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Introduction

Thermosensitive polymers have attracted much at-
tention for applications such as drug delivery, mem-
branes, and cell culture.x~3 The lower critical solution
temperature (LCST) is the temperature at which poly-
mers in aqueous solutions or hydrogels undergo a tran-
sition from a soluble to an insoluble or opaque state or
from a swollen hydrogel to a contracted form as the
temperature is increased.*® Several polymers, including
poly[bis(methoxyethoxyethoxy)phosphazene] (MEEP) (1),
poly(N-substituted acrylamide) (2), and poly(ethylene
glycol)—poly(propylene glycol)—poly(ethylene glycol) tri-
block copolymers (3), are known for their LCST transi-
tion behavior.5~8 MEEP has a well-defined LCST at 80
°C, and hydrogels of this polymer, formed through y-ray
cross-linking, show promise for use in biomedical
applications.59-11
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We have recently reported an ambient-temperature
route for the synthesis of polyphosphazenes via the
controlled cationic polymerization of phosphoranimines,
such as ClzP=NSiMe3.1213 This PCls-induced polymer-
ization allows the production of a variety of polymeric
phosphazene systems with controlled molecular weights
and architectures, including block copolymers.'* The
formation of block copolymers allows for an adjustment
to be made to the physical properties that are charac-
teristic of the component homopolymers. It seemed
possible that the thermal sensitivity of the LCST of
MEEP-type polyphosphazenes, as well as the water
swelling behavior, might be tuned through the incor-
poration of an organic polymer block such as poly-
(ethylene oxide) (PEO). Here, we report the synthesis
of potentially biocompatible and thermosensitive PEO—
MEEP block copolymers through the PCls-induced,
controlled cationic polymerization of phosphoranimines.

The thermally induced aggregation behavior of these
water-soluble diblock copolymers was investigated using
UV/vis spectroscopy and dynamic light scattering
(DLS).1%16 In addition, the water swelling behavior and
temperature dependence of a copolymer with a molar
PEO:MEEP ratio of 1:4.9 were studied after y-ray cross-
linking.

Experimental Section

Polymer Synthesis. PEO-block-MEEP copolymers were
prepared from CH;—PEO—NH; using a procedure described
previously in the literature.’

60Co y Irradiation of PEO—MEEP Block Copolymers.
Films of the PEO-block-MEEP copolymers were cast from
THF, followed by drying at room temperature for 3 days at
atmospheric pressure and 3 days under vacuum. The polymers
were sealed in foil-lined pouches and irradiated with €Co y
radiation.

Measurement of Water Uptake. The dry film (approxi-
mate weight of 1 g) was weighed and then immersed in 20
mL of deionized water. Periodically, the swollen film was
removed from the water and weighed after carefully removing
any water from the surface. The water uptake was calculated
using eq 1

water uptake = [(W, — W )/W4] x 100 Q)

where Wy is weight of the dried film and W;s is the weight of
the swollen film.

Results and Discussion

Block copolymers containing a biocompatible, hydro-
philic PEO segment and a thermosensitive MEEP
portion were synthesized via the controlled, PCls-
induced, cationic polymerization of phosphoranimines
at ambient temperature, using amine-terminated PEO
as a starting material'” (Scheme 1). The macroinitiator
CH3;—PEO—NH—-P(OCH,CF3),;=NSiMe; (4) was syn-
thesized from amine-terminated PEO (M, = 5400 g/mol,
ShearWater) and Br—P(OCH,CF3),=NSiMej3. Reaction
of 4 with 2 equiv of PClIs yielded the cationic species
CH3—PEO—NH—P(OCH,CF3),=N—PCl;*PCls~ (5). Sub-
sequent addition of varying amounts of ClzP=N SiMe;
to 5 allowed the preparation of PEO-block-poly(dichlo-
rophosphazene) copolymers with controllable phos-
phazene block lengths. Further treatment of this reac-
tion mixture with NaOCH,CH,OCH,CH,OCHj; gave
PEO-block-MEEP copolymers through the macromo-
lecular replacement of labile chlorine atoms. A series
of block copolymers were prepared by varying the length
of the MEEP block, while the length of the PEO block
remained constant. Gel permeation chromatography
was used to measure average molecular weights and
polydispersities, and these were compared to values
calculated using 'H NMR (Table 1).

Aqueous Phase Behavior. MEEP is known to
undergo an LCST transition at 80 °C in water.® Thus,
the water-soluble PEO-block-MEEP copolymers synthe-
sized in this work were expected to show temperature-
sensitive self-organization in water associated with the
LCST behavior of the MEEP block.! The temperature-
dependent phase transitions of aqueous PEO-block-
MEEP solutions were monitored by observing the
changes of transmittance at 450 nm, as shown in Figure
1. Aqueous solutions of polymer 8 (molar PEO:MEEP
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Table 1. Characteristics of PEO—MEEP Block
Copolymers

ratio of mole
repeat unit
yield (PEO:MEEP) M (lH Tg
polymer (%) feed found®@ NMR) Mp? (Mw/M;) (°C)

8 83 1:.0.5 1:0.49 22000 15000(1.43) -78
9 777 11 1:1.2 47000 16500 (1.45) -76
10 69 12 1:2.7 98 000 27000 (1.45) —-79
11 70 14 1:4.9 175000 54000 (1.64) -—80

a Calculated from *H NMR spectra, by comparison of peaks at
3.28 ppm (—OCH3) to peaks at 3.70 (—OCHz—), using CH3;—PEO—
NH; of a known molecular weight (M, = 5400). ® Measured by
GPC.

ratio of 1:0.49; see Table 1) showed a striking increase
in turbidity when heated above 65 °C.

