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Thermosensitive poly(organophosphazenes) bearing methoxy-poly(ethylene glvcol) (MPEG) and alkylamines
as substitients have been synthesized and characterized by elemental analysis. NMR spectroscopy. GPC. and
DSC. All the polvmers exhibited crystallinity. which was probably induced by the MPEG side chain of the
polymers. All the polymers exhibited the lower critical solution temperature (LCSTs) in the range of 28 to 94
°C depending on several factors such as mole ratio of the substituents. kinds of PEG and alkylamines. The
higher content of MPEG and shorter chain length of alkyvlamines of the polvmers afforded the higher LCST.
The LCSTs of the polymers exhibited almost concentration-independent behavior in the range of 3-30 wi % of
the polvmers in aqueous solutions. The polymers showed the higher LCSTs in the acidic solutions than in the
neutral and basic solutions. The ionic strength of the polymer solution affected the LCST. which decreased with
increased NaCl concentration. The polymer bearing almost equimolar substitutuents with the -N-P-N- unit has
shown the LCST more sensitive to NaCl and pH than that with the -N-P-O- unit. The polvmers were found to
degrade in acidic solution but be very stable in alkali solution as well as in the buffer solution of pH 7.4.
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Introduction

Thermosensitive polymers showing a phase transition in
response to a temperature change’- have been extensively
studied n the past decade because of their potential appli-
cations in many fields such as membranes,’ drug delivery
svstems.* cell culture.” isolation of biomolecules’ and
enzyme activity control.” Many thermosensitive polymers
exhibit a lower cntical solution temperature (LCST). defined
as the temperature of the phase transition from a soluble to
an msoluble state in aqueous solution. It is presumed that the
mam mechamsm of such a phase transition induced by a
temperature change may be a drastic change in the hvdrogen
bonding between the polvmer and water molecules. The
LCSTs of the polymers usually vary with the presence of
additives such as electrolyvtes. organic solvents. and sur-
factants.

Some polyphosphazenes showing the LCST properties
have been reported.™'” Tanigami and co-workers have
prepared a low molecular weight polvphosphazene with
hydroxyl side groups, which exhibits low-temperature water
solubilitv.* On the other hand, Allcock and co-workers have
synthesized and characterized a series of alky] ether based
polvphosphazenes, which showed their LCSTs to be
influenced by the number of the alky] ether linkage and end
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group.™” In particular, polyphosphazenes with alky] ether
side chains have been studied as solid polymer electrolyte
materials,’! which were reported to form complexes with
salts such as lithium or silver triflate and have conductivity
100-1000 times higher than the poly (elthylene oxide)-lithium
salt standard. Recently we have reported biodegradable
thermosensitive poly (organophosphazenes) and cyclotripho-
sphazenes bearing methoxy-poly(ethyvlene glycol)(MPEG)
and amino acid esters as side groups.'='¥ We could tune the
LCSTs of these polvmers by controlling the hydrophilic/
hydrophobic balance within the polymer structures.

In this paper. we synthesized and characterized poly-
(organophosphazenes) bearing methoxy-poly(ethylene glycol)
(MPEG) as a hydrophilic group and a alkvlamine as a
hydrophobic group, and their thermosensitivity. hydrolytic
properties and the LCST properties were investigated.

Experimental Section

Materials. Hexachlorocyclotriphosphazene (Aldrich) was
used without further purification. Methoxy-poly(ethylene
glvcol) (Fluka) with molecular weight of 350 was dried
azeotropically with benzene. followed by vacuum drving.
and then stored over molecular sieve 4 A. o~ Amino-e-meth-
oxy-poly(ethylene glycol) (AMPEG) was prepared using the
procedure by Loccufrier ez al..* followed by vacuum dry-
ing. and then stored over molecular sieve 4 A. Tetrahy dro-
furan (THF) was dried by reflux over sodium metal and
distilled under a nitrogen atmosphere. Butylamine was dried
over calcium hvdride and distilled. Hexylamine (Acros) and
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octvlamine (Acros) were dried over calcium hvdride and
fractionally distilled.

