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Thermosensitive poly(organophosphazenes) bearing methoxy-poly(ethylene glycol) (MPEG) and alkylamines
as substituents have been synthesized and characterized by elemental analysis, NMR spectroscopy, GPC, and
DSC. All the polymers 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 alkylamines of the polymers afforded the higher LCST.
The LCSTs of the polymers exhibited almost concentration-independent behavior in the range of 3-30 wt % of
the polymers 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 polymers 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.

Keywords : Thermosensitive poly(organophosphazenes), LCST, Methoxy-poly(ethylene glycol) (MPEG),
Alkylamines.

Introduction group®*® In particular, polyphosphazenes with alkyl ether
side chains have been studied as solid polymer electrolyte
Thermosensitive polymers showing a phase transition imaterialst which were reported to form complexes with
response to a temperature chardeave been extensively salts such as lithium or silver triflate and have conductivity
studied in the past decade because of their potential appti:00-1000 times higher than the poly(elthylene oxide)-lithium
cations in many fields such as membrahds,g delivery  salt standard. Recently we have reported biodegradable
systemd, cell culture’ isolation of biomolecule,and  thermosensitive poly(organophosphazenes) and cyclotripho-
enzyme activity contrdl.Many thermosensitive polymers sphazenes bearing methoxy-poly(ethylene glycol)(MPEG)
exhibit a lower critical solution temperature (LCST), defined and amino acid esters as side grddpdWe could tune the
as the temperature of the phase transition from a soluble 10CSTs of these polymers by controlling the hydrophilic/
an insoluble state in aqueous solution. It is presumed that theydrophobic balance within the polymer structures.
main mechanism of such a phase transition induced by aln this paper, we synthesized and characterized poly-
temperature change may be a drastic change in the hydrogérganophosphazenes) bearing methoxy-poly(ethylene glycol)
bonding between the polymer and water molecules. ThMPEG) as a hydrophilic group and a alkylamine as a
LCSTs of the polymers usually vary with the presence othydrophobic group, and their thermosensitivity, hydrolytic
additives such as electrolytes, organic solvents, and suproperties and the LCST properties were investigated.
factants.
Some polyphosphazenes showing the LCST properties Experimental Section
have been reportéd? Tanigami and co-workers have
prepared a low molecular weight polyphosphazene with Materials. Hexachlorocyclotriphosphazene (Aldrich) was
hydroxyl side groups, which exhibits low-temperature waterused without further purification. Methoxy-poly(ethylene
solubility? On the other hand, Allcock and co-workers haveglycol) (Fluka) with molecular weight of 350 was dried
synthesized and characterized a series of alkyl ether basedeotropically with benzene, followed by vacuum drying,
polyphosphazenes, which showed their LCSTs to bend then stored over molecular siev&.4r-Amino-w-meth-
influenced by the number of the alkyl ether linkage and enaxy-poly(ethylene glycol) (AMPEG) was prepared using the
procedure by Loccufrieet al,** followed by vacuum dry-
*Corresponding Authors. Dr. S.-C. Song (e-mail: scsong@Kkist.re.king, and then stored over molecular siev&.4Tetrahydro-
Phone: +82-2-958-5123, Fax: +82-2-958-5089). Prof. Y. S. Sohfuran (THF) was dried by reflux over sodium metal and