Figure 1 also illustrates the temperature-induced
formation of self-aggregates in these same aqueous
solutions. Samples of polymer 8 were totally soluble in
water between 25 and 65 °C but readily formed self-
aggregates above these temperatures. Light scattering
measurements showed that the hydrodynamic radius,
Rn, of the self-aggregates increased from 270 to 540 nm
in the temperature range 68—80 °C. Aqueous solutions
of polymers with molar PEO:MEEP ratios of 1:1.2, 1:2.7,
and 1:4.9 (polymers 9, 10, and 11, respectively) showed
similar thermosensitive behavior to polymer 8 due to
the LCST of the MEEP block present in all the copoly-
mers. The self-aggregation process was completely
reversible, and the aggregates became soluble again

Notes 2569
1001 ® ° o
s o o © {500
8 8o o © 1400 ~
S 1S
£ o
= 1300
% 60+ o %
] 12
e 00
401 .
® 100
20+Q Q Q . : —0
55 60 65 70 75 80
Temperature (°C)

Figure 1. Percent transmittance change of a 0.5 g/L solution
of polymer 8 as a function of temperature (®); temperature
dependence of hydrodynamic radius (Rn) of polymer 8 in a 0.5
g/L solution (O).

below the onset temperature. These results suggest that
the temperature increase makes the usually hydrophilic
MEEP block somewhat more hydrophobic, which pro-
vides a sudden, sharp contrast to the solubility of the
PEO block in water and thus enhances the amphiphilic
nature of these copolymers. This phenomenon underlies
the unique temperature-dependent self-aggregation of
the PEO-block-MEEP copolymers examined here. This
type of temperature-dependent aggregation has also
been observed previously for the phosphazene block co-
polymer, [N=P(OCHzCHzOCHzCHzOCHg)z]n—[N=Pph-
(OCH,CH;0CH,CH;0CHj3)]m (MEEP—Ph/MEEP).18
Hydrogels. It is well-known that MEEP can be cross-
linked to form a water-swellable hydrogel by exposure
to y-radiation.!® The application of this y-radiation
cross-linking methodology to the PEO-block-MEEP co-
polymers offers the prospect of temperature-sensitive
hydrogels due to the LCST characteristics of the MEEP
block. The block copolymers described here were ex-
pected to show lower cross-link densities than MEEP
itself as a result of a smaller number of cross-linkable
sites per chain. However, higher water uptake and
swelling values might be expected because of the pres-
ence of the hydrophilic PEO blocks in the copolymer.
Four samples of PEO-block-MEEP copolymers (Table 1),
varying in MEEP block lengths, were irradiated with
60Co y-radiation (20 Mrad radiation dose). After cross-
linking, a film of polymer 11 (PEO:MEEP ratio of 1:4.9)
showed good mechanical strength, but polymers 8, 9,
and 10 (PEO:MEEP ratios of 1:0.49, 1:1.2, and 1:2.7,
respectively) did not form free-standing films. This could
be due to the larger proportion of PEO, relative to
MEEP, found in these particular systems. Our previous
study revealed that PEO (M, = 5000) did not cross-link
when exposed to the same radiation dosage as the
copolymers discussed here. Hydrogels of polymer 11
showed uniform swelling behavior in water and a
swelling ratio larger than that of the MEEP homopoly-
mer. The water uptake value of polymer 11 was 460%,
while that of MEEP was 300%, with both having been
cross-linked with a 20 Mrad radiation dose.!! The water
swelling behavior of the hydrogel formed from polymer
11 was also examined over a wide temperature range
to ascertain its usefulness for biomedical applications.1®
As shown in Figure 2, this hydrogel showed relatively
constant water absorption values in the range 25—50
°C. However, a dramatic decrease in water swelling
(from 460% to 36%), probably related to the LCST
behavior of the MEEP block, was detected above 50 °C.20
In addition, the initial transition temperature for the
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Figure 2. Swelling values for a hydrogel of polymer 11 in
water.

hydrogel of polymer 11 is lower than the phase transi-
tion temperature of the aqueous solutions of the corre-
sponding un-cross-linked block copolymer. This suggests
that the bulk state of the cross-linked hydrogel is more
sensitive to changes in temperature than the un-cross-
linked block copolymer solution. The water swelling
behavior was reversible, and the hydrogel retained its
original shape after the study.

In conclusion, PEO-block-MEEP copolymers were
synthesized using the controlled cationic polymerization
of phosphoranimines. The block copolymers synthesized
had molar PEO:MEEP ratios of 1:0.49, 1:1.2, 1:2.7, and
1:4.9, with the length of the PEO segment held constant
at 5400 g/mol. The self-aggregation characteristics of
the block copolymers in water have been investigated
by using UV/vis spectroscopy and dynamic light scat-
tering. These studies revealed a temperature depen-
dence of the hydrodynamic radii of self-aggregates due
to the LCST behavior of the MEEP block. A hydrogel of
a block copolymer with a molar PEO:MEEP ratio of
1:4.9 was also synthesized, and its temperature depen-
dency was studied. This hydrogel exhibited larger water
uptake values than those of MEEP homopolymer, which
is probably due to the hydrophilic nature of the PEO
blocks. The thermosensitive phase-transition and water-
swelling behavior of the PEO-block-MEEP copolymers
was examined as the first step toward their utilization
as potential biomaterials and for uses in both temper-
ature-responsive membranes and delivery matrices.
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