18.1) k
mC8Si3 8 2 k 46 (21.7) i i 30 (20.0) k

a k ) crystalline; sC ) smectic C; i ) isotropic; [monotropic]. b Could not determine temperature of monotropic transition by polarized
optical microscopy because not under temperature control.

Scheme 3. Ring-Opening Metathesis Polymerization of
5-{[[2′,5′-Bis[(4′′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl}bicyclo[2.2.1]hept-2-enes
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smectic mesophase as precipitated from solution, the
proximity of isotropization to the glass transition im-
pedes reordering into the sC mesophase upon cooling
from the isotropic melt. Once they are heated through
isotropization and cooled to room temperature, most of
the polymers require several hours of annealing before
they completely reorganize (Figure 2). As shown by the
annealed heating scans in Figure 2, pC8Si2 and pC8Si3
also exhibit an additional endotherm due to a transition
from a more ordered phase to the sC mesophase; this
more ordered phase evidently forms only from the melt
or solid state since it is not exhibited by pC8Si2 and
pC8Si3 immediately after precipitating from solution.

We could not confirm the sC mesophase of these
polymers by polarized optical microscopy. They exhibit
dark, highly threaded schlieren textures that are not
distinctive. However, the sC mesophase was confirmed
by wide-angle X-ray diffraction powder and fiber pat-
terns of the polymers annealed at room temperature
overnight, in which the sC alignment is frozen in the
glassy state. As presented in Figure 3, the WAXD
patterns of unoriented films exhibit a sharp diffraction
at low angles, corresponding to the lamellar thickness,
and a diffuse diffraction at wide angles, which demon-
strates that the mesogens are disordered within the
layer planes. The representative fiber pattern of pC4Si2
shown in Figure 4 demonstrates that the disordered
smectic mesophase is a sC phase. The sC mesophase is
clearly identified by the four low-angle reflections at 2θ
) 3° in each quadrant. The tilted layer normal is

approximately 50° from the meridian (fiber) direction.
The pair of diffuse scattering at approximately 2θ ) 19°
on the equator is due to the intermolecular lateral
packing. We will report the detailed investigation of
the packing of these polymers in the future.

As with the low-molar-mass model compounds, all of
the transition temperatures increase with increasing
hydrocarbon length as the polymer becomes more like
polyethylene and decrease with increasing siloxane
length as it becomes more like poly(dimethylsiloxane).
Comparison of the data in Tables 2 and 5 demonstrates
that both the mesophases and the isotropization tem-
peratures of the model compounds and poly(nor-
bornene)s are nearly identical. The 2,5-bis[(4′-(n-
(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]toluenes are
therefore excellent models of the poly{5-[[[2′,5′-bis[(4′′-
(n-(dimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]oxy]car-
bonyl]bicyclo[2.2.1]hept-2-ene}s.

Conclusions

Nematic liquid crystals can be forced to order into
smectic layers by terminating their hydrocarbon sub-
stituents with immiscible, yet extremely flexible, oli-
godimethylsiloxane segments. This supports the hy-
pothesis that the smectic mesomorphism of amphiphilic
molecules containing linear fluorocarbon segments is
due primarily to the immiscibility of the hydrocarbon
and fluorocarbon segments, rather than to a shape
persistence of mesogenic perfluoroalkyl rods. It is also

Table 4. Polymerization of
5-{[[2′,5′-Bis[(4′′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl}bicyclo[2.2.1]hept-2-enes and

Characterization of the Resulting Polymersa

GPC
designation n m [M]0/[I]0 yield, %

theoretical
10-4Mn 10-4Mn DPn pdi

pC4Si2 4 1 48 82 4.69 4.69 52 1.57
pC5Si2 5 1 41 95 3.87 4.24 45 1.51
pC6Si2 6 1 45 99 4.31 5.08 53 1.51
pC8Si2 8 1 49 83 4.94 7.04 69 1.55
pC4Si3 4 2 48 89 5.10 4.12 39 1.37
pC5Si3 5 2 50 99 5.40 3.99 37 1.26
pC6Si3 6 2 50 78 5.01 7.05 63 1.87
pC8Si3 8 2 47 98 5.45 10.6 91 1.65

a Polymerized in THF at room temperature for 2 h; number-average molecular weight (Mn), number-average degree of polymerization
(DPn), and polydispersity (pdi ) Mw/Mn) determined by gel permeation chromatography (GPC) relative to polystyrene using mean of RI
and UV detectors.

