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ABSTRACT: The phosphazene polymers carrying phenoxycarboxylic acids { [NP(O—CgH4—CO3zH)s].[NP-
(02C12Hg)l1-4}n [x = 0.2 (1a), 0.35 (1b), 0.5 (1¢), 0.7 (1d), 0.85 (1e), x = 1(2)] and the chiral analogues
{INP(O—C¢H4—COzH)3].[NP(O2C20H12)l1 -} [x = 0.2 (8a), 0.45 (8b), 0.7 (3¢)] (02C12Hg = 2,2'-dioxybiphenyl,
05Cg0H12 = R-2,2'dioxy-1,1'-binaphthyl) have been synthesized by hydrolysis of the corresponding
precursors with [NP(O—CgH4—CO3Pr)s] units. The new polymers have extensive H-bonding between the
—COOH groups in the solid state, and those with x > 0.5 are very soluble in aqueous 0.5 M sodium
carbonate. These polymers were used as initiators of the ring-opening polymerization of the e-caprolactam
(e-CL) at 230 °C to give un-cross-linked polyphosphazenes, branched with short polyamide chains but
having a fraction of the phosphazene units (from 20 to 35%) modified by secondary reactions.

Introduction

The polyphosphazenes are one of the most studied
inorganic macromolecules, because of their academic
and industrial interest.! In an earlier paper, we reported
the preparation of the phosphazene random copolymers
{ [NP(O—CGH4—COQPI'“)Q]x[NP(OzCqu)]17x}n (x from 0.2
to 1) and the chiral analogues {[NP(O—CgH4—COq-
Pr)s] . [INP(O2Co0H12)l1-4}» and the variation of their
properties with the composition.2 The phosphazenes
with propyl-carboxylate-phenoxy units are known to
undergo hydrolysis to form the COOH derivatives®45
that could be soluble in basic water and that are
currently generating a great deal of interest for their
biological activity.? Therefore, we contemplated the
synthesis of other water-soluble phosphazenes carrying
dioxybiphenyl or dioxybinaphthyl groups. On the other
hand, it has been published that the cyclic triphos-
phazene [N3P3(O—C¢H4s—COOH)¢] reacts with e-capro-
lactam to give star-shaped polyamides attached to the
phosphazene ring.® Therefore, another point of attention
was to extend the latter reaction to high molecular
weight polymers to obtain polyphosphazenes branched
with polyamide chains.

In efforts to attain an advantageous combination of
properties, many linear polyphosphazenes? 15 or phos-
phazene films!® have been grafted with other polymeric
chains, such as short oligoethers,” poly(styrene), poly-
(dimethylsiloxane),? PMMA,0.11 poly(oxazolines),2 poly-
(phenylene vinylene),!3 oligopeptides,* and others.1?
Also, many examples of the reverse approaches (branch-
ing polyphosphazene chains to organic polymer back-
bones!” or on organic polymer films)!8 are well-known.
However, branching with Nylon-6 has only been carried
out on cyclic trimers to give star-shaped polymers.®
Herein, we describe results that confirm the formation
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of linear un-cross-linked polyphosphazenes, branched
with short polyamide chains by the ring-opening po-
lymerization of e-caprolactam on polyphosphazenes car-
rying COOH lateral groups. We also show that this
process is accompanied by secondary collateral reac-
tions, the extent of which depends on the composition
of the starting phosphazene copolymers and on the
molar ratio of caprolactam/COOH used.

Experimental Section

Tetrahydrofuran (THF) was treated with KOH and distilled
twice from Na in the presence of benzophenone. KOBuf,
e-caprolactam, and Nylon-6 were used as purchased (Aldrich).
The starting phosphazene polymers with —CO.Pr" lateral
groups were prepared as described elsewhere.?