Instruments. Elemental analysis was carmed out with
Fisons 1108 CHNS Microanalizer and Polyscan 61E ICP.
'H-NMR measurements were made with a Varian Gemini-
300 spectrometer operating at 300 MHz in the Fourier
transform mode. Proton-decoupled *'P-NMR spectra were
measured with the same spectrometer operating at 121.4
MHz using triphenyl phosphate as an external standard.
Thermal analvsis of the polvmers was camed out using
Dupont DSC 2100 TA Instruments. The sample was heated
at a rate of 5 °C/min n the range of -100 °C to 40 °C. Gel
permieation chromatography was carried out using a Waters
Associates HPLC/GPC 1530C umt and two Ultrahvdrogel
columns (Ultrahyvdrogel Linear and 250) connected in line at
a flow rate of 0.8 mL/min at 35 °C. Polv(ethvlene oxides)
(M, : 600. 900, 1470, 7100. 12600. 23000, 46000. 95000)
were used as standards to calibrate the column.

Measurement of LCST. The phase transition of the aque-
ous polvmer solution (0.1-30 wt %) was detected visually in
a closed glass tube and the temperature was controlled by
mmumersion of the glass tube in an o1l bath. The LCST was
identified as the temperature at which the solution became
turbid. The LCST was also determined by UV-VIS spectro-
scopy: The polvmier was dissolved in distilled water to a
given concentration and the polvmer solution was poured
into a cell. The cell holder in the spectrophotometer was
thermally controlled by heating and cooling. The absorbance
at 600 nm was monitored by increasing the solution
temperature. and the LCST was defined as the temperature
where 50% of the absorbance change occurred. The same
method was used to determine the LCSTs of the polvmers
based on the 1omc strength of NaCl. The pH dependence of
the LCST was examined in acetic acid/sodium acetate buffer
solutions of pH 2.3. 3.2. 4.2. 5.0. 6.0. 7.0 and 8.0.

In vitro hydrolytic degradation study. Hydrolvtic de-
gradation of the thermosensitive poly(organophosphazenes)
was examined i neutral. acidic, and basic media. Polvmer 3
(74 mg) was dissolved in 2 mL each of | N HCI, 0.5 M tris
buffer of pH 7.4. and 1 N NaOH. and the solutions were
incubated in shaking water bath at 37 °C. Time-dependent
hydrolytic behavior of the polvmer was determuned in terms
of molecular weight decrease of the polvmer by means of
GPC.

Synthesis of [NP(MPEG)«(BA)..<]. (BA : Butylamine).
Polv(dichlorophosphazene) was prepared as described pre-
viously.">"' The tyvpical synthetic procedure is as follows.
The sodium salt of methoxy-polv(ethvlene glvcol) (My =
350. MPEG330) was prepared by reaction of MPEG350 (4.8
g, 13.8 mmol) with 1.1 equivalent of sodium metal in THF
(130 mL) at refluxing temperature for 2 davs. After the
resultant solution was filtered to remove excess sodium. the
filtrate was added slowly to polv(dichlorophosphazene) (2.0
g, 17.3 mmol) dissolved in THF (100 mL). The reaction
mixture was stirred for 5 hours at room temperature. Mean-
while. butvlamine (3.0 g, 41.5 mmol) was dissolved in drv
THF (100 mL) containing 4 equivalent of triethvlamine. The
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polymer solution was added to the butylamine solution,
which was stured for 2 davs at 50 °C. The reaction mixture
was filtered, and after the filtrate was concentrated. it was
poured into #-hexane to obtan a precipitate, which was
reprecipitated twice in the same solvent system. The poly-
mer product was dissolved in distilled water and dialyzed for
2 davs. The dialyzed solution was freeze-dried to obtamn
polymier 1. The other polymers except polymer 8 were pre-
pared analogously using different substituents and different
mole ratios.

[NPMPEG330)6.75(BA)1 260 (1). MPEG350 (13.8 mmol)
and butylamune (41.5 mmol) were used. Yield, 73%. Ap.
NMR (CDCls), & (ppm): 20.65. 13.42. '"H-NMR (CDCls). §
(ppmy): 0.8-0.9 (m. 3H). 1.2-1.3 (b. 2H), 1.3-1.5 (b. 2H), 2.9-
3.2 (b, 2H). 3.4 (s. 3H). 3.6-3.9 (b. 26H), 3.9-4.1 (b. 2H).
BC-NMR (D-0). §(ppm): 71.35. 69.93. 64,32, 58.37. 41.02,
34,10, 2035, 13.90. Elem. anal. (%) caled: C. 49.21; H.
9.58; N. 8.22. found: C, 47.37. H, 8.90; N. 8.29.