Table 5. Thermal Transitions and Thermodynamic Parameters of
Poly{5-[[[2′,5′-bis[(4′′-n-((dimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]hept-2-ene}sa

CO(CH2)nO

O

OC

O

O(CH2)n Si

CH3

CH3

Si

CH3

CH3

OSi

CH3

CH3

CH3 O Si

CH3

CH3

CH3mm

O

C O

x

phase transitions, °C (∆H, kJ/mol)

designation n m heating cooling

pC4Si2 4 1 g 26 sC 38 (2.03) i i 21 g
pC5Si2 5 1 g 48 sC 57 (4.70) i i 42 g
pC6Si2 6 1 g 46 sC 56 (5.55) i i 50 (0.54) sC 41 g
pC8Si2 8 1 g 51 k 60 (2.50) sC 72 (3.37) i i 64 (3.00) sC 53 g
pC4Si3 4 2 g 17 sC 23 (2.11) i i 16 g
pC5Si3 5 2 g 44 sC 54 (4.99) i i 45 (0.73) sC 36 g
pC6Si3 6 2 g 46 sC 55 (4.10) i i 46 (0.77) sC 37 g
pC8Si3 8 2 g 50 k 61 (3.94) sC 72 (2.47) i i 65 (3.17) sC 49 g

a g ) glass; k ) crystalline or unidentified smectic phase; sC ) smectic C; i ) isotropic.
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in spite of the fact that siloxanes are not nearly as
immiscible with hydrocarbons as fluorocarbons are.

Experimental Section
Materials. Dicyclohexylcarbodiimide (DCC, 98%), 2,5-

dihydroxybenzaldehyde (98%), 4-(dimethylamino)pyridine
(DMAP, 99%), and sodium borohydride (98%) were used as
received from Aldrich. Pentamethyldisiloxane (>99%) and
1,1,1,3,3,5,5-heptamethyltrisiloxane (95%) were used as re-
ceived from United Chemical Technologies. Benzyl alcohol
(Fisher), palladium on carbon (10%, Stern), platinum divi-
nyltetramethyldisiloxane complex (3-3.5% Pt in vinyl-termi-
nated PDMS, Gelest), and p-toluenesulfonic acid monohydrate

(Mallinckrodt) were also used as received. Mo(NAr)(CHCMe2-
Ph)(OtBu)2 (NAr ) 2,6-diisopropylaniline) was synthesized by
a literature procedure,46 except that hexane was used through-
out the synthesis instead of pentane. The ethyl 4-(n-alkenyl-

Figure 2. Normalized differential scanning calorimetry traces (10 °C/min) of the poly{5-[[[2′,5′-bis[(4′′-(n-(oligodimethylsiloxyl)-
alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]hept-2-ene}s (n ) 4-6, 8; m ) 1, 2) observed on (a) second and subsequent
heating scans, (b) cooling scans, and (c) heating scans of samples annealed at room temperature for at least 8 days.

Figure 3. Wide-angle X-ray diffraction patterns of unoriented
films of poly{5-[[[2′,5′-bis[(4′′-(n-(oligodimethylsiloxyl)alkoxy)-
benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]hept-2-ene}s re-
corded in the glassy state at room temperature.

Figure 4. Wide-angle X-ray diffraction pattern of an oriented
fiber of poly{5-[[[2′,5′-bis[(4′′-(n-(pentamethyldisiloxyl)butoxy)-
benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]hept-2-ene}-
(pC4Si2) recorded in the glassy state at room temperature.
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oxy)benzoates, 4-(n-alkenyloxy)benzoic acids, 2,5-bis[(4′-(n-
alkenyloxy)benzoyl)oxy]toluenes (n ) 4-6, 8), and bicyclo-
[2.2.1]hept-2-ene-5-carboxyl chloride (73:27 endo:exo) were
synthesized as described previously.1 Benzaldehyde (Aldrich,
>99%) was distilled under N2 before use. Triethylamine was
distilled from KOH under N2 before use. Hexane used in all
drybox procedures was washed with 5% HNO3 in H2SO4, stored
over CaCl2, and then distilled from purple sodium benzophe-
none ketyl under N2. Dry CH2Cl2 was obtained by washing
with 10% HNO3 in H2SO4, stored over CaCl2, and then distilled
from CaH2 under N2. Reagent-grade tetrahydrofuran (THF)
was dried by distillation from purple sodium benzophenone
ketyl under N2. THF used as a polymerization solvent was
vacuum transferred from purple sodium benzophenone ketyl
on a high vacuum line and then vigorously degassed by several
freeze-pump-thaw cycles immediately before use. All other
reagents and solvents were commercially available and were
used as received.

Techniques. All polymerizations were performed under
a N2 atmosphere in a Vacuum Atmospheres drybox. All other
reactions were performed outside the drybox under a N2

atmosphere. 1H NMR spectra (δ, ppm) were recorded on either
a Bruker AC-200 (200-MHz) or a Bruker AM-300 (300-MHz)
spectrometer. Unless noted otherwise, all spectra were re-
corded in CDCl3 with TMS as an internal standard. Relative
molecular weights were determined by gel permeation chro-
matography (GPC) at 35 °C using THF as the solvent (1.0 mL/
min), a set of 50-, 100-, 500-, 104-, and linear (50-104-Å)
Styragel 5 µ columns, a Waters 486 tunable UV/vis detector
set at 290 nm, and a Waters 410 differential refractometer.