IR spectra were recorded with a Perkin-Elmer FT Paragon
1000 spectrometer. NMR spectra were recorded on Bruker AC-
200, AC-300, and Avance 300 instruments using the solvents
indicated in each case. 'H NMR spectra are given in 0 relative
to TMS. 3'P{'H} NMR spectra are given in 6 relative to
external 85% aqueous H3PO4. Coupling constants are in Hz.
C, H, and N analyses were performed with a Perkin-Elmer
240 microanalyzer. GPC were measured with Perkin-Elmer
equipment with a model LC 250 pump, a model LC 290 UV,
and a model LC 30 refractive index detector. The samples were
eluted with a 0.1 wt % solution of tetra-n-butylammonium
bromide in THF through Perkin-Elmer PLGel (Guard, 10%, 104,
and 10° A) at 30 °C. Approximate molecular weight calibration
was obtained using narrow molecular weight distribution
polystyrene standards. DSC thermograms were obtained with
a Mettler DSC 300 differential scanning calorimeter equipped
with a TA 1100 computer. Thermal gravimetric analysis was
performed on a Mettler TA 4000 instrument. The polymer
samples were heated at a rate of 10 °C/min from room
temperature to 800 °C under constant flow of nitrogen and
maintained at 800 °C for an additional /; h.The specific
rotation [alp was measured using a Perkin-Elmer 343 Pola-
rimeter near 20 °C. SEM photographs were taken with a JEOL
JSM 6100 microscope. X-ray diffraction was measured between
25 and 300 °C with a Bragg—Brentano 0/20 Siemens D-500
using the Cu (Ka) (A = 1.5418A), equipped with a temperature
camera Anton Paar TTK (—196 to +300 °C).

Preparation of {INP(O—-CsH4—CO:H);].[NP-
(02C12Hg) 14} (1) and {[INP(O—CeHy—CO:2H):].[NP-
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Table 1. Analytical Data and Mesophase Interplanar Distances for the Polymers 1, 2, and 3

% C % H % N
compound caled caled caled
polymer x formula (mass) FDe (found) (found) (found) 20 (deg) d

la 0.2 C12.4Hg 4NO2 sP (247.18) 1.62 60.3 3.43 5.67 7.0 12.6
(59.2) (4.34) (5.38)

1b 0.35 C12.7Hg7NO3 4P (260.68) 2.68 58.5 3.36 5.37 6.7 13.2
(57.8) (3.43) (5.29)

lc 0.5 C13HoNO4P (274.19) 3.65 56.9 3.31 5.11 6.0 14.7
(54.4) (3.50) (4.93)

1d 0.7 Ci3.4Hg 4NO4 P (292.20) 4.79 55.1 3.24 4.79 5.7 15.5
(53.0) (3.28) (4.10)

le 0.85 C137Hg 7NO5 4P (305.70) 5.56 53.8 3.20 4.58 5.3 16.7
(51.5) (3.27) (4.69)

2 1.0 C14H10NOgP (319.21) 6.26 52.7 3.16 4.39 5.0 17.7
(50.2) (3.26) (4.23)

3ab 0.2 C18.8H116NO2sP (327.27) 1.22 69.0 3.57 4.28 6.0 14.7
(66.8) (3.22) (4.07)

3bt 0.45 Ci173H11.1NO3 P (324.75) 2.77 64.0 3.45 4.31 5.7 15.5
(62.9) (3.16) (4.71)

3ct 0.7 C158H106NO4sP (322.23) 4.34 58.9 3.32 4.35 5.0 17.7
(56.3) (3.47) (4.43)

@ mmol COOH/g of polymer. ® Specific rotation, [a]3°p, in DMSO 1c: —83.4 (3a), —79.1 (8b), and —58 (8¢). For 3¢, 0.5c in 0.5 M aqueous

sodium carbonate: —9.

