Korea Polymer Journal, Vol. 6, No. 5, pp 381-388 (1998)

Synthesis and Characterization of Temperature Sensitive
Poly(organophosphazene) Hydrogels

YoungBaek Kim*, Deok Soo Park and Going Yim
Polymer Engineering Department, PaiChai University, Daejon, Korea

Byung Chul Shin
Advanced Materials Division, Korea Research Institute of Chemical Technology, Daejon, Korea

Jong Ho Kim and Doo Sung Lee

Center for Advanced Functional Polymers, Department of Polymer Science and Engineering,
Sungkyunkwan University, Suwon, Korea

Received August 5, 1998

Abstract : Poly{organophosphazene)s bearing a hydrophilic group, 2-(2-methoxyethoxylethoxy and a
hydrophobic group such as methyl ester of alanine, 2,2,2-trifluoroethoxy, benzyloxy and p-(2-(2-
methoxyethoxy)ethoxyphenyl)phenoxy were synthesized and- characterized by NMR spectroscopy,
differential scanning calorimeter, gel permeation chromatography, and elemental analysis. These
polymers were crosslinked by irradiating UV light in the presence of benzophenone or irradiating gamma
ray (3M rad). Gamma radiation crosslinked the polymers but significant decomposition took place
simultaneously. Polymers crosslinked by UV irradiation formed integrate hydrogels when swollen with
water. Polymers containing hydrophobic groups in high fractions formed hydrogels without crosslinking.
All the hydrogels prepared in this study had lower critical solution temperatures as the hydrogels became
cloudy as the temperature was raised. The volume change at the clouding point varied depending on the
nature of the side groups, composition, and the amount of water in the hydrogel. The volume change at

the clouding point was negligible for most hydrogels investigated in this study.

Introduction

Hydrogels are known to be one of the most
interesting polymeric materials, especially in fields
such as household articles, horticulture, coating
materials, civil engineering and biomedical ap-
plications. There are several types of hydrogels
that respond to environmental changes such as
pH,'? temperature,*® electric field,*” ionic strength,*
salt type,™? solvent,® stress,™® light™® and
pressure.’”® Strong interest in biomedical applica-
tion of hydrogels was caused by the study
carried out by Wichterle and Lim in 1950's.%
Since then the research on hydrogel has been
steadily increased.

Among the polymers that might be useful for
biomedical applications are poly(organophospha-
zene)s. The backbone of polyphosphazene consists
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of alternating nitrogen and phosphorus atoms,
with two side groups being attached to each
phosphorus. Nitrogen and phosphorus are
covalently bonded through a ©-bond and a =-
bond. As each phosphorus can use as many as
five 3d orbitals to form m-bonds, torsion of a P-N
bond can bring the nitrogen p-orbital into an
overlapping position with a d-orbital at virtually
any torsion angle. Hence, the main chain can
rotate easily rendering polyphosphazene a high
degree of flexibility. As is the case for any
polymer that has flexible backbone, the property
of a poly(organophosphazene) is determined by
the nature of the substituent. Poly(organo-
phosphazene)s with a wide variety of properties
have been synthesized by incorporating various
groups on the phosphorus atoms. For example,
poly[bis(2-(2-methoxyethoxy)ethoxy)phospha-
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zene] (MEEP) has a glass transition tempera-
ture at -100°C while poly(organophosphazene)
bearing aniline side groups has a glass transition
temperature over 100 °C.%#

Poly(organophosphazene)s have attracted great
interest as a candidate for biomedical applica-
tions as any combination of properties needed
for a particular application can be generated
by changing the type of side groups present.
Hydrolytically unstable poly(organophosphazene)s
are one of the most interesting polyphospha-
zenes for biomedical applications as products of
hydrolysis of these polymers are ammonium
phosphate and the fragments produced from
the side chains. Ammonium phosphate can be
excreted, therefore, non-toxic bicerodible poly-
mers can be easily prepared if only the side chains
produce non-toxic materials after hydrolysis.

In our laboratories, we have been interested in
developing poly(organophosphazene)s that have
good biocompatibility. There are not many
reports on hydrogels based on polyphosphazenes
even though various amphiphilic poly{organophos-
phazene)s are expected to be prepared easily.?
Recently, we have reported water soluble
amphiphilic poly{organophosphazene)s that
showed LCST behavior in water.® It was sug-
gested that most poly(organophosphazene)s that
contain both hydrophilic and hydrophobic
substituents might have similar properties.

In this study we have prepared various poly-
(organophosphazene)s that contain both a hydro-
philic group and a hydrophobic group in various
fractions. The swelling and phase transition
behaviors of these polymers were investigated.