The thermotropic behavior of all compounds was determined
by a combination of differential scanning calorimetry (DSC)
and polarized optical microscopy. A Perkin-Elmer DSC-7
differential scanning calorimeter was used to determine the
thermal transitions which were read as the maximum or
minimum of the endothermic or exothermic peaks, respec-
tively. Glass transition temperatures (Tgs) were read as the
middle of the change in heat capacity. All heating and cooling
rates were 10 °C/min. Both enthalpy changes and transition
temperatures were determined using indium and zinc as
calibration standards. A Leitz Laborlux 12 Pol S polarized
optical microscope (magnification 200×) equipped with a
Mettler FP82 hot stage and a Mettler FP90 central processor
was used to observe the thermal transitions and to analyze
the anisotropic textures.45 Thin samples were prepared by
melting a minimum amount of compound between a clean
glass slide and a cover slip and rubbing the cover slip with a
spatula.

Wide-angle X-ray diffraction (WAXD) experiments were
carried out on a Rigaku 12-kW rotating-anode generator
(Rotaflex RU-200BH) at room temperature (50 kV/250 mA).
All of the powder samples were measured in the transmission
mode. The Ni-filtered Cu KR radiation was monochromatized
using a graphite crystal. A diffractometer was coupled with
the generator, and a scanning 2θ angle range was between
1.5° and 30° at a scanning rate of 3°/min. The background of
air scattering for each sample measurement was subtracted
using a blank scan. Fiber samples with a diameter of
approximately 50 µm were prepared by melt spinning. The
as-spun fibers were mounted in a vacuum flat camera which
was coupled with a Rigaku tube X-ray generator (40 kV/30
mA). The same Cu KR radiation was used. Silicon powders
with known crystal sizes were used in a 2θ angle calibration
(28.46°). The exposure time was 24 h.

Synthesis of the Monomers and Precursors. Benzyl
4-(n-Alkenyloxy)benzoates (n ) 4-6, 8). The benzyl 4-(n-
alkenyloxy)benzoates were prepared in 76-90% yield as in the
following example. A solution of 4-(n-but-3′-enyloxy)benzoic
acid (4.4 g, 23 mmol), benzyl alcohol (2.4 g, 23 mmol), DCC
(5.2 g, 25 mmol), DMAP (2.8 g, 23 mmol), and p-toluenesulfonic
acid (0.44 g, 2.3 mmol) in dry CH2Cl2 (40 mL) was stirred at
room temperature for 12 h. The resulting white precipitate
was filtered off, and the solvent was removed from the filtrate
by rotary evaporation. The residue was purified by column
chromatography using silica gel as the stationary phase and

CH2Cl2/hexanes (1:1) as the eluant to yield 5.1 g (80%) of
benzyl 4-(n-but-3′-enyloxy)benzoate as a colorless liquid. 1H
NMR: 2.56 (m, CH2CH2O), 4.06 (t, OCH2), 5.16 (m, dCH2),
5.34 (s, OCH2Ph), 5.90 (m, dCH), 6.91 (d, 2 aromatic H ortho
to OCH2), 7.40 (m, 5 aromatic H of benzyl ring), 8.03 (d, 2
aromatic H ortho to CO2).

Benzyl 4-(n-Pent-4′-enyloxy)benzoate. 1H NMR: 1.90
(m, CH2CH2O), 2.25 (q, CH2CHd), 4.02 (t, OCH2), 5.05 (m,
dCH2), 5.34 (s, OCH2Ph), 5.84 (m, dCH), 6.90 (d, 2 aromatic
H ortho to OCH2), 7.39 (m, 5 aromatic H of benzyl ring), 8.02
(d, 2 aromatic H ortho to CO2).

Benzyl 4-(n-Hex-5′-enyloxy)benzoate. 1H NMR: 1.58
(m, CH2CH2CHd), 1.82 (m, CH2CH2O), 2.13 (q, CH2CHd), 4.01
(t, OCH2), 5.01 (m, dCH2), 5.34 (s, OCH2Ph), 5.85 (m, dCH),
6.90 (d, 2 aromatic H ortho to OCH2), 7.40 (m, 5 aromatic H
of benzyl ring), 8.02 (d, 2 aromatic H ortho to CO2).

Benzyl 4-(n-Oct-7′-enyloxy)benzoate. 1H NMR: 1.40 (m,
[CH2]3), 1.79 (m, CH2CH2O) 2.07 (q, CH2CHd), 4.00 (t, OCH2),
4.98 (m, dCH2), 5.34 (s, OCH2Ph), 5.80 (m, dCH), 6.90 (d, 2
aromatic H ortho to OCH2), 7.40 (m, 5 aromatic H of benzyl
ring), 8.02 (d, 2 aromatic H ortho to CO2).