(e-mail: yssohn@ewha.ac.kr, Phone: +82-2-3277-2345, Faxdistilled under a nitrogen atmosphere. Butylamine was dried
+82-2-3277-2384) over calcium hydride and distilled. Hexylamine (Acros) and
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octylamine (Acros) were dried over calcium hydride andpolymer solution was added to the butylamine solution,
fractionally distilled. which was stirred for 2 days at 80. The reaction mixture
Instruments. Elemental analysis was carried out with was filtered, and after the filtrate was concentrated, it was
Fisons 1108 CHNS Microanalizer and Polyscan 61E ICPpoured inton-hexane to obtain a precipitate, which was
H-NMR measurements were made with a Varian Geminiteprecipitated twice in the same solvent system. The poly-
300 spectrometer operating at 300 MHz in the Fouriemer product was dissolved in distilled water and dialyzed for
transform mode. Proton-decoupl&®-NMR spectra were 2 days. The dialyzed solution was freeze-dried to obtain
measured with the same spectrometer operating at 121pblymerl. The other polymers except polyn&were pre-
MHz using triphenyl phosphate as an external standarcpared analogously using different substituents and different
Thermal analysis of the polymers was carried out usingnole ratios.
Dupont DSC 2100 TA Instruments. The sample was heated [NP(MPEG350), 74BA)1 24 (1). MPEG350 (13.8 mmol)
at a rate of 3C/min in the range of -108C to 40°C. Gel  and butylamine (41.5 mmol) were used. Yield, 73%-
permeation chromatography was carried out using a WatetdMR (CDCk), J (ppm): 20.65, 13.42H-NMR (CDCk), &
Associates HPLC/GPC 150C unit and two Ultrahydrogel(ppm): 0.8-0.9 (m, 3H), 1.2-1.3 (b, 2H), 1.3-1.5 (b, 2H), 2.9-
columns (Ultrahydrogel Linear and 250) connected in line aB.2 (b, 2H). 3.4 (s, 3H), 3.6-3.9 (b, 26H), 3.9-4.1 (b, 2H).
a flow rate of 0.8 mL/min at 3%C. Poly(ethylene oxides) **C-NMR (D;0), d (ppm): 71.35, 69.93, 64.32, 58.37, 41.02,
(My, : 600, 900, 1470, 7100, 12600, 23000, 46000, 9500034.10, 20.35, 13.90. Elem. anal. (%) calcd: C, 49.21; H,
were used as standards to calibrate the column. 9.58; N, 8.22. found: C, 47.37; H, 8.90; N, 8.29.
Measurement of LCST The phase transition of the aque- [NP(MPEG350) s{HA)1.44n (2). MPEG350 (8.6 mmol)
ous polymer solution (0.1-30 wt %) was detected visually inand hexylamine (51.8 mmol) were used. Yield, 73%-
a closed glass tube and the temperature was controlled BYMR (CDCk), & (ppm): 20.55'H-NMR (CDCk), & (ppm):
immersion of the glass tube in an oil bath. The LCST wa$.8-0.9 (m, 3H), 1.2-1.4 (b, 6H), 1.5-1.6 (b, 2H), 2.7-2.9 (b,
identified as the temperature at which the solution becam2H). 3.4 (s, 3H), 3.6-3.9 (b, 26H), 3.9-4.1 (b, 2} -NMR
turbid. The LCST was also determined by UV-VIS spectro-(D;0), d (ppm): 71.54, 70.13, 64.43, 58.52, 41.68, 32.24,
scopy: The polymer was dissolved in distilled water to a27.29, 22.97, 14.13. Elem. anal. (%) calcd: C, 53.47; H,
given concentration and the polymer solution was poure®.91; N, 9.26. found: C, 51.75; H, 9.41; N, 9.28.
into a cell. The cell holder in the spectrophotometer was [NP(MPEG350) gi(HA) 114 (3). MPEG350 (13.9 mmol)
thermally controlled by heating and cooling. The absorbancand hexylamine (41.4 mmol) were used. Yield, 76%8-
at 600 nm was monitored by increasing the solutionNMR (CDCk), é (ppm): 20.31, 13.11. Elem. anal. (%)
temperature, and the LCST was defined as the temperatucalcd: C, 51.65; H, 9.36; N, 6.63. found: C, 51.50; H, 9.54;