[NPMPEG330)6.52(HA)1 45]0 (2). MPEG3350 (8.6 mmol)
and hexylamme (51.8 mmol) were used. Yield, 71%. Ap.
NMR (CDCl3). & (ppm): 20.55. "H-NMR (CDCl3), & (ppm):
0.8-0.9 (m, 3H). 1.2-1.4 (b, 6H). 1.5-1.6 (b. 2H), 2.7-2.9 (b,
2H). 3.4 (5. 3H). 3.6-3.9 (b. 26H). 3.9-4.1 (b, 2H). *C-NMR
(D-0), & (ppm): 71.54, 70.13. 64.43, 58.52, 41.68. 32.24.
27.29, 2297, 14.13. Elem. anal. (%) caled: C. 53.47; H.
991;N.9.26. found: C, 51.75. H,9.41; N. 9.28.

[NP(MPEG350)0.51 (HA)1 16]0 (3). MPEG350 (13.9 mmol)
and hexylamine (41.4 mmol) were used. Yield, 70%. Ap.
NMR (CDCls). & (ppm): 2031, 13.11. Elem. anal. (%)
caled: C, 51.65: H, 9.36; N, 6.63. found: C. 51.50; H. 9.54;
N, 6.64.

[NP(MPEG350)1.03(HA ) 97]0 (4). MPEG350 (17.3 mmol)
and hexylammne (34.5 mmol) were used. Yield, 73%. Ap.
NMR (CDCls), & (ppm): 20.11. 13.12. '"H-NMR (CDCls). §
(ppm): 23.03. Elem. anal. (%) caled: C, 50.93: H, 9.14; N,
3.50. found: C, 51.24; H. 9.21. N, 6.14.

[NP(MPEG350); 3:(HA).6s]n (5). MPEG330 (24.2 mmol)
and hexylamme (20.7 mmol) were used. Yield, 69%. Ap.
NMR (CDCls). 8 (ppm): 19.52. 12.40. Elem. anal. (%) caled:
C,49.98; H, 8.86; N, 4.10. found: C, 50.00; H, 9.05; N, 4.23,

[NPMPEG350).56(0A)1.51]n (6). MPEG330 (12.1 mumol)
and octylamine (44.9 mmol) were used. Yield. 79%. *'P-
NMR (CDCls). & (ppm): 20.55. '"H-NMR (CDCl3), 8 (ppm):
0.8-1.0 (m, 3H), L.1-1.4 (b, 12H), 1.4-1.6 (b. 2H), 2.7-2.9 (b,
2H). 3.4 (5. 3H). 3.6-3.9 (b. 26H). 4.0-4.4 (b, 4H). “C-NMR
(D-0), & (ppm): 7142, 70.03. 65.55, 58.41, 41.66. 32.30.
29.16, 27.73. 22.86. 14.07. Elem. anal. (%) caled: C, 55.13;
H, 998, N. 7.13. found: C. 54.84; H. 9.34: N, 7.27.

[NP(MPEG350),.15(0A)0.s5]n (7). MPEG330 (17.3 mumol)
and octylamine (34.5 mmol) were used. Yield. 74%. *'P-
NMR (CDCls). & (ppm): 19.7. 12.50. Elem. anal. (%) caled:
C, 5236, H9.32; N, 4.96. found: C, 52.32; H. 897 N, 5.01.