Benzyl 4′-(n-(Oligodimethylsiloxyl)alkoxy)benzoates
(n ) 4-6, 8; m ) 1, 2). Benzyl 4′-(n-(oligodimethylsiloxyl)-
alkoxy)benzoates were prepared in 77-98% yield. In a typical
procedure, a trace amount of platinum divinyltetramethyl-
disiloxane was added to a solution of 4-(n-but-4′-enyloxy)-
benzoate (2.5 g, 8.8 mmol) and pentamethyldisiloxane (1.6 g,
11 mmol) in dry THF (20 mL). After stirring at 45 °C for 24
h, the solvent was removed by rotary evaporation. The residue
was purified by column chromatography using silica gel as the
stationary phase and CH2Cl2/hexanes (1:1) as the eluant to
yield 3.2 g (85%) of benzyl 4′-(n-(pentamethyldisiloxyl)butoxy)-
benzoate as a colorless viscous liquid. The 1H NMR spectra
of the benzyl 4′-(n-(oligodimethylsiloxyl)butoxy)benzoates with
m ) 1, 2 are identical: 0.08 (s, SiCH3, 6m + 9 H), 0.60 (t,
CH2Si), 1.54 (m, CH2CH2Si), 1.84 (m, CH2CH2O), 4.02 (t,
OCH2), 5.35 (s, OCH2Ph), 6.92 (d, 2 aromatic H ortho to OCH2),
7.43 (m, 5 aromatic H of benzyl ring), 8.03 (d, 2 aromatic H
ortho to CO2Ar).

The 1H NMR spectra of the benzyl 4′-(n-(oligodimethylsi-
loxyl)pentoxy)benzoates with m ) 1, 2 are identical: 0.06 (s,
SiCH3, 6m + 9 H), 0.55 (t, CH2Si), 1.40 (m, CH2CH2Sit), 1.48
(m, CH2CH2CH2O), 1.82 (m, CH2CH2O), 4.00 (t, OCH2), 5.34
(s, OCH2Ph), 6.90 (d, 2 aromatic H ortho to OCH2), 7.40 (m, 5
aromatic H of benzyl ring), 8.02 (d, 2 aromatic H ortho to CO2-
Ar).

The 1H NMR spectra of the benzyl 4′-(n-(oligodimethylsi-
loxyl)alkoxy)benzoates with n ) 6, 8 and m ) 1, 2 are
identical: 0.08 (s, SiCH3, 6m + 9 H), 0.53 (t, CH2Si), 1.35 (m,
[CH2]n-4, 2[n - 4] H), 1.49 (m, CH2CH2CH2O), 1.80 (m, CH2-
CH2O), 4.00 (t, OCH2), 5.34 (s, OCH2Ph), 6.90 (d, 2 aromatic
H ortho to OCH2), 7.40 (m, 5 aromatic H of benzyl ring), 8.02
(d, 2 aromatic H ortho to CO2Ar).

4′-(n-(Oligodimethylsiloxyl)alkoxy)benzoic Acids (n )
4-6, 8; m ) 1, 2). The 4′-(n-(oligodimethylsiloxyl)alkoxy)-
benzoic acids were prepared in 78-95% yield. In a typical
procedure, H2 gas was slowly bubbled through a mixture of
benzyl 4′-(n-(pentamethyldisiloxyl)butoxy)benzoate (2.3 g, 5.3
mmol) and Pd/C (0.80 g) in THF (25 mL) at room temperature
for 12 h. The insoluble material was filtered off, and the
filtrate was concentrated in vacuo to yield 1.4 g (78%) of 4′-
(n-(pentamethyldisiloxyl)butoxy)benzoic acid as a white solid.
The 4′-(n-(oligodimethylsiloxyl)alkoxy)benzoic acids were used
without further purification. The 1H NMR spectra of the 4′-
(n-(oligodimethylsiloxyl)butoxy)benzoic acids with m ) 1, 2 are
identical: 0.08 (s, SiCH3, 6m + 9 H), 0.60 (t, CH2Si), 1.53 (m,
CH2CH2Si), 1.84 (m, CH2CH2O), 4.04 (t, OCH2), 6.93 (d, 2
aromatic H ortho to OCH2), 8.05 (d, 2 aromatic H ortho to
CO2Ar).

The 1H NMR spectra of the 4′-(n-(oligodimethylsiloxyl)-
pentoxy)benzoic acids with m ) 1, 2 are identical: 0.08 (s,
SiCH3, 6m + 9 H), 0.56 (t, CH2Si), 1.43 (m, CH2CH2Si), 1.48
(m, CH2CH2CH2O), 1.82 (m, CH2CH2O), 4.02 (t, OCH2), 6.93
(d, 2 aromatic H ortho to OCH2), 8.05 (d, 2 aromatic H ortho
to CO2Ar).
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The 1H NMR spectra of the 4′-(n-(oligodimethylsiloxyl)-
alkoxy)benzoic acids with n ) 6, 8 and m ) 1, 2 are identical:
0.06 (s, SiCH3, 6m + 9 H), 0.53 (t, CH2Si), 1.37 (m, [CH2]n-4,
2[n - 4] H), 1.47 (m, CH2CH2CH2O), 1.81 (m, CH2CH2O), 4.02
(t, OCH2), 6.93 (d, 2 aromatic H ortho to OCH2), 8.06 (d, 2
aromatic H ortho to CO2Ar).