where 50% of the absorbance change occurred. The sanhg 6.64.
method was used to determine the LCSTs of the polymers [NP(MPEG350) odHA) 0.97n (4). MPEG350 (17.3 mmol)
based on the ionic strength of NaCl. The pH dependence @nd hexylamine (34.5 mmol) were used. Yield, 75%-
the LCST was examined in acetic acid/sodium acetate bufféddMR (CDCk), & (ppm): 20.11, 13.12H-NMR (CDCk), &
solutions of pH 2.3, 3.2, 4.2, 5.0, 6.0, 7.0 and 8.0. (ppm): 23.03. Elem. anal. (%) calcd: C, 50.93; H, 9.14; N,
In vitro hydrolytic degradation study. Hydrolytic de-  5.50. found: C, 51.24; H, 9.21; N, 6.14.
gradation of the thermosensitive poly(organophosphazenes) [NP(MPEG350) s{HA)oedn (5). MPEG350 (24.2 mmol)
was examined in neutral, acidic, and basic media. Polgmer and hexylamine (20.7 mmol) were used. Yield, 6§%-
(74 mqg) was dissolved in 2 mL each of 1 N HCI, 0.5 M trisNMR (CDCk), é (ppm): 19.52, 12.40. Elem. anal. (%) calcd:
buffer of pH 7.4, and 1 N NaOH, and the solutions wereC, 49.98; H, 8.86; N, 4.10. found: C, 50.00; H, 9.05; N, 4.23.
incubated in shaking water bath at ® Time-dependent [NP(MPEG350).640A)131n (6). MPEG350 (12.1 mmol)
hydrolytic behavior of the polymer was determined in termsand octylamine (44.9 mmol) were used. Yield, 79%-
of molecular weight decrease of the polymer by means oRMR (CDCk), & (ppm): 20.55'H-NMR (CDCk), d (ppm):
GPC. 0.8-1.0 (m, 3H), 1.1-1.4 (b, 12H), 1.4-1.6 (b, 2H), 2.7-2.9 (b,
Synthesis of [NP(MPEG)(BA)2.]n (BA : Butylamine). 2H), 3.4 (s, 3H), 3.6-3.9 (b, 26H), 4.0-4.4 (b, 483 -NMR
Poly(dichlorophosphazene) was prepared as described pré>:0), o (ppm): 71.42, 70.03, 65.55, 58.41, 41.66, 32.30,
viously!>® The typical synthetic procedure is as follows. 29.16, 27.73, 22.86, 14.07. Elem. anal. (%) calcd: C, 55.13;
The sodium salt of methoxy-poly(ethylene glycol) (M H, 9.98; N, 7.13. found: C, 54.84; H, 9.34; N, 7.27.
350, MPEG350) was prepared by reaction of MPEG350 (4.8 [NP(MPEG350)..1dOA)oggn (7). MPEG350 (17.3 mmol)
g, 13.8 mmol) with 1.1 equivalent of sodium metal in THF and octylamine (34.5 mmol) were used. Yield, 74%p-
(150 mL) at refluxing temperature for 2 days. After the NMR (CDCk), d (ppm): 19.7, 12.50. Elem. anal. (%) calcd:
resultant solution was filtered to remove excess sodium, th€, 52.36; H 9.32; N, 4.96. found: C, 52.32; H, 8.97; N, 5.01.
filtrate was added slowly to poly(dichlorophosphazene) (2.0 Synthesis of [NP(AMPEG)o4{HA)ogsdn (8) (HA:
g, 17.3 mmol) dissolved in THF (100 mL). The reaction hexylamine) AMPEG350 (M, =350) (6.1 g, 17.3 mmol)
mixture was stirred for 5 hours at room temperature. Meandissolved with 4 equivalent of triethylamine in dry THF
while, butylamine (3.0 g, 41.5 mmol) was dissolved in dry(100 mL) was added slowly to poly(dichlorophosphazene)
THF (100 mL) containing 4 equivalent of triethylamine. The (2.00 g, 17.3 mmol) in dry THF (100 mL). The reaction
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mixture was stirred for 12 hours at room temperaturepolyphosphazene back-bone is presumed to be completely
Meanwhile, hexylamine (3.5 g, 34.5 mmol) was dissolved insubstituted by the substituents of MPEG and alkylamines.
dry THF (100 mL) containing 4 equivalent of triethylamine. The molecular weights of the polymers were measured by
The polymer solution was added to the hexylamine solutionGPC using a cosolvent of distilled water and acetonitrile
which was stirred for 2 days at 30. The reaction mixture (4 :1) except for those of polymeBand 6 which were