Table 2. TGA Data for the Polymers 1, 2, and 3

loss after
solvents range weight range weight 0.5 h at 800°C
polymer x (%) °C) loss (%) (°C) loss (%) (%) residue
la 0.2 4.0 220—280 4.0 280—800 64 3.5 24.5
1b 0.35 1.5 230—308 12 308—-800 61 2.5 23
lc 0.5 4.5 220—350 23 350—800 55 3.0 14.5
1d 0.7 1.0 140—-253 8.5 253—800 43 4.0 43.5
le 0.85 2.5 172—430 37 430—-800 18 9.5 33
2 1.0 2.5 172—428 32 428-800 19.5 9.0 37
3a 0.2 1.5 115-600 52 600—800 5.5 7.5 33.5
3b 0.45 2.0 140—340 14 340—-800 52.5 7.0 24.5
3¢ 0.7 2.0 140—-250 4.5 250—800 41 9.0 43.5

@ Weight loss from 30 °C to the beginning of the main loss.

(02C20H12)11-4}» (3). The following preparation for polymer 1c
(x = 0.5) can be extended to the other derivatives using always
4 mmol of KOBu' per mmol of —OCgH4CO2Pr® present in the
starting polymer. The procedure includes the already-known
homopolymer 2 (x = 1). The yields of the purified products
ranged from 70 to 90%.

To a solution of KOBut (1.42 g, 12.67 mmol) in THF (25 mL),
two drops of water were added, and then the mixture was
cooled to 0 °C. Then a solution of {[NP(O—CgH4—CO2Pr)s]¢ 5-
[NP(O2C12Hs)l05} (1.0 g, 3.16 mmol; 3.16 mmol of COOPr) in
THF (25 mL) was added dropwise, and the mixture was stirred
first 5 min at 0 °C and then 48 h at room temperature. The
reaction mixture was concentrated in vacuo to !/, volume and
poured slowly into aqueous HCI (0.5L, made with 100 mL
concentrated acid and 400 mL water) to form a white precipi-
tate that was washed with water until neutral pH was
reached. The final white material was dried 3 days in vacuo
at 25 °C. Yield: 0.86 g. (99%).

In the case of 1a, it was possible to purify the product by
three reprecipitations from THF/water, THF/2-propanol, and
THF/hexane.

Analytical data are given in Table 1. TGA data are given in
Table 2. Spectroscopic data are given below.

Polymers 1. IR (KBr pellets, cm™1): 3400—3450 s, vbr, with
a maximum at 3440 more defined as x increases) (v-OH); 3065,
from m to vw as x increases (v-Carom-H); 2655w, 2530w
(COOH—-HOOC dimers, see text); 1692s, br (v-CO); 1603 int
increasing as x increases; 1504m, 1478 int decreasing as x
increases (v-C=C); 1245m, 1209—1195 vs, br; 1160 from w to
s as x increases (v-PN); 1097 w to m (v-P—0C); 950—920 s, br
(0-POC); 786, 752 int decreasing as x increases; 770 int
increasing as x increases (0-PNP, 6-Carom-H); 609 w, 540 w
(other). 'H NMR (DMSO-d6): 12.7 broad (OH), from 7.4 to 6.5
vbr multiplet (aromatic protons). 3'P NMR (DMSO-d6): —5 vbr

shifting to —3.5 vbr as x increases ([NP(O2C12Hg)]); —23 vbr,
shifting to —20.3 vbr (the value for 2) as x increases ([NP(O—
CeHs—CO3H)5]).3'P NMR (aqueous sodium carbonate 0.5M) of
1d and le: —2 vbr [NP(O2Ci2Hs)]); —20 vbr [NP(O—CgHy—
CO2H)al). For polymer 2: a broad singlet at —19 ppm.