2,5-Bis[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)-
oxy]toluenes (n ) 4-6, 8; m ) 1, 2). The 2,5-bis[(4′-(n-
(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]toluenes were pre-
pared in 77-97% yield as in the following example. A trace
amount of platinium divinyltetramethyldisiloxane was added
to a solution of 2,5-bis[(4′-(n-but-3′′-enyloxy)benzoyl)oxy]tolu-
ene (1.0 g, 2.1 mmol) and pentamethyldisiloxane (0.69 g, 4.7
mmol) in dry THF (7 mL). After stirring at 45 °C for 24 h,
the solvent was removed by rotary evaporation. The residue
was purified by column chromatography using silica gel as the
stationary phase and CH2Cl2 as the eluant to yield 1.4 g (87%)
of 2,5-bis[(4′-(n-(pentamethyldisiloxyl)butoxy)benzoyl)oxy]tol-
uene as a tan solid. The 1H NMR spectra of the 2,5-bis[(4′-
(n-(oligodimethylsiloxyl)butoxy)benzoyl)oxy]toluenes with m )
1, 2 are identical: 0.08 (s, SiCH3, 12m + 18 H), 0.60 (t,
CH2Si, 4 H), 1.53 (m, CH2CH2Si, 4 H), 1.85 (m, CH2CH2O, 4
H), 2.26 (s, ArCH3), 4.06 (t, OCH2, 4 H), 6.98 (dd, 4 aromatic
H ortho to OCH2), 7.14 (m, 3 aromatic H of central ring), 8.16
(dd, 4 aromatic H ortho to CO2Ar). Anal. (C39H60O8Si4) C, H:
calcd, 60.90, 7.86; found, 58.22, 7.80. Anal. (C43H72O10Si6) C,
H: calcd, 56.29, 7.91; found, 56.00, 7.94.

The 1H NMR spectra of the 2,5-bis[(4′-(n-(oligodimethylsi-
loxyl)pentoxy)benzoyl)oxy]toluenes with m ) 1, 2 are identi-
cal: 0.08 (s, SiCH3, 12m + 18 H), 0.58 (t, CH2Si, 4 H), 1.42
(m, CH2CH2Si, 4 H), 1.52 (m, CH2CH2CH2O, 4 H), 1.84 (m,
CH2CH2O, 4 H), 2.24 (s, ArCH3), 4.05 (t, OCH2, 4 H), 6.98 (dd,
4 aromatic H ortho to OCH2), 7.13 (m, 3 aromatic H of central
ring), 8.15 (dd, 4 aromatic H ortho to CO2Ar). Anal. (C41H64O8-
Si4) C, H: calcd, 57.16, 8.09; found, 55.45, 8.04. Anal.
(C45H76O10Si6) C, H: calcd, 57.16, 8.10; found, 55.71, 8.08.

The 1H NMR spectra of the 2,5-bis[(4′-(n-(oligodimethylsi-
loxyl)alkoxy)benzoyl)oxy]toluenes with n ) 6, 8 and m ) 1, 2
are identical: 0.08 (s, SiCH3, 12m + 18 H), 0.54 (t, CH2Si, 4
H), 1.37 (m, [CH2]n-4, 4[n - 4] H), 1.48 (m, CH2CH2CH2O, 4
H), 1.83 (m, CH2CH2O, 4 H), 2.25 (s, ArCH3), 4.05 (t, OCH2, 4
H), 6.98 (dd, 4 aromatic H ortho to OCH2), 7.14 (m, 3 aromatic
H of central ring), 8.15 (dd, 4 aromatic H ortho to CO2Ar). Anal.
(C43H68O8Si4) C, H: calcd, 62.58, 8.30; found, 61.40, 8.32. Anal.
(C47H80O10Si6) C, H: calcd, 57.98, 8.28; found, 56.64, 8.28. Anal.
(C47H76O8Si4) C, H: calcd, 64.04, 8.69; found, 63.79, 8.66. Anal.
(C51H88O10Si6) C, H: calcd, 59.49, 8.61; found, 57.76, 8.60.