was filtered, and after the filtrate was concentrated, it wasneasured using THF containing 0.1% TBAB (wl/v, tetra-
poured inton-hexane to obtain a precipitate, which was butylammomium bromide). The polymers exhibited the
reprecipitated twice in the same solvent system. The polyweight average molecular weights in the range of 2.49.4
mer product was dissolved in distilled water, and dialyzedl0*. All the polymers substituted by MPEG and alkylamines
for 2 days. The dialyzed solution was freeze-dried to obtainmvere obtained as pale yellow viscoelastic solids, which are
polymer8. Yield, 84%.3'P-NMR (CDC}), é (ppm): 20.55.  fairly soluble in most organic solvents and very soluble in
'H-NMR (CDCk), & (ppm): 0.8-0.9 (m, 3H), 1.2-1.4 (b, 6H), water below their LCSTs.

1.4-1.5 (b, 2H), 2.7-2.9 (b, 2H), 3.4 (s, 3H), 3.6-3.9 (b, 26H), All the polymers had glass transition temperatuig} (
3.9-4.1 (b, 2H)®*C-NMR (D,0), & (ppm): 71.53, 70.10, below room temperature in the range of -75 to °G9as
58.51, 40.99, 32.22, 27.36, 22.95, 14.15. Elem. anal. (¥%8hown in Table 1. Such results indicate that the high
calcd: C, 50.89; H, 9.34; N, 8.34. found: C, 50.34; H, 9.20mobility of the phosphazene backbone is not much hindered
N, 8.10.

Results and Discussion

Synthesis and characterization The present polymers

were synthesized by the synthetic Scheme 1. Poly(dichlorc l
phosphazene) (I) dissolved in THF was reacted with sodiur Jbu
salt of MPEG or AMPEG to yield polymer (Il) and an i

excess amount of alkylamines was then reacted to yiel '
polymer (lIl). Different copolymers were obtained by using
different alkylamines and MPEG, and also by changing the
mole ratio of the two substituents. The-, °C-, and*'P-
NMR spectra of polymet are shown in Figure 1. The mole
ratio of MPEG and butylamine in polym&mas calculated ()
from the integration ratio between the methyl protons of the
butylamine and the methoxy protons of the MPEG groug

appearing at 0.8 and 3.4 ppm, respectively. The mole ratio ¢

the MPEG and the alkylamine in other polymers was -
estimated in the same way. In th€-NMR spectrum of
polymerl, the peaks at 71.35, 69.93, 64.32, and 58.37 ppr
were assigned to MPEG carbons and those at 41.02, 34.1
20.35, and 13.90 ppm to butylamine carbons. In3tRe ©

NMR spectrum of polymet, the sharp peak at 20.65 ppm is

ascribed to the phosphorus resonances of the main -N-P-(

unit and a small amount of the -N-P-N- unit. The small peal

at 13.42 ppm seems to be ascribed to the phosphor mmme————— e s
resonance of the -O-P-O- unit. Such a result is consister 100 8 60 40 20 0  -20 -40 -60 -80 ppm
with the previous work® From the result of th&'P-NMR  Figure 1. 'H-NMR (a), ®C-NMR (b) and®P-NMR (c) spectrafo
spectra and elemental analysis, the chlorine atom on tkpolymerl.
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Scheme 1 Synthetic procedure of thermosensitive poly(organophosphazenes).
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Table 1 Characteristics of Poly(organophosphazenes)

