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ABSTRACT: The reaction of [NPG], with substoichiometric amounts (< 0.5) of the biphenol (HQ;,Hs

and KCO; followed by precipitation into cold water allowed the isolation of the stable chlorine-containing
copolymers{ [NP(O.C12Hsg)]1-x[NPCL]} n (1) [(O2C12Hg) = 2,2-dioxy-1,1-biphenyl], withx = 0.12 (L&), 0.28

(1b), and 0.43 1¢), havingM,, of the order of 16, and the chain structure of strictly alternating copolymers.
Largerx values resulted in the formation of hydrolyzed insoluble materials with no controlled composition. The
polymersl could be hydrolyzed in THF/water solutions at rates that varied from very stow @.12 at room
temperature) to very fask (= 0.43 at reflux). However, in water suspensions the polyriessth x < 0.5 are

not chemically affected, and only a reduction of the aveidgdas measured by GPC) could be observed at 100
°C. Molecular dynamics simulations were performed on model compounds of polyriére results of these
calculations explain the hydrolytic behavior of the polymer.

Introduction In order to understand the hydrolytic behavior of polymer,

The polyphosphazenes are very interesting compounds inmolecular dynamics simulations were performed on model
basic and applied material sciericén earlier worké we compounds of polymed both in water and in THF/water
discovered that the reaction of [NRGIin THF with 2,2- mixtures.

dihydroxy-1,1-biphenyl (HO-CgHs—CgHs—OH) in the pres- . .
ence of kCO, occurred without cross-linking giving, depending  EXPerimental Section
on the stoichiometric ratios, the linear and very soluble [NP- Al reactions were carried out under a dry, ltmosphere.
(O2C12Hg)]n or solutions of the partially substituted intermediates K,CO; was dried at 140C prior to use. The THF was treated
{INP(0O,Cy12Hg)]1-x(NPChL),}n, which could be subsequently with KOH and distilled twice from Na in the presence of
reacted with functionalized phenols or biphenols to give a variety benzophenone. The 2;@ihydroxybiphenyl (Aldrich) was used as
of polyphosphazenes with cyclic dioxyarene repeating tnits. Purchased.

It has been long known that the presence ef(® bonds The THF solutions of the polymer [NPZ} were prepared
makes a polyphosphazene chain sensitive to degradation byfollowing the method already describéd.
hydrolysi$—a fact that has been found advantageous for The IR spectra were recorded with a Perkin-Elmer FT Paragon
biomedical application In fact, more recent works have gggo sgegrometeébglMRdsgggtﬁ V\{er? recor(t:ied on BEE%AC'
demonstrated that the hydrolysis of the homopolymer [NRCI and Avance Suu an Z Instruments, using
is fast and generates first NFDH groups that cause insolubility solvent unless otherwise statél and *C{"H} NMR are given

- ; . . in o relative to TMS.31P{1H} NMR are given ino relative to
by interchain H-bond interactions rather than by®-P cross- external 85% aqueoussPQ,. C, H, and N, analyses were performed

linking.> Many reports have appeared showing that biologically yith a Perkin-Elmer 240 microanalyzer. Chlorine analyses were
active water-soluble polyphosphazenes obtained by incompleteperformed by Galbraith Laboratories. GPC were measured with a
macromolecular substitution from [NP{] undergo hydrolytic Perkin-Elmer equipment with a model LC 250 pump, a model LC
degradation at rates increasing with the residual Cl confents, 290 UV, and a model LC 30 refractive index detector. The samples
and the preparation of hydrolytically stable derivatives with were eluted with a 0.1 wt % solution of tetrebutylammonium
formula [NP(OGH4—BuY)1 :Clo g has been recently publishéd. bromide in THF through Peykin-EImer PLGel ((.3uard,5,.1m04,'
Herein we report the preparation of various chlorine-containing and 16 A) at 30 °C. Approximate molecular weight calibration
2,2-dioxybiphenylphosphazenes that can be isolated as veryWere obtained using narrow molecular weight distribution poly-
stable intermediates resistant to hydrolysis from 0 to D@ styrene standarddy values were measured with a Mettler DSC