2,5-Bis[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)-
oxy]benzaldehydes (n ) 4-6, 8; m ) 1, 2). The 2,5-bis[(4′-
(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]benzaldehydes were
synthesized in 35-78% yield as in the following example. A
solution of 4′-(n-(pentamethyldisiloxyl)butoxy)benzoic acid (1.1
g, 3.3 mmol), 2,5-dihydroxybenzaldehyde (0.22 g, 1.6 mmol),
DMAP (0.40 g, 3.3 mmol), p-toluenesulfonic acid (63 mg, 0.32
mmol), and DCC (0.76 g, 3.7 mmol) in dry CH2Cl2 (12 mL)
was stirred at room temperature for 36 h. The conversion was
monitored by TLC, and additional DCC (0.10 g, 0.48 mmol)
was added to drive the reaction to completion. Hexanes (70
mL) were added to precipitate dicyclohexylurea, which was
filtered off. The filtrate was concentrated using a rotary
evaporator, and the resulting viscous oil was purified by
column chromatography using silica gel as the stationary
phase and a gradient of hexanes/CH2Cl2 (0-70% CH2Cl2) as
the eluant to yield 0.46 g (37%) of 2,5-bis[(4′-(n-(pentameth-
yldisiloxyl)butoxy)benzoyl)oxy]benzaldehyde as a gummy liq-
uid. The 1H NMR spectra of the 2,5-bis[(4′-(n-(oligodimeth-
ylsiloxyl)butoxy)benzoyl)oxy]benzaldehydes with m ) 1, 2 are
identical: 0.08 (s, SiCH3, 12m + 18 H), 0.58 (t, CH2Si, 4 H),
1.48 (m, CH2CH2Si, 4 H), 1.85 (m, CH2CH2O, 4 H), 4.06 (t,
OCH2, 4 H), 7.00 (dd, 4 aromatic H ortho to OCH2), 7.39 (d, 1
aromatic H meta to CHO), 7.55 (dd, 1 aromatic H para to
CHO), 7.79 (d, 1 aromatic H ortho to CHO), 8.16 (dd, 4
aromatic H ortho to CO2Ar), 10.18 (s, CHO).

The 1H NMR spectra of the 2,5-bis[(4′-(n-(oligodimethyl-
siloxyl)pentoxy)benzoyl)oxy]benzaldehydes with m ) 1, 2 are

identical: 0.04 (s, SiCH3, 12m + 18 H), 0.53 (t, CH2Si, 4 H),
1.38 (m, CH2CH2Si, 4 H), 1.50 (m, CH2CH2CH2O, 4 H), 1.80
(m, CH2CH2O, 4 H), 4.02 (t, OCH2, 4 H), 6.95 (dd, 4 aromatic
H ortho to OCH2), 8.12 (dd, 4 aromatic H ortho to CO2Ar),
10.16 (s, CHO).

The 1H NMR spectra of the 2,5-bis[(4′-(n-(oligodimethylsi-
loxyl)alkoxy)benzoyl)oxy]benzaldehydes with n ) 6, 8 and m
) 1, 2 are identical: 0.07 (s, SiCH3, 12m + 18 H), 0.51 (t, CH2-
Si, 4 H), 1.33 (m, [CH2]n-4, 4[n-4] H), 1.47 (m, CH2CH2CH2O,
4 H), 1.83 (m, CH2CH2O, 4 H), 4.06 (t, OCH2, 4 H), 6.99 (dd,
4 aromatic H ortho to OCH2), 7.39 (d, 1 aromatic H meta to
CHO), 7.53 (dd, 1 aromatic H para to CHO), 7.79 (d, 1 aromatic
H ortho to CHO), 8.16 (dd, 4 aromatic H ortho to CO2Ar), 10.20
(s, CHO).

2,5-Bis[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)-
oxy]benzyl Alcohols (n ) 4-6, 8; m ) 1,2). The 2,5-bis-
[(4′-(n-(oligodimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl alcohols
were synthesized in 56-99% yield as in the following example.
Sodium borohydride (50 mg, 1.3 mmol) was added slowly over
1 h to a solution of 2,5-bis[(4′-(n-(pentamethyldisiloxyl)butoxy)-
benzoyl)oxy]benzaldehyde (0.46 g, 0.58 mmol) in glacial acetic
acid (4 mL, 70 mmol) and THF (2 mL) at room temperature.
After the reduction was complete according to TLC (50 min),
the reaction mixture was poured into cold water (40 mL), and
the product was extracted with petroleum ether (40 mL total).
The organic extracts were washed with water (30 mL) and then
dried over anhydrous MgSO4. After filtration, the solvent was
removed in vacuo to yield 0.40 g (87%) of 2,5-bis[(4′-(n-
(pentamethyldisiloxyl)butoxy)benzoyl)oxy]benzyl alcohol as a
white solid. The benzyl alcohols were esterified without
purification by recrystallization in order to prevent transes-
terification. The 1H NMR spectra of the 2,5-bis[(4′-(n-(oli-
godimethylsiloxyl)butoxy)benzoyl)oxy]benzyl alcohols with m
) 1, 2 are identical: 0.08 (s, SiCH3, 12m + 18 H), 0.61 (t,
CH2Si, 4 H), 1.55 (m, CH2CH2Si, 4 H), 1.86 (m, CH2CH2O, 4
H), 2.08 (br s, CH2OH), 4.06 (t, OCH2, 4 H), 4.65 (s, CH2OH),
6.98 (dd, 4 aromatic H ortho to OCH2), 7.22 (s, 2 aromatic H
meta and para to CH2OH), 7.42 (s, 1 aromatic H ortho to
CH2OH), 8.14 (dd, 4 aromatic H ortho to CO2Ar).