Synthesis of [NP(AMPEG).0:(HA)oss]n (8) (HA:
hexylamine). AMPEG350 (M, =330) (6.1 g. 17.3 mmol)
dissolved with 4 equivalent of triethylamine in dry THF
(100 mL) was added slowly to polyv(dichlorophosphazene)
(2.00 g. 17.3 mmol) in dryv THF (100 mL). The reaction
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mixture was stirred for 12 hours at room temperature.
Meanwhile, hexylamine (3.5 g, 34.5 mmol) was dissolved in
dry THF (100 ml.) containing 4 equivalent of triethylamine,
The polymer solution was added to the hexylamine solution,
which was stirred for 2 days at 50 °C. The reaction mixture
was filtered, and after the filtrate was concentrated, it was
poured into #-hexane to obtain a precipitate, which was
reprecipitated twice in the same solvent system. The poly-
mer product was dissolved in distilled water, and dialyzed
tor 2 days. The dialyzed solution was freeze-dried to obtain
pelymer 8. Yield, 84%. *'P-NMR (CDCl3), & (ppm): 20.55.
'H-NMR (CDCls), 8(ppm): 0.8-0.9 {m, 3H), 1.2-1.4 (b, 6H),
1.4-1.5{b. 2H). 2.7-2.9 (b, 2H), 3.4 (s, 3H), 3.6-3.9 (b, 26H),
3.9-4,1 (b, 2H), “C-NMR (D:0), & {ppm): 71.53, 70.10,
58.51, 40.99, 32.22, 27.36, 22,95, 14.15, Elem, anal, (%)
caled: C, 50.89; H. 8.34; N, 8.34. found: C, 50.34; H, 9.20;
N, §.10.

Results and Discussion

Synthesis and characterization, The present polymers
were synthesized by the synthetic Scheme 1. Poly{dichloro-
phosphazene) (1) dissolved in THIF was reacted with sodium
salt of MPEG or AMPEG to yield polymer (11) and an
excess amount of alkylamines was then reacted to yield
pelymer (111). Difterent copolymers were obtained by using
different alkylamines and MPLG, and also by changing the
mole ratio of the two substituents, The 'H-, *C-, and *'P-
NMR spectra of polymer 1 are shown in Figure 1. The mole
ratio of MPEG and butylamine in polymer 1 was calculated
from the integration ratio between the methyl1 protons of the
butylamine and the methoxy protons of the MPEG group
appearing at 0.8 and 3.4 ppm, respectively. The mole ratio of
the MPEEG and the alkylamine in other polymers was
estimated in the same way. In the "C-NMR spectrum of
polymer 1, the peaks at 71.35, 69.93, 64.32, and 58.37 ppm
were assigned to MPEG carbons and those at 41.02, 34,10,
20,35, and 13.90 ppm to butylamine carbons. In the *'P-
NMR spectrum of polymer 1, the sharp peak at 20.65 ppm is
ascribed to the phosphorus resonances of the main -N-P-O-
unit and a small amount of the -N-P-N- unit. The small peak
at 1342 ppm seems to be ascribed to the phosphorus
resonance of the -O-P-O- unit. Such a result is consistent
with the previous work.'" From the result of the *'P-NMR
spectra and elemental analysis, the chlorine atom on the

O1=CH.
B bohan et
hrg S etk
cl (c1)2_,
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X=0Qor NH
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polyphosphazene back-bone is presumed to be completely
substituted by the substituents of MPEG and alkylamines.
The molecular weights of the polymers were measured by
GPC using a cosolvent of distilled water and acetonitrile
(4:1) except for those of polymers 2 and 6 which were
measured using THI containing 0.1% TBAB (w/v, tetra-
butylammomium bromide). The polymers exhibited the
weight average molecular weights in the range of 2.4-9.4 x
107, All the polymers substituted by MPEG and alkylamines
were obtained as pale yellow viscoelastic solids, which are
fairly soluble in most organic solvents and very soluble in
water below their LCSTs.

All the polymers had glass transition temperatures (7)
below room temperature in the range of -75 to -39 °C, as
shown in Table 1. Such results indicate that the high
mobility of the phosphazene backbone is not much hindered

f‘

J\J’M
9 8 7 6 5 4 3 2 1 ppm

(b)
J\AJ . JL JL.. _
r R L ] T T T T T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 ppm

(c)
100 80 60 40 20 0 20 40  -60  -80 ppm

Figure 1. '"H-NMR (a), >*C-NMR (b) and *'P-NMR (c) spectra ot
polymer 1.

