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trated. Clearly a large increase in intensity occurs on the
first heating as the T(1) transition is tranversed, but there
is no change in spherulitic texture (only enhanced
brightness occurs). On cooling down the sample from 180
°C to 50 °C, a weak transition is just perceptible about 120
°C, but during the second heating the light intensity de-
creases noticeably about 140 °C. Upon cooling from 180
°C approximately a slight increase in intensity occurs.
After the sample was cooled again, a noticeable transition
occurs about 114 °C with a concomitant rise in intensity
to a level that remains essentially constant back to 50 °C.
The transitional behavior depicted in this figure is con-
sistent with enhanced molecular chains ordering that the
finely textured occurs upon cycling the PB(4C1)PP ma-
terial through T'(1) starting with solution cast material
which was of relatively low birefringence. The molecular
subtleties of these transition under heating/cooling can
only be settled by using other complementary techniques
like 3P and 3C solid-state NMR under identical heat
treatment conditions.

Conclusion

This preliminary work using thermotropic poly-
phosphazenes has illustrated the validity of the modified
DLI technique for studying (1) kinetics of phase trans-
formation and (2) morphology-temperature-time changes
encountered in relatively thin films of solution cast poly-
mers. The technique seems to be suitable for following
both fast and slow transformation rates and appears to be
a valuable procedure that merits detailed investigations.
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Introduction

Recent work in our laboratory has demonstrated the
utility of several siloxane-based redox polymers in medi-
ating electron transfer between an oxidoreductase enzyme
and a conventional electrode surface.! The unique flexi-
bility of the polysiloxane backbone allows a sufficiently
close contact to occur between the redox couples of the
polymeric system and the enzyme’s redox centers so that
efficient charge transfer can be achieved. For example,
siloxane polymers containing ferrocene or 1,1’-dimethyl-
ferrocene? have been shown to facilitate electron transfer
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from reduced glucose oxidase to an electrode.! These redox
polymers provide an important advantage in the design
of enzyme-based sensors: because the redox species are
covalently bound to the polymer backbone, they are not
free to diffuse away from the electrode surface into the
bulk solution. Thus, unlike systems based on freely dif-
fusing electron-transfer mediators, such as ferrocene and
its derivatives®® or tetracyanoquinodimethane (TCNQ),5
sensors incorporating these polymeric redox systems may
be of potential clinical value in implantable measuring
devices. With this in mind, we have extended our studies
of siloxane-based redox polymers to include systems that
contain quinone moieties as the electroactive species.
Quinones have previously been employed as freely dif-
fusing electron-transfer mediators in enzyme-based bioa-
nalytical sensors.!'"'® In this paper, we describe the syn-
thesis and electrochemical characterization of siloxane
polymers that contain hydroquinone and 1,4-naphtho-
hydroquinone and discuss the potential use of these ma-
terials in sensor applications.