Experimental

Polymer Synthesis. The synthetic pathways
for polymers investigated in this study are
illustrated in Scheme 1. Hexachlorocyclotriphos-
phazene (HCCTP) was purified by recrystallization
from n-hexane followed by sublimation. Approxi-
mately 20 g of HCCTP was sealed in a Pyrex
tube under vacuum and the sealed tube was
placed in a shaking oven at 250°C. Poly-
merization was quenched when the melt almost
stopped flowing and polydichlorophosphazene
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Scheme 1. Preparation of side groups.

was isolated after removing unreacted HCCTP.

All polymers were synthesized in dry THF
solution under dry nitrogen atmosphere. Sodium
alkoxides were prepared by the reaction between
corresponding alcohol and sodium hydride
in THF. The reaction of polydichlorophos-
phazene was carried out by adding corres-
ponding sodium alkoxide to a solution of poly-
dichlorophosphazene in THF. The reaction was
carried out at room temperature and sodium
2-(2-methoxyethoxy)ethoxide was added first
and then the sodium salt of desired hydrophobic
substituent was added. Polymer F was syn-
thesized by adding ethyl ester of alanine that was
prepared by refluxing HCI salt of ethyl ester of
alanine in THF in presence of triethylamine. The
reaction mixtures were agitated for 36 hours and
then a small amount of sodium 2-(2-methoxy-
ethoxy)ethoxide was added to ensure complete
replacement of P-Cl.

Crosslinking of Polymers. Crosslinking of
polymers were carried out in three different
methods. Gamma radiation was carried out at
Korea Atomic Energy Research Institute.

Polymers for gamma radiation were sealed in
glass ampoules under vacuum and the dose of
gamma ray was 3 M rad. UV crosslinking was
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carried out using polymer films casted in moulds
made of aluminum (diameter=1 cm, depth=0.4
mm). The amount of polymer used to prepare
films was fixed at 0.1 g to get polymer films of
the same dimension. A small amount (1 wt%) of
benzoyl peroxide or benzophenone was mixed
with the polymers. The wavelength of UV light
was 356 nm (20 W) and the distance from the
UV lamp was 7 cm. UV irradiation was carried
out for 4, 8 and 12 hours and found that the
polymers crosslinked for 4 hours were most
appropriate to handle. For polymers D, E, and F
that contain allyloxy groups, peroxide or benzo-
phenone was not added.

Preparation of Hydrogels. Films were placed
in vials with screw cap and then known amount
of water was added. Homogeneous gels were not
produced when the amount of added water was
not enough. To obtain homogeneous gels, partly
swollen polymer samples were subjected to
repeated freezing and melting at -18 °C and room
temperature, respectively. The swelling ratio
reported in Figures 1 and 2 were calculated by
dividing the weight of swollen polymer by the
initial weight of polymer.

Cloud Point Temperature. A small amount
of hydrogel was gently pressed between two slide
glasses and was sealed with epoxy glue. The slide
glass was placed in a temperature controller
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Figure 1. Swelling ratio of hydrogels formed from polymer
D against temperature. (®), D-1; (=), D-2; (&), D-3.
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Figure 2. Swelling ratio of hydrogels formed from polymer
E against temperature. (®), E-1; (=), E-2; (A), E-3.

designed in our laboratory and the intensity of
transmitted light (500 nm) was measured using a
photo tube. The intensity of transmitted light was
plotted against the temperature and the onset
temperature was reported as the transition
temperature.

Miscellaneous. 'NMR and *P NMR spectra
were recorded using a Bruker AM 300 and a
Bruker AMX 500. P NMR spectra of polymers
A, B and C showed peaks centered at -8.5 and
-13.5; -6.5 and -8.2; -7.5, respectively. Elemental
analysis was carried out using a Perkin-Elmer
240C Elemental Analyzer. Molecular weight was
determined using a gel permeation chromato-
graphy system equipped with 100 A, 10° A, and
10° A Styragel columns. Polystyrene standards
of known molecular weights were used for
molecular weight calculation. DSC analysis was
carried out using a TA DSC 2510 system. The
temperature was increased from -150 to 30°C at
a ramp of 20 °C/min.