di h th insolubl thouah th 300 differential scanning calorimeter equipped with a TA 1100
aqueous media where hey are Insoluble, althoug ey arecomputer. Thermal gravimetric analyses were performed on a

hydrolyzed in THF/water solutions at rates that are faster as ettler TA 4000 instrument. The polymer samples were heated at
increases. The isolation of the solid polymédr¢Scheme 1) 3 rate of 10°C/min from ambient temperature to 86@ under
allowed the unexpected observation of a positive deviation of constant flow of nitrogen.
the glass transition temperatures from the additive rule on  X-ray diffractograms were measured with PANalytical X'Pert
biphenoxyphosphazene copolymers. Pro, using K Cu radiation (1.5406 A) at 45 k¥40 mA, with a
X'Celerator detector with 2.122 The scans weré/26 from 2 to
* Corresponding authors. E-mail: gac@fg.uniovi.es; Enrique.saiz@uah.es. 560°260 at 0.033 intervals at 300 s per interval.
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Preparation of {[NP(O2C12Hg)]1-x(NPClo)}n (1). The follow- reflux), and 70 000 (7 h, reflux). Further heating maintained the
ing procedure for the preparation b (x = 0.28) is representative ~ M,, near 70 000.
of the corresponding to the other derivatives but modifying the  The hydrolysis was studied as indicated above for polyhser
molar ratios accordingly.

To a THF solution of [NPGJ,, (50 mL, 2.85 g, 24.2 mmol) THF Results and Discussion
(200 mL), 2,2-HOC¢H4CsH4OH (3.11 g, 16.7 mmol), and O3 ) ) ) ) o
(9.22 g, 66.7 mmol) were added, and the mixture was refluxed for ~ The reaction of [NPGl,, in refluxing THF with substoichio-
17 h with vigorous mechanical stirring. The resulting mixture was metric amounts (- x) of (HO),Ci-Hsg in the presence of an
poured into water (1.5 L) with ice and filtered to give a precipitate excess of KCO; (Scheme 1) followed by precipitation into ice
that was washed with isopropyl alcohol and diethyl ether. The solid water (see Experimental Section) gave the copolyrjfxs
was dissolved in THF (600 mL), and the solution was filtered and (0,C,,Hg)];-(NPCh),}n (1) [x = 0.12 (La), 0.28 (Lb), and 0.43
qon_centrated at reduced pressure until the formapon qf a V|sc0us(1c)] where [(Q:CiHs) = 2,2-dioxy-1,2-biphenyl], which were
liquid that was poured portion-wise (Pasteur pipet) into water jqjated in 76-80% yields as white stable solids. The GPC

(1 L). Two further reprecipitations from THF/isopropyl alcohol and - : :
THF/hexane gavédb as a white material that was dried 24 h in ﬁhrr(])matogrargs were bimodal ]:Nlrt]h a rgore :cn(t)ense gﬁanddat the
vacuum at room temperature. Yield: 3.34 g, 68%. Anal. Calcd for NigherMy and an averagdl,, of the order of 0.5< 10> an

Ca.6aHs7NO1 4PChss (197.3 g/mol): C, 52.5: H, 2.92; N, 7.09; PDI of ca. 4-6 (Experimental Section).