Experimental Section

A. Polymer Synthesis. The synthetic route for the siloxane
polymer containing hydroquinone is described in Scheme I. The

© 1989 American Chemical Society
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methylhydro/dimethyl (1:2) siloxane copolymer I (MW
2000-2100) was obtained from Petrarch Systems, and all other
chemicals were purchased from Aldrich Chemical. 1-Allyl-2,5-
dimethoxybenzene (II) was synthesized by the reaction of lithiated
1,4-dimethoxybenzene with allyl bromide under nitrogen atmo-
sphere in ether at the reflux temperature (~3 h). The product
was isolated by distillation; bp 63-65 °C (0.1 mmHg). 'H NMR
(CDCly): 63.35(d, 2 H), 3.7 (s, 6 H), 5.0 (d, 2 H), 5.7-6.3 (m, 1
H), 6.65 (s, 3 H) ppm. Compound II (2.33 g) was hydrosilylated
by using the siloxane copolymer I (0.72 g) in dry THF solution
(15 mL) in the presence of catalyst prepared from chloroplatinic
acid and 1,2-dimethoxyethane.’® The reaction was continued at
reflux temperature until the Si-H IR absorption band (2161
em™)17 disappeared to show that all of the starting polymer was
converted to polymer III. Ether was added to the reaction mixture;
it was then washed with water and dried. After removal of solvent,
the residual allyl compound was removed under 0.05 mmHg
pressure. The colorless polymer III (1.2 g) was obtained. *H NMR
(CDCly): 60.18 (s, 15 H), 0.4-0.75 (m, 2 H), 1.3-1.8 (m, 2 H) 2.4-2.8
(m, 2 H), 3.75 (s, 6 H), 6-7 (s, 3 H) ppm. The copolymer III (1.2
g) was dissolved in 5 mL of dry methylene chloride. To the
solution was added 1.5 mL of trimethylsilyl iodide under nitrogen
atmosphere. After the reaction mixture was allowed to stand at
room temperature for 60 h, methanol (3 mL) and then ether (20
mL) were added into the solution. The solution was then washed
successively with aqueous sodium sulfite, aqueous sodium bi-
carbonate, and water. Removal of the solvent yielded the
methyl-v-(2,5-dihydroxyphenyl)propyl/dimethyl (1:2) siloxane
copolymer IV (1.0 g) as a clear light brown liquid. IR (neat): no
Si-H absorption; 3350.9 cm™ (OH). *H NMR (CDCl,): 6 0.2 (s,
15 H, CHy), 0.7 (b, 2 H, CH,), 1.7 (b, 2 H, CH,), 2.6 (b, 2 H, CH,),
6.6 (s, 3 H, Ar) ppm.

The 1,4-naphthohydroquinone moiety was introduced into the
polysiloxane backbone as shown in Scheme II. 1,4-Dimethoxy-
naphthalene (V) was prepared by a modification of the method
of Wakae et al.'® To a mixture of 1,4-naphthohydroguinone and
dimethyl sulfate was slowly added a solution of potassium hy-
droxide in water under nitrogen at room temperature over the
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Figure 1. Cyclic voltammograms of polymers IV and VIII in 0.1
M TEABF,/CH;CN-H,0 (1:1) by volume: IV, 1.35 mg/mL; VIII,
0.08 mg/mL.

course of 1 h. The reaction mixture was then heated at 80 °C
for 3 h. After cooling, the precipitate was collected and washed
with water and ethanol. Recrystallization from ethanol gave a
white plate crystal, mp 85-86 °C. V was used for the synthesis
of VI using the same procedure described for 1. The product of
this reaction was a liquid, bp 110-112 °C (0.1 mm). 'H NMR
(CDCly): 639 (s,6 H), 4.15 (d, 2 H), 5.1 (t, 2 H), 5.8-6.4 (m, 1
H), 6.75 (s, 1 H), 7.4-7.8 (m, 2 H), 8.1-8.5 (m, 2 H) ppm. The
hydrosilylation was carried out as described in the preparation
of ITII. After removal of volatile materials at 100 °C under 0.1
mmHg, the product was identified by IR and 'H NMR mea-
surements. IR (neat): no Si-H absorption; 3060 cm™ (=CH).
'H NMR (CDCly): §0.15 (s, 15 H, CHj,), 0.8 (s, 2 H, CHy), 1.7
(s, 2 H,CHy), 3.3 (s, 2 H, CH,), 3.95-4.0 (s, 6 H, OCH,), 6.75 (s,
1H, Ar), 7.5 (m, 2 H, Ar), 8.25 (m, 2 H, Ar) ppm. The deme-
thylated product, the methyl-y-(2,9-dihydroxynaphthyl)-
propyl/dimethyl (1:2) siloxane copolymer (VIII), was obtained
by the reaction of VII with trimethylsilyl iodide as described in
the preparation of IV. IR (neat): no Si-H absorption; 3350.9 cm™!
(OH). 'H NMR (CDCl3): no OCHj signal.