The 1H NMR spectra of the 2,5-bis[(4′-(n-(oligodimethylsi-
loxyl)pentoxy)benzoyl)oxy]benzaldehydes with m ) 1, 2 are
identical: 0.08 (s, SiCH3, 12m + 18 H), 0.57 (t, CH2Si, 4 H),
1.42 (m, CH2CH2Si, 4 H), 1.50 (m, CH2CH2CH2O, 4 H), 1.84
(m, CH2CH2O, 4 H), 2.08 (br s, CH2OH), 4.05 (t, OCH2, 4 H),
4.64 (s, CH2OH), 6.98 (dd, 4 aromatic H ortho to OCH2), 7.21
(s, 2 aromatic H meta and para to CH2OH), 7.41 (s, 1 aromatic
H ortho to CH2OH), 8.14 (dd, 4 aromatic H ortho to CO2Ar).

The 1H NMR spectra of the 2,5-bis[(4′-(n-(oligodimethyl-
siloxyl)alkoxy)benzoyl)oxy]benzaldehydes with n ) 6, 8 and
m ) 1, 2 are identical: 0.08 (s, SiCH3, 12m + 18 H), 0.54 (t,
CH2Si, 4 H), 1.37 (m, [CH2]n-4, 4[n - 4] H), 1.48 (m, CH2CH2-
CH2O, 4 H), 1.83 (m, CH2CH2O, 4 H), 2.06 (br s, CH2OH), 4.05
(t, OCH2, 4 H), 4.64 (s, CH2OH), 6.98 (dd, 4 aromatic H ortho
to OCH2), 7.22 (s, 2 aromatic H meta and para to CH2OH),
7.41 (s, 1 aromatic H ortho to CH2OH), 8.14 (dd, 4 aromatic H
ortho to CO2Ar).

5-{[[2′,5′-Bis[(4′′-(n-(oligodimethylsiloxyl)alkoxy)-
benzoyl)oxy]benzyl]oxy]carbonyl}bicyclo[2.2.1]hept-2-
ene (n ) 4-6, 8; m ) 1, 2; 49-73% Endo). The norbornene
monomers were prepared in 15-94% yield as in the following
example. A solution of bicyclo[2.2.1]hept-2-ene-5-carboxyl
chloride (0.14 g, 0.93 mmol) in THF (3 mL) and a solution of
triethylamine (95 mg, 0.94 mmol) in THF (3 mL) were
simultaneously added dropwise over 50 min to an ice-cooled
solution of 2,5-bis[(4′-(n-(pentamethyldisiloxyl)butoxy)benzoyl)-
oxy]benzyl alcohol (0.52 g, 0.66 mmol) in THF (4 mL). The
reaction mixture was slowly warmed to room temperature and
was stirred for a total of 26 h. The precipitated triethylam-
monium chloride was filtered off, and the filtrate was concen-
trated in vacuo. The residue was purified by column chroma-
tography using silica gel as the stationary phase and a
gradient of hexanes/CH2Cl2 as the eluant, followed by two
reprecipitations from CH2Cl2 (1 mL) into cold (-78 °C)
methanol (10 mL) to yield 0.25 g (41%) of 5-{[[2′,5′-bis[(4′′-(n-
(pentamethyldisiloxyl)butoxy)benzoyl)oxy]benzyl]oxy]carbonyl}-
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bicyclo[2.2.1]hept-2-ene as a colorless gummy solid. The
monomer was purified for polymerization by azeotropic distil-
lation of water with hexanes in the drybox, followed by drying
in vacuo. The 1H NMR spectra of the 5-{[[2′,5′-bis[(4′′-(n-
(oligodimethylsiloxyl)butoxy)benzoyl)oxy]benzyl]oxy]carbonyl}-
bicyclo[2.2.1]hept-2-enes with m ) 1, 2 are identical: reso-
nances at 1.24 (d), 2.19 (s), 2.87 (m), 2.97 (m), and 3.14 (s) are
due to the nonolefinic norbornene protons of both isomers; 0.06
(s, SiCH3, 12m + 18 H), 0.60 (t, CH2Si, 4 H), 1.55 (m, CH2-
CH2Si, 4 H), 1.85 (m, CH2CH2O, 4 H), 4.06 (t, OCH2, 4 H),
5.08 (d, CH2Ar, endo), 5.14 (s, CH2Ar, exo), 5.80 (m, 1 olefinic
H, endo), 6.07 (m, 1 olefinic H, exo), 6.10 (m, 1 olefinic H of
both isomers), 6.98 (dd, 4 aromatic H ortho to OCH2), 7.29 (m,
3 aromatic H of central ring), 8.14 (dd, 4 aromatic H ortho to
CO2Ar). Anal. (C47H68O10Si4, 54% endo) C, H: calcd, 62.34,
7.57; found, 62.48, 7.64. Anal. (C51H80O12Si6, 51% endo) C,
H: calcd, 58.13, 7.65; found, 57.97, 7.56.