Polymers 3. IR (KBr pellets, cm-1): 3430s, vbr (v-OH); 3055
from m to vw as x increases, (v-Carom-H); 2650w, 2530w
(COOH—-HOOC dimers, see text); 1694s, br (»v-CO); 1602m,
1506m (v-C=C); 1260sh, 1218—1214vs, br; 1160 from w to s
as x increases, (v-PN); 1070s (v-P—0C); 960—935s, br (6-POC);
860, 812 int decreasing as x increases; 772 int increasing as x
increases, 748, 714, 695 int decreasing as x increases, (0-
CaromH); 570 s (other). 'TH NMR (DMSO-d6): 12.7 broad (OH),
7.6 vbr, 6.7 vbr (aromatic protons). 3P NMR (DMSO-d6): —3
vbr shifting to —4 vbr as x increases [NP(O2Cg0H12)l; —23 vbr
shifting to —20.3 vbr as x increases [NP(O—CgH;—CO2H)y]. 3P
NMR (aqueous sodium carbonate 0.5M) of 3d: —2 vbr [NP-
(OzCleg)]; —20 VbI‘ [NP(O_CGH4_COQH)2].

Reactions of the Polymers 1, 2, and 3 with ¢-Capro-
lactam. In the following general procedure, the functional-
ization degree (FD) is the mmol of COOH groups per gram of
polymer (see Table 1).

A solid mixture of the phosphazene polymer (0.1 g., 0.1 FD
mmol of COOH) and e-caprolactam (0.0113 FD R g, 0.1 FD R
mmol) was placed on a Carius Tube that was closed in vacuo
and heated at 230 °C for 15 h (at ~200 °C, the mixture melted
to a clean solution). The resulting products were taken out of
the tube and stirred with THF (150 mL) for 7 days, filtered,
washed with hot THF, then washed for 7 days with THF at
room temperature and dried to give the polyamides 4, 5, and
6 as a white or slightly colored material (70—92% of the total
mass of the reactants). Analytical data are given in Table 3.
TGA and DSC data for the selected polyamide-branched
polyphosphazenes (see text) are given in Tables 4 and 5.
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Table 3. Analytical Data“ for the
Polyamide-polyphosphazenes 4, 5, and 6

yvield¢ %C %H %N unaltered P¢

product x R®

4a 0.2 10 76 524 6.21 8.36 48
4b 0.2 56 77 58.0 9.38 10.8 2.0
4c 0.5 5.0 75 57.8 7.568 10.1 65
4d 0.5 10 86 58.0 8.18 10.8 55
4e 0.7 5.0 82 58.6 7.80 10.3 79
4f 0.7 10 91 59.6 8.66 10.8 64
5a 1.0 5.0 85 58.6 8.65 11.7 61
5b 1.0 10 92 59.1 847 11.3 51
6a 045 6.3 61 58,5 7.57 10.1 59¢
6b 0.7 5 74 57.0 8.68 10.7 53¢

@ The calculated values for a pure Nylon-6 are, 63.7% C, 9,77
H, 12.4 N. R is the ratio mmol —e caprolactam/mmol-COOH.
¢ Mass of the insoluble product in % of the total mass of the
reactants. ¢ It is the % of the Phosphorus atoms in the product
that are in [NP(O2C12Hs)], [NP(O2C20H10)], or [NP(OCcH4—CO—)
2] units (see text), measured by 3P NMR in CFsCH2OH/CHClg
(3:1) solution. ¢ Because of the broadness of the phosphazene
signals, those signals are estimated values.

Table 4. TGA Data® for the Polyamide Branched

Polyphosphazenes
drying main  loss loss after /o h residue
product 50—200 (°C) Thmax (°C) (%) at 800 °C (%)
4c 3.6 372 85.2 1.6 9.6
4e 1.5 350 90 2.0 6.5
4f 3.0 390 91 2.0 4.0
Nylon—6 0 440  99.8 0 0.2

@ Only those products approaching the ideal composition in 65%
or more are shown.