Result and Discussion

Synthesis of Poly(organophosphazene)s
and Hydrogels. Poly(organophosphazene)s
were prepared as shown in Schemes | and II. The
reaction between sodium hydride and 2-(2-
methoxyethoxy)ethanol was stopped as quickly
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Scheme I1. Synthesis of polymers.

as possible as the product mixture turned dark
when it was allowed to stand for a long time. To
avoid replacement of phenoxy groups by alkoxy
groups, sodium alkoxides were reacted with
hexachlorocyclotriphosphazene first and then
sodium phenoxide was reacted. After sodium
phenoxide reacted, a small amount of sodium
alkoxide was added to remove every P-Cl. The
polymers synthesized in this study were hydro-
lytically stable and soluble for longer than one
year indicating complete replacement of chloride
atoms. The polymer compositions determined by
P NMR and the results of elemental analysis are
listed in Table I with expected values. Data in
Table | show that the polymers had compositions
close to those of polymers aimed to be synthe-
sized. It was not possible to determine the
fractions of repeating units that contained two
hydrophilic substituents, two hydrophobic sub-
stituents, and one hydrophilic and one hydropho-
bic substituents by P NMR spectra as the peaks
from each repeating unit were not resolved.

The solubility of polymers synthesized in this
study is listed in Table II. Polymers A, B and C
were crosslinked either by irradiating gamma ray
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{3 M rad) under vacuum or by irradiating UV
light in the presence of benzoyl peroxide or
benzophenone. Hydrogels prepared from poly-
mers crosslinked by gamma radiation were too
soft to handle indicating that the polymers were
decomposed at the same time. Irradiation of UV
light in the presence of benzoyl peroxide as an
photo-initiator resulted in inhomogeneous
crosslinking and hydrogels formed tore apart.
Irradiation of UV light in the presence of
benzophenone as a photo-sensitizer resulted in
homogeneous crosslinking and integrate hydrogels
were obtained. Polymers containing unsaturated
groups as photo-crosslinking centers were pre-
pared and crosslinked by irradiating UV light
without adding either photo-initiator or photo-
sensitizer. Crosslinked polymers D, E and F by
UV irradiation formed integrate hydrogels and
these hydorogels were investigated in this study.
The number average molecular weights of
polymers obtained in this study were approxi-
mately 200,000 and polydispersity indices were
between 3 and 5 as determined by gel permea-
tion chromatography. These molecular weights
are indeed not the accurate molecular weights as
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Table 1. Elemental Analysis Results of Polymers

Table II. Polymer Composition and Water Solubility

Synthesized
Polymer  Element C H N
A1 Calculated  45.59 7.52 447
Found 44.59 7.04 4.70
A-2 Calculated  46.92 7.02 4.35
Found 44.86 7.60 4.67
A3 Calculated 4941 6.81 403
Found 45.50 7.55 4.59
Ad Calculated  50.37 7.27 403
Found 4947 7.32 4.04
A5 Calculated  54.32 6.99 3.58
Found 53.96 6.99 3.58
A6 Calculated  58.53 6.70 3.10
Found 57.33 6.63 3.10
B-1 Calculated  40.90 7.77 4.89
Found 36.13 6.00 5.18
B-2 Calculated  38.91 6.50 461
Found 32.85 5.18 5.29
B3 Calculated  34.14 5.85 503
Found 31.74 4.88 5.33
c1 Calculated 47.22 7.66 4.77
Found 47.25 7.26 5.05
c-2 Calculated 53.48 8.00 4.32
Found 50.56 6.91 511
c-3 Calculated  54.22 8.02 4.37
Found 51.17 6.84 5.12

Polymer xyz (%:%) water T, °C
A-1 96.5:3.5:0 s -65
A-2 89.5:10.5:0 3 -57
A-3 86.2:13.8:0 3 -54
A-4 80:20:0 )

B-1 71.1:28.9:0 3 -61
B-2 57.8:42.2:0 ss -54
B-3 52.9:47.1:0 & -53
C-1 78.3:21.7:0 ss -68
C-2 63.5:36.5:0 ss -60
C-3 60.8:39.2:0 8 -58
D-1 55:37:8 ss
D-2 64:28:8 &
D-3 74:18:8 &
E-1 55:37:8 sS
E-2 64:28:8 3
E-3 74:18:8 )
F-1 55:37:8 s$
F-2 64:28:8 b}
F-3 74:18:8 3

standard polymers, polystyrenes, used in GPC
analysis obviously have different hydrodynamic
volumes from those of polyphosphazenes. The
accurate molecular weights were expected to be
higher than the measured values as poly-
{organophosphazene)s prepared by ring-opening
polymerization of hexachlorocyclotriphosphazenes
are virtually constant {close to a million) re-
gardless of the polymer vields.

