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ABSTRACT: The reaction of methylhydroquinone with hexachlorocyclotriphosphazene in
the presence of a base, 4-picoline, in cyclohexane was investigated. Nuclear magnetic
resonance spectroscopy, multiangle laser light scattering, and elemental analyses were
performed on the product and two other related phosphazene materials produced by
analogous synthetic routes: poly[hexakis(4-hydroxyphenoxy)cyclotriphosphazene] (1) and
hexakis[(3-tert-butyl)(4-hydroxyphenoxy)]cyclotriphosphazene (2). Unlike the data for 2
where the tert-butyl moiety enforced regiospecific nucleophilic addition, the data for the
methylhydroquinone-substituted cyclotriphosphazene product indicate that the less steri-
cally bulky methyl group provides only limited protection for the adjacent hydroxyl group.
The result is the formation of a low molecular weight oligomer, poly{hexakis[(methyl)(4-
hydroxyphenoxy)]cyclotriphosphazene} (3), instead of a discrete cyclic trimer species.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 3439–3446, 2001
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INTRODUCTION

Polyphosphazenes have been shown to have a
wide range of thermal and chemical stabilities.1,2

Depending on the type of pendant groups that are
utilized, this breadth of thermal and chemical
stability has enabled polyphosphazenes to have
an extensive range of applications.3–6 Linear
polyphosphazenes have been the most extensively
researched polyphosphazene material (Fig. 1).7,8

Linear polyphosphazenes are generally synthe-
sized by ring-opening polymerization of hexachlo-
rocyclotriphosphazene followed by the addition of
organic nucleophiles to the backbone.9 The rela-
tive ease of synthetic adaptation of linear

polyphosphazenes with the desired characteris-
tics has been the driving force for developing
these materials. Due to the high cost of materials
and relatively low yields resulting from the ring-
opening polymerization reaction of hexachlorocy-
clotriphosphazene, other routes to polyphospha-
zene materials are being investigated. Included
are methods for the production of linear polypho-
sphazenes that involve the synthesis of linear
materials from nitrogen- and phosphorus-con-
taining precursors directly.10–12

There are two other backbone configurations
for polyphosphazenes based upon a cyclotriphos-
phazene: cyclolinear and cyclomatrix. The com-
plexities involved with the synthesis of cyclolin-
ear materials13 severely limit their desirability;
hence, more research is being focused on the gen-
eration of cyclomatrix materials.7 The general
routes to these materials are the addition of bi-
functional organic nucleophiles to hexachlorocy-
clotriphosphazene followed by crosslinking or the
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initial addition of nucleophiles with functional
groups that can be further substituted or modified
prior to crosslinking.

Earlier work exploring the generation of
polymer precursors reported the synthesis and
characterization of poly[hexakis(4-hydroxyphe-
noxy)cyclotriphosphazene] (1) by a one-step nu-
cleophilic substitution method.14,15 Hexachlorocy-
clotriphosphazene was reacted with hydroqui-
none in cyclohexane with pyridine as a base to
absorb the HCl generated by the reaction.15 Ele-
mental analysis and 31P-NMR spectroscopy deter-
mined the product to be a crosslinked polymer
instead of a distinct cyclic trimer (Fig. 2). Poly-
merization is due to the presence of two unpro-
tected hydroxyl functional groups on hydroqui-
none. Even a large excess of hydroquinone does
not completely obviate the nucleophilic attack at
both hydroxyl sites. The synthesis of hexakis(4-
hydroxyphenoxy)cyclotriphosphazene as a dis-
crete cyclic trimer has been accomplished through
a two-step process by reacting hexachlorocyclot-
riphosphazene with either 4-methoxyphenol or
4-(benzyloxy)phenol to form the phosphonitrilic
complexes hexakis(4-methoxyphenoxy)cyclotripho-
sphazene16 or hexakis[4-(benzyloxy)phenoxy]cyclo-
triphosphazene.17 The deprotection of the methyl or
benzyl residues to hydroxyl moieties results in the
generation of the cyclic trimer, hexakis(4-hydroxy-
phenoxy)cyclotriphosphazene.17

Hexakis[(3-tert-butyl)(4-hydroxyphenoxy)]cy-
clotriphosphazene (2) (Fig. 3) was synthesized by
reacting hexachlorocyclotriphosphazene with tert-
butylhydroquinone via the one-step nucleophilic
substitution method used earlier for the formation
of 1.18 The bulky nature of the tert-butyl group
adjacent to one of the hydroxyl groups effectively
provides enough steric hindrance that only the non-
hindered hydroxyl site is available for the reaction
with hexachlorocyclotriphosphazene. The result is a
regiospecific substitution reaction with only dis-
crete cyclic trimers being produced.