£ O}5CH
o . ()’(1' o
- =p
EtN, 50°C, 2-3 days [
; (NHR),
(1)

R = - CHy(CH,)-CH; Butyl Amine

- CH;(CH;),CH; Hexy! Aminc
- CH,(CH,)¢CH; Octyl Amine

Scheme 1. Synthetic procedure of thermosensitive poly(organophosphazencs).
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Table 1. Characteristics of Poly(organophosphazenes)
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Polvmer Structure T, (°C) T (°C) LCST (°C¥ A (x10™) AL AL,
1 [NP(MPEG330)0-4BA )i 26)u -73 -11 64 24 4.7
2 [NP(MPEG330)0.s2(HA ) 48] =71 =20 31 3.3 3.6
3 [NP(MPEG330)21(HAM.15)n =71 -19 38 4.9 33
4 [NP(MPEG330) 0x(HA o) =74 -16 73 4.6 38
5 [NP(MPEG330) 2x(HA Yo s8] =73 -10 81 4.6 4.1
6 [NP(MPEG330)0.50(OA N 1] =71 223 28 33 4.2
7 [NP(MPEG330).1:0A Yo 5)u -39 -12 67 9.4 4.0
8 [NPCAMPEG33(h.05(HA Yo2s]a =76 -16 94 7.9 4.7

“The molecular weights of the polymers were measured by GPC using a cosolvent of distilled water and acetanitrile (<4 : 1) and thase of polymers 2 and

6 were measured by GPC using THF contaiming 0.1%» TBAB (w+v).

by the substituents. In general. the higher content of MPEG
and the shorter chain length of the alkylamine decrease the
7, value. As the MPEG content increased from 0.52 (polymer
2) to 1.32 mol (polymer 3) per unit, the 7, decreased from
<71 to 75 °C. The polymer involving the -N-P-N- unit
exhibited the lower 7, value than the polyimers with the -N-
P-O- unit: Polymers 4 and 8 showed -74 and -76 °C. respec-
tively. All the polvmers showed the crystallization behavior
probably induced by the MPEG side group. Therefore. the
melting transition temperature (75,) was clearly influenced
by the content of MPEG, and the higher content of MPEG
increased the 7, value. As the MPEG content increased
from 0.52 (polymer 2) to 1.32 mol (polvmer 3) per unit. the
T value increased from -20 to -10 °C. The shorter chain
length of the alkylamines in the polvmers showed the higher
T value: The T, values of polvmers with butvlamine
(polvmer 1) and with octylamine (polvmer 6) exhibited -11
and -23 °C, respectively. Such a thermal behavior is similar
to that of ethvlene oxide based polvphosphazene denva-
tives. 10,1317

Thermosensitivity. The LCSTs of the present polvimers
were measured in aqueous solution by a melting point
apparatus and UV spectroscopy. As shown in Table 1, most
of the polymer solutions exhibited the LCSTs in the range of
28 to 94 °C depending on the content of MPEG, and kinds of
the alkvlamines. For the polvmers bearing MPEG and
hexylamine. the LCST increases with increasing content of
MPEG. As the MPEG content increased from 0.52 (polymer
2) to 1.32 mol (polvmer 3) per polvmer umt, the LCST
increased from 31 to 81 °C. The LCSTs of the polymers was
influenced by the kind of alkylamines side group. As
expected. the more hydrophobic alkylamine afforded the
lower LCST: the LCSTs of polymer 1 with butylamine and
polvmer 6 with octylamine were 64 and 28 °C, respectively.
Interestingly. polvmer 8 with the -N-P-N- unit and almost
equimolar substituents showed the higher LCST than the
corresponding polvmer 4 with the -O-P-N- umt: The LCSTs
of polymers 4 and 8 were 73 and 94 °C, respectively. Such a
phenomenon may be understood in terms of different hvdro-
gen bonding ability of the umts. The amino group between
the polyphosphazene back-bone and AMPEG can be more
easily bound by water molecules than the oxvgen of MPEG
by hyvdrogen bonding. Thus. the amino group of AMPEG

100
-B-(a)
%0 -@- (b)
-A-(0)
o
= 80
@
=
= o —o— ¢
5 70
g- AAA’A‘A—A—’—A'—‘"——‘
5]
& i |
= &
50 1 ! | A L L LI T T
0 5 10 15 2 % 0 35

Concentration (polymer weight percent)

Figure 2. The concentration dependent LCST behaviors of
polvmer 1 (a), Polvmer 4 (b), and polymer 7 (¢).

seems to cause a “salting-in” effect.’