B. Electrochemical Characterization. In order to determine
the electrochemical properties of these new polymers, acetonitrile
was twice purified by distillation over CaH, and was stored under
argon. The supporting electrolyte, tetraethylammonium tetra-
fluoroborate (TEABF,), was twice recrystallized from metha-
nol-hexane and was dried thoroughly under vacuum. The cyclic
voltammetry experiments were performed by using a Bioanalytical
Systems Model CV-27 potentiostat. The electrochemical cell was
conventional with a Pt wire working electrode and a Pt-on-glass
auxiliary electrode. A saturated calomel electrode (SCE) was
chosen as the reference, to which all stated potentials are referred.
All measurements were made at room temperature (23 £ 2 °C)
in a mixed solvent system consisting of acetonitrile and water in
a 1:1 ratio by volume and 0.1 M TEABF, as the supporting
electrolyte. The pH value of this solution system was about 6.5.
The solutions were deaerated by argon bubbling prior to the
experiments, and the electrochemical cell was kept under argon
atmosphere throughout the measurements.

Results and Discussion

Typical voltammetric response curves for polymers IV
and VIII in the mixed solvent are shown in Figure 1 for



Macromolecules 1989, 22, 4643-4645 4643

potential scan rates of 5, 10, and 20 mV/s. These volt-
ammograms confirm that the electroactivity of the quinone
moieties is maintained after covalent attachment to the
siloxane polymer backbone. The results for polymer IV
consist of widely separated anodic and cathodic peaks,
indicating a high degree of electrochemical irreversibility.
For a scan rate of 10 mV/s, the anodic peak potential (E_,)
is +0.555 V (vs SCE) and the cathodic peak potential (EP;)
is -0.215 V, giving a peak separation (AE) of 770 mV,; these
values are dependent on the scan rate, as shown in Figure
1. The redox behavior of the benzoquinone/hydroquinone
system is quite sensitive to the electrode and solution
conditions,'*# go for comparison we also performed cyclic
voltammetry experiments for unbound methylhydro-
quinone in the 1:1 acetonitrile-water solution. The results
are very similar to those found for the polymeric system,
with E, = +0.548 V and E,,, = -0.065 V, indicating only
slightly more reversible behavior for the unbound species.
The voltammetric results for polymer VIII shown in Figure
1 (Ep, = +0.350 V and E,, = ~0.250 V for a scan rate of
10 mV/s) are also very similar to those measured for the
unbound 1,4-naphthohydroquinone species (E,, = +0.330
V; Ep. = —0.205 V) under the same conditions.

These results demonstrate that these newly synthesized
siloxane copolymers containing hydroquinone and 1,4-
naphthohydroquinone maintain the electroactivity of the
unbound quinone moieties. In order to test the utility of
these siloxane polymers for enzyme-based amperometric
sensors, an electrode was constructed by thoroughly mixing
100 mg of graphite powder with 1.0 mg of the polymers,
10.0 mg of glucose oxidase, and 20 uL of paraffin oil, and
the resulting mixture was blended into a paste. The paste
was packed into a glass tubing (6-mm inner diameter). The
preliminary result indicated that these polymers efficiently
mediate the charge transfer from reduced flavoenzyme to
a conventional electrode surface.
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Communications to the Editor

Cyclopolymerization. 16. Anionic
Cyclopolymerization of N-Methyldiacrylamide:
5-Membered Ring Formation through
Head-to-Head and Tail-to-Tail Additions

Radical cyclopolymerizations of N-substituted dimeth-
acrylamides (RDMA)! and diacrylamides (RDA)¢® have
been reported. Both groups of monomers have extremely
high cyclization tendencies and yield polymers with a 5-
membered ring as the main repeating cyclic unit. Despite
the structural similarity of the polymers formed, the re-
activities of the double bonds involved in RDMA and RDA
are essentially different. This can be seen from the po-
lymerizabilities of N,N-disubstituted methacrylamides and
acrylamides, which are considered to correspond to the
monofunctional counterparts of RDMA and RDA, re-
spectively. The former cannot be polymerized,>*° while
the latter have a high polymerization tendency.!® Thus,

fundamental aspects for the formation of a highly cyclized
polymer in radical polymerization are considered to be
different for RDMA* and RDA.2 Although considerable
accumulated data are thus available for the radical po-
lymerization of RDMA and RDA, especially for the former,
anionic polymerization of these monomers has not been
reported except for preliminary results on N-methyldi-
methacrylamide (MDMA),? which showed that 6-mem-

R R

MDA, R=H
MDMA, R = CH3

bered rings are formed as the main repeating unit in
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