A recent study reported the preparation of cy-
clomatrix materials utilizing 1 and 2 as precur-
sors.19 The steric hindrance associated with the
tert-butyl group adjacent to the reactive hydroxyl
site resulted in longer reaction times for the ad-
dition of organic crosslinkers to 2 compared to the
reaction times with 1. The formation of 2 as a
single species by the one-step nucleophilic substi-
tution method and the subsequent reactions
forming cyclomatrix materials stimulated inter-
est in further studies to generate cyclic trimers
that have sites of differing reactivities for addi-
tional modification. Methylhydroquinone was
chosen in this study to explore its potential as a
cyclomatrix precursor due to the reactivity of ben-
zylic methyl groups. If the substitution reaction
with hexachlorocyclotriphosphazene via the one-
step method occurs in a regiospecific manner,

Figure 1 Backbone configurations of polyphosphazenes: (a) linear; (b) cyclolinear; (c)
cyclomatrix; (d) cyclotriphosphazene. R and R9 represent monodentate and bidentate
pendant groups, respectively.
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forming a cyclic trimer, the product could be fur-
ther modified at either the methyl or the hydroxyl
positions. The relative ease of substitution at the
available hydroxyl position and the ability to fur-
ther tune desired physical properties into the fi-
nal product by modification at the reactive methyl
site would give this cyclomatrix precursor a dis-

tinct synthetic advantage over 2. The synthesis
and characterization of poly{hexakis[(methyl)(4-
hydroxyphenoxy)]cyclotriphosphazene} (3), a low
molecular weight oligomer, is reported here along
with molecular weight and elemental analyses of
the related cyclotriphosphazene materials 1
and 2.

EXPERIMENTAL

General

NMR data were acquired on a Bruker DMX
300WB spectrometer operating at 300.13 MHz
(1H), 121.49 MHz (31P), or 75.78 MHz (13C) and
referenced internally to TMS (1H and 13C) or ex-
ternally to H3PO4 (31P). The materials for study
by NMR spectroscopy were prepared as dilute
solutions using acetone-d6 (Cambridge Isotope
Laboratories, Andover, MA) as the solvent. Hexa-
chlorocyclotriphosphazene (Strem Chemicals,
Inc., Newburyport, MA) was purified by sublima-
tion prior to use. Methylhydroquinone, 4-picoline,
and HPLC-grade tetrahydrofuran (Aldrich Chem-
ical Co., Milwaukee, WI) were used as received.
Cyclohexane (Aldrich Chemical Co.) was distilled
over calcium chloride prior to use. Toluene (Al-

Figure 2 Poly[hexakis(4-hydroxyphenoxy)cyclotriphosphazene] (1).

Figure 3 Hexakis[(3-tert-butyl)(4-hydroxyphen-
oxy)]cyclotriphosphazene (2).
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drich Chemical Co.) was distilled prior to use.
Elemental analyses (C, H, and N) were performed
on a Carlo Erba Instruments EA1108 CHNS-O
elemental analyzer.

Characterization of Molecular Weights

Dilute solution techniques were used to character-
ize the macromolecular structures of the cyclic tri-
mers/polymers. Tetrahydrofuran, filtered through a
0.02-mm Whatman Anatop™ 25 syringe filter, was
used as the solvent and all experiments were per-
formed at 22°C. Solution refractive index increment
(dn/dc) values were obtained using a Rainin Dy-
namax RI-1 differential refractive index detector.
The detector constant was determined via calibra-
tion using known concentrations of polystyrene
standards whose dn/dc values are well known. La-
ser light-scattering (LLS) measurements were
made using a Wyatt Technologies Dawn-DSP laser
photometer which uses polarized light (633 nm) to
measure scattered light intensities at 18 angles
ranging from 22.5° to 147°. The instrument was
calibrated with toluene, which was filtered through
a 0.02-mm filter. Zimm and Debye plots were pre-
pared to obtain weight-average molecular weights,
z-average square radii (mean square radii), and sec-
ond virial coefficients.