The glass transition temperatures of polymers
A, B and C are listed in Table Il. Some of the
polymers showed small melting endotherms but
most of them were negligible. Table Il shows that
the glass transition temperatures of these poly-
mers increased as the fractions of hydrophobic
substituents containing aromatic rings (Polymers
A and C) and the polar group (Polymer B)
increased.

Swelling of Hydrogels. Swelling ratios of
hydrogels formed from crosslinked polymers of
polymers D and E are plotted against tem-
perature in Figures 1 and 2, respectively. Figures
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s: soluble, ss: slightly soluble, 8: almost insoluble.

1 and 2 show that these hydrogels shrank as
temperature was raised, indicating that these
polymers had LCST. Figures 1 and 2 show that
the changes of swelling ratios of hydrogels from
polymer D and polymer E were different. The
swelling ratio of the hydrogel from polymer E
decreased by half at the transition temperature
while the swelling ratio of the hydrogel from
polymer D changed insignificantly at the transition
temperature. Figures 1 and 2 also show that the
swelling ratio of hydrogels from polymer D
changed significantly depending on the polymer
composition while the swelling ratio of hydrogels
from polymer E was not affected significantly by
the polymer composition. These results show
clearly that both the swelling ratic and the
change of swelling ratic at transition temperature
were affected by the nature of the hydrophobic
groups in the polymer. 2,2 2-Trifluoroethoxy
group in polymer D is expected to be much more
polar than benzyloxy group in polymer E as 2,2,
2-trifluoroethoxy group contains three strongly
electronegative fluoride atoms. This high polarity
of 2,2,2-trifluorcethoxy group compared to that
of benzyloxy group is likely responsible for the
different swelling behaviors of these polymers.
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-18°C

Figure 3. Transition of a hydrogel formed from polymer A {X:Y=55:45) at temperatures between -18 °C and 25 °C.

Further investigations are required to explain this
phenomenon precisely. The phase transition of a
hydrogel prepared by swelling polymer A
containing 20 mol% of 2-(2-methoxyethoxyethoxy)
group with 130 wt% of water was observed. This
specific hydrogel was opaque below -18°C and
above -4°C, and was transparent between -4°C
and -18°C. Figure 3 shows the change of this
hydrogel frozen in a freezer (-20°C) that
was warmed to room temperature (25°C). The
temperature of clear zones in Figure 3 was
between -18°C and -4°C. The clouding tempera-
ture was indeed expected to change according to
the content of water in the gel, which was not
investigated further. Figure 3 also shows that
there was not noticeable volume change caused
by the transition for this specific hydrogel.

Phase Transition of Hydrogels Containing
Different Amounts of Water. Phase transition
temperatures of hydrogels formed from poly-
(organophosphazene)s swollen with known amo-
unts of water were determined by measuring
cloud point temperatures. Cloud point tem-
peratures of hydrogels from polymers A, D, E
and F are plotted against the content of water in
these hydrogels in Figures 4, 5, 6 and 7. Figures 5
to 7 show that the cloud point temperature
decreased in the order of hydrogel from polymer
F, polymer D and polymer E. This order
corresponds to the order of hydrophilicity of the
substituent in the polymer; ethyl ester of alanine,
2,2,2-trifluoroethoxy group, and benzyloxy group.
These results correspond to those in other reports
where the incorporation of hydrophobic comono-
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Figure 4. Cloud point temperature of hydrogel formed from
polymer A. (@), A-2; (m), A-4.

40

mer lowered LCST and incorporation of hydro-
philic comonomer raised LCST.*% [t has been
suggested by Bae et al. that hydrophobic
interactions are responsible for phase transition
and hydrophobic interactions are induced by
structuring of water around the hydrophobic
moiety in the polymer.”® The increase of tem-
perature causes structuring of water leading to
phase separation. More hydrophilic polymers
have higher clouding point temperatures as
structuring of water is less favorable than in less
hydrophilic polymers. It is now well known that
the increase of hydrophobicity of polymers in
aqueous solution leads to a lower cloud point
temperatures.

Korea Polym. J., Vol. 6, No. 5, 1998
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Figure 5. Cloud point temperature of hydrogels formed
from polymer D. (®), D-1; (m), D-2; (A), D-3.
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Figure 6. Cloud point temperature of hydrogel formed
from polymer E. (®), E-1; (m), E-2; (A), E-3.