IR (KBr, cm™!). Main bands: 3450 sh, 3003 s, 3084 w, 2940
s, 2866 w (v-CH polyamide); 1641 vs (v-CO); 1544 (6-NH); 1249,
1209—-1201, 1169 (v-PN); 1096 int increasing as x decreases
(v»-P—0C); 930—940 (6-POC); 788 int decreasing as x increases
(6-PNP, 6-CaromH). Other bands: 1500 w, 1463 w, 1417 w,
1372 w, 1264 w, 1213 w, 1016 vw, 853 w, 691 w, 611 w, 520—
540w, br.

31P NMR (3:1 mixture of CFsCH,OH—CH,Cls): —4 br ([NP-
(Ozcleg)]) or —3 bI‘ ([NP(OQConlg)]); —23 bI‘ Shlftlng to —20
br as x increases ([NP(O—CsHs—CONH—Nylon-6)s]). Other
peaks (only the most conspicuous) from the chain imperfec-
tions: 1.5—0.7, (increasing with x from 7 to 31%); 6.0 br (not
observed in the cases of x = 1 with an intensity that increased
with R and decreased with x, varying from 8% for x = 0.7, R
= 5-91% for x = 0.2, R = 50).

Results and Discussion

The 2,2'-dioxybiphenylphosphazene random copoly-
mers carrying carboxylic acids {[NP(O2Ci2Hg)l1—x-
[INP(OCeH4COOH)ql,}, [x = 0.2 (1a), 0.35 (1b), 0.5 (1¢),
0.7 (1d), 0.85 (1e)] and the chiral binaphthoxy analogues
{INP(O2C20H12)]1- INP(OCcH4COOH)2l.}, [x = 0.2 (3a),
0.45 (3b), 0.7 (8¢)] (Chart 1) were prepared by hydrolysis
of the propylcarboxylate precursors? using potassium
tert-butoxide in THF as described in the literature for
analogous phosphazene polymers.3

Reactions to Form Nylon-6-branched Phosphazene 3257

Chart 1. The Phosphazene Random Copolymers
Carrying Carboxylic Acids

5“52” © O
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COH COH

O O
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{/(\ \ M/ ,ﬁ Ny dl
x=02 035 05 0.7 0.85 x=0.2 045 0.7
la 1b 1c 1d le 3a 3b 3d

COH cO,H

% %

For comparative purposes, the well-known3® ho-
mopolymer 2 (x = 1) was also prepared following the
same method. Because of their low solubility in THF
that decreased with the content of OC¢H4,COOH units
(from x = 0.35 they were almost insoluble), it was not
possible for the accurate measurement of all the Mw
by GPC, but it is reasonable to suppose that they are
close to those of the starting materials.2 In fact, for 1a,
it was found that Mw = 0.7 10¢ (PDI = 1.8) and for the
precursor Mw = 0.85 106 (PDI = 3.3)2.

The isolated products (see experimental section) were
white solids, and the SEM micrographs (Figure 1)
revealed that their physical characteristics changed
with the composition, ranging from very porous materi-
als (some of them, as 1e, consisting of fused regular
spheres of about 1 um) to highly compacted particles
with very wrinkly surfaces (1d).

The X-ray diffraction disclosed the typical halo around
26 = 22° and the wide angle reflection of a mesomorphic
phase (260 below 7°), the intensity of which was not
incremented on raising the temperature to 120 °C. As
expected, the interplanar distances (Table 1) increased
with x, but much less than in the case of the related
CO9Pr® derivatives.2

All the analytical (Table 1) and spectroscopic data
(experimental section) were in accord with their chemi-
cal composition.