Cl, 8.84. Found: C, 51.1; H, 3.0; N, 7.0; Cl, 10.0. IR (KBr) th The x values observed were close within the experimental
3066 w, 3038 vw -CH—arom), 2961 vw §-CH—aliph from errors (see below) to those expected from the amounts of
solvents retained), 1605 w, 1583 vw, 1501 m, 1477-€€C— biphenol used. Using quantities of (H@)-Hs (1 — x) below

arom), 1439, 1369 br (not assigned), 1272siC{-OP), 1246 vs 0 5 the same procedure gave the expected THF solution of the
1191 vs, br¢-PN), 1096 s¢-P—OC), 943 vs, br¢-POC), 786 S, . rresponding NPGLopolymers, but after the precipitation step

752 s, 717 m (out-of-plane CH deformations), 608 s, 590 m, . . - -
538 s br (otherP{H} NMR (CDCk) o: —4.3 br [NP(QCasHa)], into water, only not well characterized insoluble materials that

—20.9 br [NPCJ]. Ratio NP(QC,,Hs)/(NPCh): exptl 0.7/0.31H  retained solvents were obtained.
NMR (CDCl;) ¢6: 7.3, 7.1 m br (QCioHg). 3C{H} NMR The analytical and spectroscopic data fowere in accord
(CDClg): ¢ = 151 br, 150.6 d br [¢-0,C12Hg], 131 vbr, 128 vbr, with their composition. Thus, the values were chosen as the
125 vbr (QCy2Hg). GPC: M, 615 000 M /M, = 5.7. TGA: —2% best averages more consistent with the CHN and CI analysis
from room temperature to 17T (solvents retained), followed by found and with the relative intensities of the signals correspond-
Intensity at 40?& 500°C (middle intensity), and 71%C. Residue ¢ splution that appeared as two broad multiplets: one centered
at 800°C: 46%. DSC: Ty = 128°C (ACp = 0.18 J/(g K)). near—5 ppm for the NP(@C12Hg) and other near-21 ppm
Polymer 1a & =0.12) Yield: 82%. Anal. Calcd for & sd 7o for the NPC}. Considering all the data, the values have an
NO; 7PCh.24 (215.4 g/mol): C, 58.8; H, 3.27; N, 6.50; Cl, 3.9. \ : rng ’
Found: C, 58.9; H, 3.4; N, 6.5; Cl, 3.1. NP{Q,Hg)/(NPCh) by~ uncertainty 0f:0.03 units.
3IP NMR: 0.86/0.14. GPC:M,, 510 000,M,/M,, = 4.4. TGA: A comparison of the IR spectra of with that of the
—1.3% from room temperature to 21T (solvents retained);  completely substituted homopolymer [NR@Q-Hs)]» showed
—5.3% from 210 to 430C, —35% centered at 52%. Residue at  not only the expected increase of the relative intensity of the
800°C: 58.4%. DSC: Ty = 149°C (AC, = 0.19 J/(g K)). band at 1245 cmt in the »(PN) region asx increases (the
TheMy cotjIdf;od(;aoc(;efllsgcéwnhm:t chemltcal alter?tlor; 'ns‘ggtgéoreported value for the homopolymer [NRRlis 1240 cnr1)?
suspension to ays at room temperature), : : - 10
(L h, reflux), 173 000 (7 h, reflux), and 115 000 (5 h, reflux). Further g”gjézoxﬁ:é%egbfbggﬁp?ﬁﬁg féﬁgg&?ﬁﬂﬁi&,ﬂﬁ'
heating maintained th®l,, near this value. )
The hydrolysis in THF/HO was studied dissolving 50 mg of The 'H NMR and, especially, thé’C NMR spectra ofl
the polymer in 10 mL of THF and adding 1.5 mL of water. The indicated that the biphenoxy groups are sensitive to the presence
process was carried out both at room temperature and at refluxof the [NPC}] units in the chains. Thus, tHéd NMR spectra
and was followed by'P NMR. in chloroform showed that while three maxima are observed in
Polymer 1c k = 0.43) Yield: 68%. Anal. Calcd for €sHase the broad multiplet of the hydrogen of the aromatic rings in
NO1.1PCl.g6 (180.4 g/mol): C, 45.5; H, 2.52; N, 7.76; CI, 16.9.  [NP(O,CyHg)]s (7.2, 7.0, and 6.9), only two (7.3 and 7.1) are
'(:’\?ggi) bC’SfPsflivlg'- 20656;\(; 474'2'69(': 1\%'5'%'05888 (':‘3%()92_:_"5)/{“ found in the case df, indicating that the lower frequency peak
y - PR w N y is shifted to higher values and overlapped with the more intense