Synthesis of Poly[hexakis(4-
hydroxyphenoxy)cyclotriphosphazene] (1)

Poly[hexakis(4-hydroxyphenoxy)cyclotriphospha-
zene] (1) was prepared as previously reported.15

Mw 5 (4.52 6 0.09) 3 105 g/mol, dn/dc 5 0.143,
RMS radius 5 56.5 6 1.7 nm, second virial coef-
ficient 5 (23.54 6 0.3) 3 1024 mol mL/g2.

Synthesis of Hexakis[(3-tert-butyl)(4-
hydroxyphenoxy)]cyclotriphosphazene (2)

Hexakis[(3-tert-butyl)(4-hydroxyphenoxy)]cyclotri-
phosphazene (2) was prepared as previously re-
ported.18 Mw 5 (1.07 6 0.1) 3 103 g/mol, dn/dc
5 0.138, RMS radius , 10 nm, second virial co-
efficient 5 (2.82 6 3.0) 3 1023 mol mL/g2.

ANAL. Calcd for C60H78N3O12P3: C, 5 63.99%;
H, 5 6.98%; N, 5 3.73%. Found: C, 5 64.50
6 0.16%; H, 5 7.17 6 0.04%; N, 5 3.79 6 0.02%.

Synthesis of Poly{hexakis[(methyl)(4-
hydroxyphenoxy)]cyclotriphosphazene} (3)

A flame-dried 2-L three-neck round-bottom flask,
equipped with a water condenser, mechanical
stirrer, and a pressure-equalizing addition fun-
nel, was charged with hexachlorocyclotriphospha-
zene (23.6 g, 67.9 mmol) and methylhydroquinone

Figure 4 31P-NMR spectra (in acetone-d6) of (a) poly[hexakis(4-hydroxyphenoxy)cy-
clotriphosphazene] (1), (b) hexakis[(3-tert-butyl)(4-hydroxyphenoxy)]cyclotriphos-
phazene (2), and (c) poly{hexakis[(methyl)(4-hydroxyphenoxy)]cyclotriphosphazene} (3).
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(100.6 g, 0.810 mol). Cyclohexane (800 mL) was
added and the mixture was stirred while under a
flow of nitrogen for 30 min. 4-Picoline (79 mL,
0.81 mol) was slowly added to the reaction mix-
ture (over 10 min) from the addition funnel. The
reaction mixture was then heated at reflux for an
additional 16 h. During the heating process, a
colorless clear upper layer and an orange viscous
lower layer were observed. After the reaction mix-
ture was cooled to room temperature, the clear
colorless liquid was decanted from the orange
solid. Aqueous acetic acid (80%, 500 mL) was
added to the orange solid followed by mild heating
and stirring until the solid completely dissolved,
resulting in a clear orange solution. The acidic
solution was poured into 3 L of room-temperature
deionized water, resulting in the formation of an
off-white precipitate. The precipitate was col-
lected by suction filtration, transferred to a cellu-
lose Soxhlet thimble, and extracted with water for
4 days. Upon drying under vacuum, 36.3 g of 3
was obtained in a 61% yield.

31P-NMR (acetone-d6) d 11.0 (m). 13C{1H}-NMR
(acetone-d6) d 154.9, 153.2, 144.4, 143.3, 131.9,
126.0, 123.9, 122.1, 119.6, 118.2, 115.7, 113.8,
16.9, 16.3. 1H-NMR (acetone-d6) d 8.19, 6.79–6.48
(m), 2.13, 1.98. Mw 5 (4.98 6 0.06) 3 103 g/mol,
dn/dc 5 0.150, RMS radius , 10 nm, second virial
coefficient 5 (1.58 6 0.6) 3 1024 mol mL/g2.

ANAL. Calcd for C42H42N3O12P3: C, 5 57.7%; H,
5 4.85%; N, 5 4.81%. Found: C, 5 56.0 6 0.1%; H,
5 4.44 6 0.12%; N, 5 5.37 6 0.02%.