The IR spectra showed the very broad absorption
extending from 3100 to 3500 cm~! [HO—C(O)] and the
very strong one near 1692 cm~! [C=0(OH)] also ob-
served in the spectrum of the homopolymer [NP(O—
CsHys—CO2H)ql, (2). Interestingly, two distinct absorp-
tions at 2600—2500 cm~! were noticed in all cases,
strongly supporting the presence of H-bonded HOCO—
HOOC dimers in the solid structure.!® Other important
frequencies, such as those in the regions 1250—1160

Table 5. DSC Data“ for the Polyamide Branched Polyphosphazenes

melting® crystallization®
product Tax (°C) AHp (Jg~H1 Tmax (°C) AHc (Jg™1) AHc(4)/AHc(2)¢ % polyamide®
4c 170, 180 25 135 24 1.1 56
4e 175, 185 37 135 37 1.0 67
4f 200, 210 42 170 49 11 83
Nylon—6/ 225 47 170 57 1.0 100

@ Only those products approaching the ideal composition in 65% or more are shown. ® Measured in the second heating (run number 3).
¢ Measured in the second cooling (run number 4). ¢ Ratio of the AH of the 2nd and 1st cooling processes (i.e., the 4th and 2nd runs).
¢ Maximum (%) of polyamide calculated, taking into account the degree of conversion. / Those values were measured in this work under
the same experimental conditions and with the same equipment as the rest of the products.
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Figure 1. SEM micrographs of (a) polymer 1c¢ (70x), (b) polymer 1¢ (1000x), (c) polymer 1d (70x), and (d) polymer 1d (1000x).

cm~! (v-PN), 1600—1500 cm~! (v-C=C), 1100 cm~! (v-
P—-0C), 950 cm ™! (5-POC), and 800 cm ™! (6-PNP), were
assigned according to the literature.2’ The relative
intensities of several of the bands (see experimental
section) varied consistently with the proportion of both
polymeric units.

The 'H spectra, measured in DMSO-dg (where they
were soluble), demonstrated the total absence of n-
propyl groups and the presence of only tiny amounts of
retained solvents. Significantly, no polytetrahydrofuran
(PTHF) that might have been formed during the pre-
cipitation of the THF solution in hydrochloric acid was
present. The 'H NMR also showed the H atoms of the
COOH groups as a broad singlet at 12.7 ppm. The 31P
NMR spectra (also in DMSO-dg) displayed two broad
multiplets with the same relative intensities found in
the spectra of the starting COyPr derivatives.?

As observed? with the homopolymer { [NP(O—CgHy—
CO2H)ql,, (2), the members of the series 1 (x > 0.5) were
very soluble in water at basic pH (0.5 M aqueous sodium
carbonate) and could be reprecipitated as white gels by
adding hydrochloric acid. The 3P NMR spectra of the
basic aqueous solutions also exhibited the expected two
broad multiplets (the chemical shifts were only slightly
higher than in DMSO). The polymers 3 are chiral (their
specific rotations are given in Table 1), and 3d, which
is soluble in basic aqueous media, yields optically active
water solutions { —9° in 0.5 M aqueous sodium carbonate
(0.5 ¢)}.

The TGA analysis of the polymers 1, 2, and 3 (Table
2) indicated that their thermal stability was moderate.
The first decomposition began in the vicinity of 200 °C,
and in many of the cases, it occurred overlapped with
other decomposition processes, resulting in a continuous

loss of weight. The final residue left at 800 °C was,
however, high, ranging from 15 to 40%.

The DSC thermograms (measured from 0 to +250 °C
and also from —100 to 250 °C) showed that only in the
case of 1a (x = 0.2) a distinctive and reproducible heat
capacity jump could be observed. The glass transition
temperature (T'g = 96 °C) was, as expected, intermedi-
ate between those of 2 (—4.7 °C)3 and the homopolymer
INP(O2C12Hs)l, (161 °C).2! Assuming that the Tg’s of the
random copolymers 1 decrease linearly with x as found
for their carboxylate precursors,? all the other values
should be well under 100 °C, sufficiently far from the
decomposition temperatures. Therefore, the fact that no
glass transitions were detected in the other cases is
probably connected with the occurrence of the hydrogen
bonding in the solids (see the IR discussion above).