—5% from room temperature to 17C (solvents retained), followed .
by a continuous l0ss (totat32%) with three maxima at 400C central one. Thé3C NMR revealed a clear difference between

(the most intense), 50TC (the weakest), and 73C. Residue at  the G carbons of the most abundant NB(,Hs) units, which
800°C: 63%. DSC: Ty = 101°C (AC, = 0.19 J/(g K)). appeared as a singlet at 151 ppm, and those of the smaller

The My, could be decrease without chemical alteration in water fraction of them that are near the [B[Qinits (a doublet at 150.5
suspension to 380 000 (15 h, room temperature), 200 000 (1 h,ppm).
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The X-ray diffractograms showed a broad peak at wide angles are attributable to the temperature rather than to the water.

indicating the formation of a mesophase only fa and 1b.

Similar thermal degradation has been observed for the ho-

Although the interplanar distances could not be measured mopolymer [NP(QCi2Hg)]n, Which, freshly prepared might have

accurately, they were clearly between 10 and 11 A, i.e., lower
than that of the homopolymer [NP§O1.Hg)]n (12.1 A) 1 It is

known that the presence of composition defects in the phosp-
hazene chains originated by incomplete macromolecular sub-
stitution of chlorines may prevent the appearance of meso-

phased? but the limiting residual chlorine might depend on the

some degree of branchidfjBranching is, together with the
presence of PCI bonds, one of the possible defects (or weak
points) that were early proposed as responsible for the thermal
behavior of polyphosphazen&sThe evident resistance afto
hydrolysis in the water suspensions even at 400s probably

due to the protection of the NPLunits by the hydrophobic

type of phosphazene units present in the polymer, which explainsNP(0,C12Hg) mentioned above, which, in the solid state, must

the thermotropic behavior dfa and 1b (x = 0.12 and 0.28)
and the absence of mesophaseddr(x = 0.43).

As expected, the thermal stability, as estimated from the TGA
curves at 10C/min, showed more complexity and less stability
as the fraction of reactive NPLLnits increases. Thus, the
thermogram of a polymer [NP@Q1.Hs)]n having only 1.3%
chorine (i.e.,1 with x = 0.05) showed only a sharp weight loss
(—49%) between 320 and 66€C (centered at 507C),

be even more efficient (see later).

The glass transition temperatureslofmeasured by DSC),
which were unaffected by the treatment with boiling water,
varied linearly with the composition given bxin the available
range (6-0.5). (The value fox = 0.05, which is 155C, could
be measured in a polymer [NP{O\-Hsg)], having 1.3% residual
chlorine content.) This confirms that they can be considered as
random copolymers and that tke= 0.5 derivative (extrapolated

approaching that of the chlorine-free biphenoxyphosphazeneTy = 94 °C) is similar to a strictly alternating copolymé.

homopolymer with only ppm of residual €LIn the case ofla

(x=0.12), however, the thermogram showed a first decomposi-

tion (5%) from 210 to 430C, which was partially overlapped
with the main loss {35%) centered at 52%C. In the cases of

However, contrary to the other phosphazene copolymers with
biaryloxy unitsi® the deviations from the additive values were
positive instead of negative. (The averagg value of the
homopolymers [NP(€Ci2Hg)]n (161 °C) and [NPCi],

1b and 1c, various overlapped decomposition processes were (—63°C)!7is 49°C.) It is known that both positive and negative

evident, resulting in an almost continuous 10s$2% for 1b

and —32% for 1c) from ca. 300 to 800C, with three relative
maxima of decomposition rates at ca. 400, 500, and ‘20
the first of which was more pronounced for the more chlorine-
containinglc. It is known that above 250C poly(aryloxy)-
phosphazenes depolymerize in more volatile cyclic oligomers,
and above 400C chemical decomposition with cross-linking
occurst® Considering the thermal behavior of the [NP-
(O2C12Hg)]n homopolymer!14it is clear that the presence of
the P-Cl bonds reduces the thermal stability of the copolymers,
a fact early observed studying the thermal breakdown of
diphenoxyphosphazettghat was attributed to the volatilization
of chorobenzene.