Polymer Structure Ty (°C) Tm (°C) LCST CCp My (x107%) Mw/Mn
1 INP(MPEG350) 74BA)1.24n 73 -11 64 2.4 4.7
2 INP(MPEG350) s4HA) 1.4 71 -20 31 3.5 3.6
3 INP(MPEG350) s1(HA) 1.1dn 71 -19 58 4.9 3.5
4 INP(MPEG350) 04HA)0.67n 74 -16 73 4.6 3.8
5 INP(MPEG350) s4HA)0.69n 75 -10 81 4.6 4.1
6 INP(MPEG350) 6{OA)1 21 71 -23 28 3.5 4.2
7 INP(MPEG350)160A)0 5] -59 -12 67 9.4 4.0
8 INP(AMPEG350) 04HA)0.09n -76 -16 94 7.9 4.7

#The molecular weights of the polymers were measured by GPC using a cosolvent of distilled water and acetonitrile (4 :& papdlyimosr and
6 were measured by GPC using THF containing 0.1% TBAB (w/v).

by the substituents. In general, the higher content of MPEC 4oy

and the shorter chain length of the alkylamine decrease tt

Ty value. As the MPEG content increased from 0.52 (polyme B-()
2) to 1.32 mol (polymeb) per unit, theT, decreased from 9% -®-(b)
-71 to -75°C. The polymer involving the -N-P-N- unit -A-(c)
exhibited the loweilyvalue than the polymers with the -N- &

P-O- unit: Polymerd and8 showed -74 and -7, respec- % 8

tively. All the polymers showed the crystallization behavior E e
probably induced by the MPEG side group. Therefore, the § 4, o

melting transition temperatur@) was clearly influenced 2 AAA-A-A A A ——A—A
by the content of MPEG, and the higher content of MPEC E . 5 x
increased thel, value. As the MPEG content increased 60

from 0.52 (polymeg) to 1.32 mol (polymeB) per unit, the

Tm value increased from -20 to -2Q. The shorter chain

length of the alkylamines in the polymers showed the highe VT —
Tm value: TheT,, values of polymers with butylamine 0 5 10 (I 3 B
(polymer1) and with octylamine (polymes) exhibited -11 Concentration (polymer weight percent)

and -23°C, respectively. Such a thermal behavior is similargigyre 2. The concentration dependent LCST behaviofs o
to that of ethylene oxide based polyphosphazene derivepolymeri (a), Polyme# (b), and polyme¥ (c).
tives1013.17

Thermosensitivity. The LCSTs of the present polymers
were measured in aqueous solution by a melting poinseems to cause a “salting-in” efféct.
apparatus and UV spectroscopy. As shown in Table 1, most The concentration dependent LCSTs of the present poly-
of the polymer solutions exhibited the LCSTSs in the range ofmers were determined in the concentration range of 0.1-30
28 to 94°C depending on the content of MPEG, and kinds ofwt % of the polymers in aqueous solution and shown in
the alkylamines. For the polymers bearing MPEG andrigure 2. The polymers were precipitated at all concent-
hexylamine, the LCST increases with increasing content ofations measured and no significant differences in the
MPEG. As the MPEG content increased from 0.52 (polymeiconcentration-dependent LCST behavior were found among
2) to 1.32 mol (polymeis) per polymer unit, the LCST the polymers. The LCSTs of the polymers were found to be
increased from 31 to 8C. The LCSTs of the polymers was almost independent of the concentration in the range of 3-30
influenced by the kind of alkylamines side group. Aswt % of the polymers but increased at lower concentrations,
expected, the more hydrophobic alkylamine afforded theas was observed for other thermosensitive polyfiéts.
lower LCST: the LCSTs of polymdrwith butylamine and We have examined the pH dependence of the LCST in
polymer 6 with octylamine were 64 and 28, respectively. acetate buffer solutions of different pHs, and the results are
Interestingly, polymeB with the -N-P-N- unit and almost shown in Figure 3. The LCSTs of the polymers exhibited
equimolar substituents showed the higher LCST than thésalting in” effects in the acidic media of pH <5, but no
corresponding polymet with the -O-P-N- unit: The LCSTs significant LCST change was observed in the buffer solu-
of polymers4 and8 were 73 and 94C, respectively. Such a tions of pH > 5. The LCST of polym&mwas not detectable
phenomenon may be understood in terms of different hydraat pH < 4 and more sensitive to pH than other polymers at
gen bonding ability of the units. The amino group betweerpH > 5. This phenomenon also seems to be due to hydrogen
the polyphosphazene back-bone and AMPEG can be moteonding ability of the amino group of AMPEG.
easily bound by water molecules than the oxygen of MPEG In order to examine the salt effect on the LCSTs of the
by hydrogen bonding. Thus, the amino group of AMPEGpolymers, NaCl was added to the aqueous solution contain-
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Figure 3. The pH dependent LCST behaviors of polyrhe@),  Figure 5. Time dependent hydrolytic degradation of polyrBer