Considering the ring-opening polymerization of ¢-ca-
prolactam promoted by the cyclic trimer {[NsP3(O—
CeH4,—COOH)g4],,,% we extended the reaction to the high
molecular weight polymers 1, 2, and 3 that could
generate phosphazene copolymers branched with Ny-
lon-6 polyamides. Thus, all the members of the series
were heated at 230 °C in a sealed tube in vacuo with
e-caprolactam in ratios R (mmol e-caprolactam/mmol
COOH) of ~5, 10, or 60. We observed that at the
beginning, the mixture melted to a clear and mobile
liquid, indicating that the polyphosphazenes carrying
the carboxylic acid terminal groups were soluble in
melted e-caprolactam. We also checked that the heating
of e-caprolactam with the nonfunctionalized parent
homolpolymer [NP(O2C12Hs)l,, gave less than 5% yield
of a polyamide (probably due to traces of water in the
reagents).
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Figure 2. SEM micrographs of the polyamide-phosphazene product 4c at 70x (a) and 1000x (b).
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Figure 3. IR spectrum (KBr pellet) of 4e.

The products obtained by reacting 1, 2, and 3 with
e-caprolactam (4, 5, and 6, respectively) were white or
slightly creamy, hard, brittle, and homogeneous solids
(the SEM micrographs shown in Figure 2 were taken
from the products formed by cooling the melt). The
yields (Table 3) ranged from ~60 to 92% of the total
weight of the reactants, tending to be higher as x and
R were increased. However, the actual values were not
always reproducible. In general, the yields were lower
with the dioxybinaphthyl derivatives 3, particularly in
the case of x = 0.2 (only 11%), probably due to the higher
steric hindrance of the active COOH in those polymers.

All the analytical and spectroscopic data and the
thermal properties (experimental section and tables 3,
4, and 5) confirmed that the products were nylon-
polyamides attached to linear un-cross-linked polyphos-
phazene chains (the latter being probably shorter than
those of the starting polymers because it is known?2:23
that the average Mw of the related species [NP-

—

T
1500 1000 cm? 500

(OQClZHS)]n and [NP(Och()Hm)]n are signiﬁcantly re-
duced near 250 °C).

Thus, similarly to all polyamides,?* 4, 5, and 6 were
insoluble in THF (see experimental section) but very
soluble in a 3:1 mixture of CF3sCH,OH—-CH>Cls (in
which the COOH precursors were quite insoluble).

The IR spectra (Figure 3) showed the typical pattern
of a Nylon-6 crystallized in the H-bonded o-phase,?®
with the strong NH stretching band at 3300 cm™!
having a broad shoulder at ~3450 cm™! and a weak
absorption at 3084 cm~!. The CH stretching consisted
of two main absorptions at 2940 and 2866 cm™1; the CO
stretching appeared at 1641 cm ™! and the NH bending
at 1544 cm~1. Also very significant were the IR absorp-
tions that could be unambiguously attributed to the
polyphosphazene vibrations, especially those corre-
sponding to the PN stretchings (near 1200 cm™!) that
were consistently more intense in the derivatives made
with lower R.
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Figure 4. X-ray diffractograms of 4e (a) and 4f (b).
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Figure 5. DSC thermogram for the product 4e.

The presence of the a-phase polyamide was also
confirmed by the X-ray diffractograms (Figure 4) that
exhibited the two intense sharp reflections at 26 = 20°
and 24°, typical of the (200) and (002) H-bonded
planes.?? The diffractograms also showed that the
relative intensities of the broad halo centered near 22°
(normally encountered in the polyphosphazenes?6) were
consistent with the phosphazene contents.

The TGA thermograms of 4, 5, and 6 (in Table 4 are
presented selected data as explained below) showed a
fast decomposition centered in the range 350—390 °C
with a weight loss of ~90%. The final residues left at
800 °C (of the order of 4—10%) increased with the

phosphazene content, indicating that the main process
is the depolymerization of the polyamide to give volatile
e-caprolactam and a degraded phosphazene residue.