As observed in other casésthe chlorine content also
determines the hydrolytic stability af In THF/water solutions,
where the hydrolysis leading eventually to insoluble gels was
clearly observed, the monitoring B NMR revealed that the
reaction rate depended onand on the temperature, varying
from very slow in the case dfa (x = 0.12) at room temperature
to very fast forlb (x = 0.43) at reflux. As the hydrolysis of
the homopolymer [NP@J, is always fast the higher resistance
to water of1 might be due to a protection of the NBQinits
by the hydrophobic NP(&ZC;,Hsg) units (see later). This can
explain why polymersl with x much higher than 0.5, where
diads and triads of NPglunits are present, are more hydro-
lytically unstable and could not be isolated pure.

We also observed that stirring at room temperature a
suspension ofain water produced no chemical alterations and
only a very small decrease of the averalgg (by GPC)
(Experimental Section) due to an increase of the intensity of
the band corresponding to the lowdy, fraction. No chemical

deviation from the additive rule values may be found in random
acrylic copolymers because thig, on random copolymers
depends not only on the polymer composition (chain stiffness
and volume additivity) and distribution of the monomeric units
along the chain but also on the possible moneamonomer
interactions and on the difference between the two extrémne
values!® At present, it is not possible to advance a satisfactory
explanation to the dependence of thgwith composition in
the polymerdl, but it could be related with the interactions of
the [NPCh] and [NP(QCi.Hg)] units along the chains which
are absent in the two extreme homopolymers.

Theoretical Calculations. Molecular Dynamics (MD) Soft-
ware and ProceduresThe Amber molecular modeling pack-
age?® including the Amber force field, was employed for all
the molecular dynamics (MD) simulations presented below. This
force field has been previously used in the analysis of the same
kind of molecules studied in the present wétk® Coulombic
potentials were computed by the Ewald sum proce&Upartial
charges were assigned to every atom by means of the MOPAC
package and the AM1 procedufeA time stepd = 1 fs (i.e.,

1 x 10715 s) was employed for the integration algorithm.

All the MD simulations were performed on periodic boundary
condition systems under NVT conditions, with the temperature
being kept constant by means of the BereA%é&ithermostat
with a coupling factor of 1000 fs. Several exploratory calcula-
tions were performed at different temperatures ranging from
300 to 500 K. Finally, it was decided to perform all the
calculations at 500 K in order to increase the atomic velocities,
thus facilitating the passage over energetic barriers and conse-
quently improving the statistical sampling of all the configu-
rational space.

changes occurred while heating the aqueous suspension at the \plecular Systemdhe target molecule in the present work

boiling temperature (nearly 10@), but this time the reduction
of the My, was more pronounced, and the final GPC chromato-

was an oligomer containing 27 phosphazene repeat units. The
central unit (number 14 along the chain) wa$N—PCh—]

gram was sharp and monomodal. The same effects wereyhile all other units had a biphenoxy group attached to the

observed withlc (x = 0.43) although the reduction of the
averageM,, was more intense, falling from 400 000 to a plateau
at 70 000 in 7 h ateflux (not altered after another 7 h).