with alkylamines as a side group seem to follow the latter
501 ———A ° degradation route: Polym8mwas not degraded in the neutral

l R | and basic solutions whereas the polymer was hydrolyzed in
the acidic solution.

Polymer4 (b), polymer7 (c), and polymes (d). 1 N-HClI (a), pH 7.4 (b), and 1 N-NaOH (c) solutions.
100 polymer solutions was monitored in terms of molecular
v weight changes by GPC. The results are shown in Figure 5.
90- -B-(a) In general, the hydrolytic degradation of poly(organophos-
-@-(b) phazenes) substituted with amino acid esters was explained
§ 80 -A-(c) in terms of carboxylic acid-catalyzed degradatfbit.On
g -V-(@d) the other hand, the hydrolytic degradation of poly(organo-
§ o phosphazenes) substituted with alkylamines was known to
g 707 A\V be initiated by back-bone cleavage induced by the proto-
g ] \v nation of the skeletal nitrogen and the amino group of
S 60+ .\‘\ \v alkylamines linked to the back-boffeThe present polymers
] —t 3
— \'

40 I ! T T T T T T T T T
0.0 0.2 0.4 06 08 10 _
NaCl Concentration (M) Conclusions

Figure 4. NaCl effect on the LCST of polym#r(a), Polyme# (b),
polymer7 (c), and polymes (d).

A new series of thermosensitive poly(organophospha-
zenes) bearing MPEG or AMPEG and alkylamines as side
groups have been synthesized and their LCST behavior was
ing 5 wt % polymers. The concentration of NaCl was variednvestigated. The LCSTs of the polymers were affected by
from 0.1 to 1.0 M in the polymer solutions. Addition of kinds of the two substituents, MPEG and alkylamines, and
NaCl to the polymer solutions decreased the LCSTs of théhe composition of the two substituents. Generally, the more
polymers as shown in Figure 4. In general, NaCl was knowihydrophilic composition of the polymers showed the higher
to play a role in water structure maker, giving a “salting out’LCST. The thermosensitive poly(organophosphazene) with
effect. The decreasing LCSTs with increasing ionic strengtiAMPEG exhibited the higher LCST and its LCST was more
of NaCl are in accord with the previous restit&specially,  sensitive to NaCl and pH than that with MPEG. Such results
polymer8 (AT1.om-om = 46°C) showed the larger salting out seem to be due to the more favorable hydrogen bonding
effect than polymed (ATiomom = 23 °C). This is also ability of AMPEG. The polymer was hydrolytically degraded
consistent with the observations that the LCSTs of mosin the acidic solution but stable in both neutral and basic
hydrophilic thermosensitive polymers is more susceptible tsolutions.
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