The DSC thermograms (Table 5 and Figure 5) exhib-
ited in the heating runs a strong, irregularly shaped
endothermic peak near 200 °C and a sharper exothermic
signal in the cooling runs around 160 °C that were
unambiguously assigned to the fusion and crystalliza-
tion of the polyamide. As might have been expected, the
AH of the crystallization increased regularly with the
proportion of polyamide present in the material ap-
proaching that of the commercial Nylon-6 (Table 5).
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The solubility of the phosphazene-polyamides 4, 5,
and 6 in the 3:1 mixture of CF3CHOH—CH,Cl; allowed
a more detailed characterization by 31P NMR spectros-
copy (experimental section and Figure 6).

Thus, the spectra clearly showed the expected two
broad signals of the phosphazene units, one at ~—20
ppm ([INP(OCcH4CO—NY-6)q]), and other near —4 ([NP-
(02C12Hg)]) (or —3 br in the case of the [NP(O2Co0H12)]
derivatives), with the same relative intensities found
in the starting copolymers. It is noteworthy that those
values were very close to those of the propyl-ester
copolymers { [NP(O2C12Hg)l1 -« [NP(OCsH4COzPF)2]x}n in
the same solvent mixture. However, all the spectra
contained other signals (see experimental section), the
relative intensities of which were unchanged after a
reprecipitation by pouring the solutions into THF. The
corresponding chemical shifts resembled those of some
of the compounds formed in the thermal degradation of
polyphenoxyphosphazene?” at temperatures well above
230 °C, and therefore, it is possible that similar or
related derivatives, arising from the less-stable car-
boxylatophenoxyphosphazenes, are present in the ma-
terials 4, 5, and 6. In the cases of the polyamides with
x < 1, the spectra showed a conspicuous peak at +6 ppm
with an intensity that increased with R and decreased
with x, varying from 8% (x = 0.7, R = 5) to 91% (x =
0.2, R = 56) and that did not appear in the cases of 5
(i.e.,x = 1). Those observations indicated that the ring-
opening polymerization of the caprolactam on the
COOH groups attached to the polyphosphazenes was
accompanied by collateral reactions affecting the com-
position of several of the phosphazene units.

The measurement of the relative intensities of the
signals made it possible for a quantitative determination
of the fraction of phosphorus atoms that remained
unaffected by the collateral reaction (Table 3). The
results showed that only the materials containing [NP-
(02C12Hg)] units with x > 0.5 and made with R < 10
consisted mainly (i.e., more than 65%) of the expected
polyamide-branched phosphazenes. Thus, 4e approached
the idealized composition in ~80% (see Chart 2, where

ﬁfﬁf ﬁr’ hES

Figure 6. 3P NMR spectrum of 4e in CF;CH;OH/CH2Cl; (3:1).

T T T
-15 -20 -25 ppm

N T

Chart 2. Idealized Formula for Polymer 4e that
Corresponds to 80% of the Solid Material

N
,00@b
o°
o
0}5 gNH-[(CHZ)S-CONH-]m
0 O i) b

\/ N

K1),

the linking of the Nylon-6 branches to the phosphazene
chains by —OCgH4—CONH- links was proposed, taking
into account the probable mechanism of this polymer-
ization).28

n

Conclusions

New phosphazene copolymers having [NP(O2C1oHg)]
or chiral [NP(O2C20Hj2)] units and O—CgHys—COOH
pendant groups, some of them soluble in basic water,
have been synthesized. The use of those polymers as
initiators for the ring-opening polymerization of ¢-ca-
prolactam, in molar ratios e-caprolactam/COOH R < 10,
gave new polymeric materials, consisting essentially
(80—65%) of linear un-cross-linked polyphosphazenes
branched with short Nylon-6 chains but having a
fraction of the PN units modified by collateral secondary
reactions.
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