The concentration dependent LCSTs of the present poly-
mers were determined in the concentration range of 0.1-30
wt Y% of the polymers in aqueous solution and shown in
Figwre 2. The polymers were precipitated at all concent-
rations measured and no sigmficant differences m the
concentration-dependent LCST behavior were found among
the polvmers. The LCSTs of the polymers were found to be
almost independent of the concentration in the range of 3-30
wt % of the polymers but increased at lower concentrations,
as was observed for other thermosensitive polymers.'” !

We have examimed the pH dependence of the LCST m
acetate buffer solutions of different pHs. and the results are
shown m Figure 3. The LCSTs of the polvmers exhibited
“salting " effects in the acidic media of pH <5, but no
significant LCST change was observed in the buffer solu-
tions of pH > 5. The LCST of polymer 8 was not detectable
at pH < 4 and more sensitive to pH than other polymers at
pH > 5. This phenomenon also seems to be due to hydrogen
bonding ability of the amino group of AMPEG.

In order to examine the salt effect on the LCSTs of the
polymers. NaCl was added to the aqueous solution contam-
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Figure 3. The pH dependent LCST behaviors of polvimer 1 (a),
Polvmer 4 (b), polvmer 7 (¢). and polvmer 8 (d).
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Figure 4. NaCl effect on the LCST of polvmer 1 (a), Polviner 4 (b),
polvmer 7 (¢). and polvmer 8 (d).

ing 5 wt % polymers. The concentration of NaCl was varied
from 0.1 to 1.0 M 1n the polvmer solutions. Addition of
NaCl to the polvmer solutions decreased the LCSTs of the
polvmers as shown in Figure 4. In general, NaCl was known
to play a role i water structure maker, giving a “salting out™
effect. The decreasing LCSTs with increasing 1onic strength
of NaCl are in accord with the previous results.'® Especially,
polvmer 8 (AT inan = 46 °C) showed the larger salting out
effect than polymer 4 (ATimeam = 23 °C). This is also
consistent with the observations that the LCSTs of most
hydrophilic thermosensitive polvmers is more susceptible to
NaCl than those of hvdrophobic thermosensitive polvmers. "

Hydrolytic behavior. To study hydrolytic properties of
the present thermosensitive polvmers, polvmer 3 was dis-
solved 1n acidic (1 N HCI). neutral (pH 7.4), and basic (I N
NaOH) solutions, which were incubated for 10 davs in a
shaking water bath at 37 °C. The hvdrolytic stability of the
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Figure 5. Time dependent hvdrolvtic degradation of polviner 3:
1 N-HCl (a), pH 7.4 (b), and 1 N-NaOH (¢) solutions.

polymer solutions was momitored in terms of molecular
welght changes by GPC. The results are shown in Figure 5.
In general. the hydrolytic degradation of poly(organophos-
phazenes) substituted with amino acid esters was explained
in terms of carboxylic acid-catalyzed degradation. ™' On
the other hand. the hydrolytic degradation of poly(organo-
phosphazenes) substituted with alkylanmines was known to
be imtiated by back-bone cleavage induced by the proto-
nation of the skeletal mtrogen and the anuno group of
alkylamines linked to the back-bone.” The present polymers
with alkylamines as a side group seem to follow the latter
degradation route: Polymer 3 was not degraded in the neutral
and basic solutions whereas the polymer was hydrolyzed in
the acidic solution,

Conclusions

A new series of thermosensitive poly(organophospha-
zenes) bearmg MPEG or AMPEG and alkyvlamines as side
groups have been synthesized and their LCST behavior was
mvestigated. The LCSTs of the polymers were affected by
kinds of the two substituents. MPEG and alkylamines. and
the composition of the two substituents. Generally, the more
hydrophilic composition of the polymers showed the higher
LCST. The thermosensitive poly(organophosphazene) with
AMPEG exhibited the lugher LCST and its LCST was more
sensitive to NaCl and pH than that with MPEG. Such results
seem to be due to the more favorable hydrogen bonding
ability of AMPEG. The polymer was hydrolytically degraded
in the acidic solution but stable in both neutral and basic
solutions.
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