RESULTS AND DISCUSSION

The product of the one-step reaction of methylhy-
droquinone and hexachlorocyclotriphosphazene
was studied by NMR spectroscopy, multiangle
LLS, and elemental analysis. The complex nature
of the observed resonance in the 31P-NMR spec-
trum of 3 [Fig. 4(c)] is consistent with the addition

of the methylhydroquinone occurring in a nonre-
giospecific manner with respect to the hexachlo-
rocyclotriphosphazene. Since there are two hy-
droxyl groups on the methylhydroquinone that
could react with the phosphorus-bound chlorines,
substitution could occur at either position. Al-
though the preferred substitution site is at the
less hindered position, the 31P-NMR analysis
strongly suggests that the methyl group does not
provide full protection for the adjacent hydroxyl
group. This nonregiospecific directing force leads
to both 3-methyl and 2-methyl substitution pat-
terns on the phosphazene rings. To further com-
plicate the speciation, some degree of crosslinking
is also to be expected with a mixture of substitu-
tion patterns.

The 13C{1H}-NMR spectrum of 3 exhibits six
major resonances for the aromatic carbons that
are analogous with the NMR spectra reported for
the aromatic carbons in 1 and 2 (Fig. 5 and Table
I). The other observable major resonance is as-
signed to the benzylic methyl carbon upfield from
the aromatic carbons at d 5 16.3. The interpreta-
tion of the 31P-NMR spectrum that nonregiospe-
cific addition of the methylhydroquinone in the

Figure 5 Carbon numbering scheme for the cyclotriphosphazene materials.

Table I 13C-NMR Chemical Shifts for the Cyclic
Phosphazene Materials

Carbon
No.

1
(ppm)

2
(ppm)

3

Major
(ppm)

Minor
(ppm)

1 144.3 143.5 144.4 143.3
2 122.7 119.0 123.9 122.1
3 116.7 136.4 126.0 131.9
4 155.4 152.4 153.2 154.9
5 118.1 119.6 118.2
6 116.0 115.7 113.8
7 34.1 16.3 16.9
8 28.7
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formation of 3 occurs is supported by the obser-
vation of minor resonances that are slightly
shifted from the major resonances. Integration of
the methyl resonances in the 13C-NMR spectrum
(without 1H decoupling) indicates that the minor
resonance of the methyl carbon signal represents
approximately 17% of the total area of the two
signals.

The 1H-NMR spectrum of 3 shows an over-
lapping multiplet centered at 6.64 ppm for the
aromatic protons. The observable major reso-
nances for the hydroxyl and the methyl protons
are at 8.19 and 2.13 ppm, respectively. Integra-
tion of a minor methyl resonance that is ob-
served slightly upfield (d 5 1.98) from the major
methyl resonance agrees with the integration of
the methyl resonances in the 13C-NMR spec-
trum. These data provide further evidence that
the methyl group affords only limited protection
for the adjacent hydroxyl position, resulting in
an 83/17 mixture between 3-methyl and
2-methyl substitution.

The molecular weight of 3 determined by
batch-mode multiangle LLS was found to be six
times larger than was the calculated weight for
the cyclic trimer (Table II). Calculating the degree
of oligomerization based upon the molecular
weight yields an oligomer comprising approxi-
mately six monomer units. This structural unit

roughly consists of 4.33 nonbridging to every 1.67
bridging methylhydroquinone moieties and has a
chemical composition of 56.4% C, 4.62% H, and
5.46% N. Elemental analysis was also performed
on 3 and the results are displayed in Table III.
The actual analysis values are more consistent
with the theoretical values for the oligomer unit
proposed based on LLS measurements than those
for a discrete cyclic trimer species. Interpretation
of these results yields a basic unit that is a low
molecular weight oligomer with one to two bridg-
ing methylhydroquinone units per subunit
(Fig. 6).

Previously reported NMR data for 1 and 2,
along with molecular weight and elemental anal-
yses that were conducted in this study, were ex-
amined to corroborate the proposed structure of 3.
The complex nature of the resonance in the 31P-
NMR spectrum for 1 [Fig. 4(a)] is similar to that
found for 3 and provides evidence of the presence
of both bridging and nonbridging methylhydro-
quinone moieties. In contrast to 3 and 1, the for-
mation of 2 occurs with regiospecificity where the

Table II Molecular Weight of the Cyclic
Phosphazene Materials

Structure
Mw (g/mol)
Calculateda

Mw (g/mol)
Determined

1 790 452,000 6 9000
2 1126 1070 6 100
3 874 4970 6 60

a Molecular weight calculated for a discrete cyclic trimer.