The 1H NMR spectra of the 5-{[[2′,5′-bis[(4′′-(n-(oligo-
dimethylsiloxyl)pentoxy)benzoyl)oxy]benzyl]oxy]carbonyl}bicyclo-
[2.2.1]hept-2-enes with m ) 1, 2 are identical: resonances at
1.23 (d), 2.18 (s), 2.86 (m), 2.94 (m), and 3.14 (s) are due to
the nonolefinic norbornene protons of both isomers; 0.06 (s,
SiCH3, 12m + 18 H), 0.56 (t, CH2Si, 4 H), 1.44 (m, [CH2]2, 8
H), 1.84 (m, CH2CH2O, 4 H), 4.05 (t, OCH2, 4 H), 5.08 (d, CH2-
Ar, endo), 5.14 (s, CH2Ar, exo), 5.80 (m, 1 olefinic H, endo),
6.05 (m, 1 olefinic H, exo), 6.10 (m, 1 olefinic H of both isomers),
6.98 (dd, 4 aromatic H ortho to OCH2), 7.28 (m, 3 aromatic H
of central ring), 8.14 (dd, 4 aromatic H ortho to CO2Ar). Anal.
(C49H72O10Si4, 72% endo) C, H: calcd, 63.05, 7.77; found, 64.07,
7.75. Anal. (C53H84O12Si6, 52% endo) C, H: calcd, 58.85, 7.83;
found, 58.50, 7.81.

The 1H NMR spectra of the 5-{[[2′,5′-bis[(4′′-(n-(oligo-
dimethylsiloxyl)alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl}bicyclo-
[2.2.1]hept-2-enes with n ) 6, 8 and m ) 1, 2 are identical:
resonances at 1.23 (d), 2.20 (s), 2.85 (m), 2.96 (m) and 3.14 (s)
are due to the nonolefinic norbornene protons of both isomers;
0.08 (s, SiCH3, 12m + 18 H), 0.54 (t, CH2Si, 4 H), 1.37 (m,
[CH2]n-4, 4[n - 4] H), 1.48 (m, CH2CH2CH2O, 4 H), 1.83 (m,
CH2CH2O, 4 H), 4.06 (t, OCH2, 4 H), 5.08 (d, CH2Ar, endo),
5.14 (s, CH2Ar, exo), 5.80 (m, 1 olefinic H, endo), 6.07 (m, 1
olefinic H, exo), 6.10 (m, 1 olefinic H of both isomers), 6.98
(dd, 4 aromatic H ortho to OCH2), 7.26 (m, 3 aromatic H of
central ring), 8.14 (dd, 4 aromatic H ortho to CO2Ar). Anal.
(C51H76O10Si4, 49% endo) C, H: calcd, 63.70, 7.97; found, 63.98,
7.92. Anal. (C55H88O12Si6, 55% endo) C, H: calcd, 59.52, 7.99;
found, 59.20, 7.96. Anal. (C55H84O10Si4, 63% endo) C, H:
calcd, 64.92, 8.32; found, 64.42, 8.53. Anal. (C59H96O12Si6, 80%
endo) C, H: calcd, 60.78, 8.30; found, 60.50, 8.26.

Poly{5-[[[2′,5′-bis[(4′′-(n-(oligodimethylsiloxyl)alkoxy)-
benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]hept-2-
ene}s (n ) 4-6, 8; m ) 1, 2). The polymers were prepared
in 82-98% yield. In a typical procedure, a solution of 5-
{[[2′,5′-bis[(4′′-(n-(pentamethyldisiloxyl)butoxy)benzoyl)oxy]-
benzyl]oxy]carbonyl}bicyclo[2.2.1]hept-2-ene (0.20 g, 0.22 mmol)
in dry THF (2.5 g) was added dropwise over 2 min to a solution
of Mo(CHCMe2Ph)(N-2,6-iPr2Ph)(OtBu)2 (2.5 mg, 4.5 µmol) in
dry THF (1.0 g). After stirring at room temperature for 2 h,
the orange solution was quenched with benzaldehyde and then
stirred for 30 min. The solution was taken outside of the
drybox and precipitated in methanol (90 mL). The precipitate
was collected, dried, and reprecipitated from CH2Cl2 (150 mL)
into methanol (125 mL) to yield 0.16 g (82%) of poly{5-[[[2′,5′-
bis[(4′′-(n-(pentamethyldisiloxyl)butoxy)benzoyl)oxy]benzyl]-
oxy]carbonyl]bicyclo[2.2.1]hept-2-ene} as a white powder: Mn

) 4.69 × 104, pdi ) 1.57.
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