- 40

It is to be noted that the difference between
transition temperatures of the gels from polymer
D of different compositions at low polymer
concentration was larger than those between gels
from polymers E and F of different compositions.
This result might again be attributed to the
presence of three highly electronegative fluoride
groups in 2,2,2-trifluoroethoxy group in this
polymer. It is likely that the polymer chains in
gels from polymer D were more associated with
water molecules than those in other polymers at
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Figure 7. Cloud point temperature of hydrogels formed
from polymer F. (®), F-1; (m), F-2; (A), F-3.

this water content. It is yet to be investigated
how 2,2,2-trifluoroethoxy groups interact with
each other and with water molecules in the
system. Solid state NMR spectroscopy study
might provide some detailed information, which is
under investigation.

Acknowledgement. This paper was support-
ed by NON DIRECTED RESEARCH FUND,
Korea Research Foundation, 1996.

References

(1) R. A. Siegel, in Pulsed and Self-Regulated Drug Delivery,
CRC Press, Boca Raton, Fl, 1990, Chapter 8.

(2) L. Brannon-Peppas and N. A. Peppas, Chem. Eng. Sci.,
46, 715 (1991).

(3) H. Fell, Y. H. Bae, J. Feijen, and S. W. Kim, Journal of
Membrane Science, 64, 283 (1991).

(4) L. C. Dong and A. S. Hoffman, Journal of Controlled
Release, 13, 21 (1990).

(5) R. Yoshida, K. Uchida, Y. Kaneko, K. Sakai, A. Kikuchi,
A. Y. Sakurai, and T. Okano, Nature, 374, 240 (1995).

(6) D. De Rossi, M. Suzuki, Y. Osada, and P. Morasso, J.
Intell. Mater. Syst. Struct., 3, 75 (1992).

(7) I Kaetsu, K. Uchida, Y. Morita, and M. Okubo, Radiat.
Phys. Chem., 40, 157 (1992).

(8) T. Tanaka, I. Nishio, S. T. Sun, and S. Ueno-Nishio.,
Science, 218, 467 (1982).

(9) L. C. Kwon, Y. H. Bae, and S. W. Kim, Nature (Lond).
354, 292 (1991).

387



Y. B. Kim et al.

(10) H. H. Hooper, J. P. Baker, H. W. Blanch, and J. M.
Prausnitz, Macromolecules, 26, 1761 (1993).

(11) I Ohmine and T. Tanaka, J. Chem. Phys., 77, 5725
(1982).

(12) H. Inomata, S. Goto, K. Otake, and S. Saito, Macro-
molecules, 8, 687 (1992).

(13) Y. Hu, K. Horie, H. Ushiki, T. Yamahsita, and F.
Tsunomori, Macromolecles, 26, 1761 (1993).

(14) T. Amiva and T. Tanaka, Macromolecules, 20, 1162
(1987).

(15) H. Okuzaki and Y. Osada, in Proceedings of the First
International Conference on Intelligent Materials,
Technomic Publishing Co., Inc., Lanaster, PA, 1993, pp.
273-278.

(16) K. Sawahata, M. Hara, H. Yasunaga, and Y. Osada, J.
Controlled Rel., 14, 253 (1990).

(17) A. Susuki, in Proceedings of the First International
Conference on Intelligent Mateirals, Technomic
Publishing Co., Inc., Lanaster, PA, 1993, pp. 297-300.

(18) A. Mamada, T. Tanaka, D. Kungwatchakun, and M. Irie,

388

Macromolecules, 23, 1517 (1990).

(19) K. Lee, E. L. Cussler, M. Marchetti, and M. A. McHugh,
Chem. Eng. Sci., 45, 766 (1990).

(20) O. Wichterle and D. Lim, Nature, 185, 117 (1960).

(21) H. R. Allcock, P. E. Austin, T. X. Neenan, J. T. Sisko, P.
M. Blonsky, and D. F. Shriver, Macromolecules, 19, 1508
(1986).

(22) P. M. Blonsky, D. F. Shriver, P. E. Austin, and H. R.
Allcock, Solid State Ionics, 18, 258 (1986).

(23) H. R. Alicock and G. K. Dudley, Macromolecules, 29,
1313 (1996).

(24) H. R. Allcock, Adv. Chem. Ser., 248, 1 (1994).

(25) Y. B. Kim, C. H. Cho and S. Y. Hong, J. Polymer (Korea),
20, 163 (1996).

(26) H. Feil, Y. H Bae, J. Feifjen, and S. W. Kim,
Macromolecules, 26, 2496 {1993).

(27) A. Gutowska, Y. H. Bae, H. Jacobs, J. Feijen, and S. W.
Kim, Macromolecules, 27, 4167 (1994).

(28) H. Feil, Y. H Bae, J. Feilen, and S. W. Kim,

Macromolecules, 26, 2496 (1993).

Korea Polym. J., Vol. 6, No. 5, 1998