It is possible that the changes in ti&, distribution, as

phosphorus atom. This is a good model compound for polymer
chains containing NPCkL units which are isolated along the

chain. Two different systems, both having periodic boundary
conditions, were studied. System A contained one oligomer and

measured by GPC, observed in the boiling water suspension2200 molecules of water packed into a cubic box of dide
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Figure 2. Radial correlations functions for distances between Cl and

Figure 1. Radial correlation functiog(rway) for the distances between  water moleculesr.) and Cl to THF moleculesr{u) computed for
Cl atoms and water molecules for systems A (pure water as solvent) system B.

and B (THF and water). See text for details.

42.34 A. System B contained one oligomer and 500 molecules
of THF and 250 molecules of water packed into a cubic box of 1 System A
sideL = 42.63 A. The concentration, in grams of oligomer by 4 -
volume of the solution, is roughly the same in both systems.

Each system was initially built within a rather large box
having approximately twice the final side length. The size of 3
these initial boxes was progressively decreased by a combination =
of MD and energy minimization steps performed as follows: ©
After each decrease of the side box, a 60 ps (i.e.x600~12 2
s) MD simulation was performed during which the system was
slowly warmed up from 0 to 500 K, equilibrated at this
temperature during-20 ps, and then slowly cooled to 0 K. Then, 1
the energy of the system was minimized with respect to all
internal coordinates with a combination of steepest descendent ) J water
al conjugated gradient algorithrfsOnce the system has reached 0 ‘ | i ,
the desired volume, it was slowly warmed from 0 to 500 K, 0 4 8 12
employing 100 ps in this process. Finally, the production stage r(A)

Wa§ started which consisted ',n>4106 .Integratlon cyples (ie., Figure 3. Radial correlation functions computed on system A for
a time span of 4000 ps), during which the coordinates of the gistances Cl to oligomer atoms,() and Cl to water molecules ).
system were recorded at intervals of 1 ps, thus producing a total

of 4000 configurations of the system that were employed in weaker in the case of system A. Thus, the few molecules of
the posterior analysis. Results obtained during the warming stepwater contained in system B together with THF molecules are
were not employed in the analysis. able of getting into much closer proximity to the Cl atoms of

Results.The present analysis was focused on studying the the oligomer than the molecules of water contained in system
distances between the two Cl atoms in the central unit of the A where the solvent is pure water.
oligomer and different kinds of atoms within the system over  Figure 2 shows the values gfrya) andg(rt) for system
all the configurations recorded during the production stage. Thus,B. It clearly shows that Cl atoms have a strong preference for
roi indicates distances from ClI to the rest of atoms contained water molecules rather than THF. It seems that THF molecules
in the oligomer chainfwe is the distance from Cl to the  are no able of getting very close to the Cl atoms, but they force
molecules of water (in fact, to the oxygen atom of each water the water molecules into close proximity of Cl atoms.
molecule), andryr represents distances from Cl to the oxygen Figure 3 shows the values gff i) andg(rway for system A.
atom of THF molecules. These distances were employed to The two very sharp peaks exhibited fro;) atr ~ 2 and 3 A
compute the radial correlation functiglr) defined as the ratio are produced by the first (P atom) and second (two N and the
between the probability of finding two particles at a distance  second Cl) neighbors of each Cl atom. The distance to these
+ or and the same probability computed assuming that the atoms does not depend on any rotation and changes very little
particles are randomly distributed. A valde = 0.1 A was along the MD trajectory and consequently produces very strong
employed in the present work. The values of the diffegnt correlations. Comparison of the two lines of Figure 3 clearly
functions are represented in Figures4l indicates that Cl atoms strongly prefer to be surrounded by other

Figure 1 represents thg(rws) function for the distances  atoms of the oligomer than by the water molecules of system
between Cl atoms and water molecules in both A and B systems.A.

According to these results, there is a strong correlation for the  Figure 4 contains the three functions for system B. As it is
position of the water molecules with respect to the Cl atoms in apparent from this figure, correlations with water molecules at
system B for distancasof ca. 3-12 A. The correlationis much  r ~ 2—3 A are much smaller than correlations with first and

s oligomer
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