Table III Elemental Analyses of the Cyclic Phosphazene Materials

Element

1 2 3

Calculateda Found Calculateda Found Calculateda Found

C% 54.8 50.1 64.0 64.5 57.7 56.0
H% 3.83 3.55 6.98 7.17 4.85 4.44
N% 5.32 6.54 3.73 3.79 4.81 5.37

a Chemical composition calculated for discrete cyclic trimers.

Figure 6 Poly{hexakis[(methyl)(4-hydroxyphenoxy)]
cyclotriphosphazene} (3).
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tert-butyl group enforces the orientation away
from the phosphorus–nitrogen ring during the
addition and effectively protects the remaining
hydroxyl group from further reaction.18 This re-
sults in the formation of a distinct cyclotriphosp-
hazene with a single resonance in the 31P-NMR
spectrum with a half-height full-width line width
of less than 4 Hz [Fig. 4(b)].

Comparisons of the molecular weights of 1
and 2 reveal the differences in the effectiveness
of the adjacent protecting group in these mate-
rials (Table II). The molecular weight of 2
agrees with the calculated value of the cyclic
trimer, indicating that the tert-butyl group does
provide effective protection for the adjacent hy-
droxyl site during the substitution reaction,
thus preventing oligomerization. However, the
molecular weight of 1 is almost 3 orders of mag-
nitude larger than is the calculated molecular
weight of the cyclic trimer. This high molecular
weight agrees with the NMR data that the ini-
tial substitution at the first hydroxyl position
does not prevent further substitution at the
second hydroxyl site, resulting in a significant
amount of polymerization.

The elemental analyses of 1 and 2 (Table III)
agree with the molecular weight data, confirming
the degree of polymerization that occurs in these
materials. The authors for 1 reported that using a
structural subunit of three nonbridging and three
bridging hydroquinone moieties and one water
molecule per subunit resulted in a chemical com-
position that closely matched the elemental anal-
ysis of 1.15 This structural subunit indicates that
half of every monomer unit is involved with
crosslinking, resulting in a fairly large amount of
polymerization. The elemental analysis of 2
closely matches the calculated chemical composi-
tion for the structural formation of a cyclic trimer
with no polymerization.

The data for 3 indicate that the existence of a
small protecting group such as methyl hinders
the substitution reaction. This results in a mix-
ture of 3-methyl and 2-methyl moieties with a
limited amount of crosslinking. The NMR, LLS,
and elemental analysis data for 1 and 2 further
support the interpretation that 3 is best described
as a low molecular weight oligomer.

CONCLUSIONS

Utilizing the previously reported one-step reac-
tion method forming the distinct cyclic trimer 2,

methylhydroquinone was reacted with hexachlo-
rocyclotriphosphazene to develop a potential pre-
cursor for new cyclomatrix materials. The NMR
data for 3 indicate that during the substitution
reaction the addition of methylhydroquinone does
not occur regiospecifically, resulting in an 83/17
mixture of 3-methyl and 2-methyl moieties. As a
consequence of the mixture, a limited extent of
oligomerization is observed as shown by elemen-
tal analysis and molecular weight data forming a
low molecular weight oligomer, 3, instead of a
discrete cyclic trimer.

The oligomerization present in 3 does not nec-
essarily preclude its use as a precursor for the
preparation of cyclomatrix materials. The pres-
ence of the benzylic methyl group in 3 provides
two routes for further substitution or modifica-
tion. The relatively smaller methyl group allows
the use of reactants with larger functional groups
in substitution reactions at the hydroxyl position
or modification reactions could focus directly on
the reactive benzylic methyl group. These differ-
ences signify a synthetic advantage for 3 over the
sterically bulky tert-butyl group in 2 in generat-
ing cyclomatrix materials. Further research is
currently exploring the preparation of cycloma-
trix materials utilizing 3 and related species as
precursors.
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