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Thin cyclomatrix polyphosphazene films:
interfacial polymerization of
hexachlorocyclotriphosphazene with aromatic
biphenols
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A series of thin cyclomatrix polyphosphazene films has been prepared by interfacial polymerization of

hexachlorocyclotriphosphazene (HCCP) with an aromatic biphenol. The pKa values of the biphenol used

strongly influence the properties of the hyper-cross-linked films formed. 4,4’-Dihydroxybiphenyl (BPH)

and 4,4’-dihydroxydiphenyl ether (DHPE) possess pKa values in the range of 9.4–9.6 & 10.0–10.3 for the

mono- and di-ionized forms, respectively, and produce films with a lower cross-link density, whereas

4,4’-dihydroxybenzophenone (DHBP) and 4,4’-sulfonyldiphenol (BPS) feature lower pKa values (7.4–7.6 &

8.0–8.2), resulting in films with a higher cross-link density. The difference in cross-link density is reflected

in, e.g., the surface morphology and mechanical properties of the films. Mechanical stiffness has been

quantitatively assessed by PeakForce QNM AFM. Lower cross-link densities result in Young’s moduli with

average values of 44–69 MPa, with a sharp distribution, while higher cross-link densities yield broadly dis-

tributed Young’s moduli with average values of 255–306 MPa, depending on the choice of the biphenol.

The surface chemistry of the films was successfully altered by post-functionalization.

1. Introduction

Hybrid materials gained much interest over the last decades,
as the combination of organic and inorganic matter within a
hybrid material often leads to enhanced, or even novel, pro-
perties compared to those of the pure organic and inorganic
constituents.1 For example, hybrid materials may display
higher flexibility and greater mechanical strength, usability
over a broader temperature range, as well as greater durability.2

The class of polyphosphazenes holds fascinating examples of
inorganic–organic (hybrid) materials.3 Polyphosphazenes can
be regarded as molecular level hybrids as they consist of an in-
organic backbone, composed of alternating phosphorous and
nitrogen atoms, usually with two organic substituents linked
to each phosphorous atom.4,5 Heteroatoms, such as carbon or
sulfur, could be introduced into the polymers backbone result-
ing in polyheterophosphazenes.6–8 Besides linear poly-

phosphazes, star, dendritic, block copolymeric, cyclolinear,
and cyclomatrix architectures have been synthesized.9,10

A versatile building block for the preparation of materials
based on phosphazenes is the cyclic phosphazene trimer hexa-
chlorocyclotriphosphazene [NPCl2]3, HCCP. Covalent linkages
can be formed between nucleophiles, such as alkylamines,
and the phosphorous atoms, with chloride as the leaving
group. In cyclolinear polymers, only two of the six reactive
sites of the phosphazene rings are linked via difunctional exo-
cyclic groups to form linear chains. When a larger number of
reactive sites are involved in bond formation, cyclomatrix
structures result, which are cross-linked materials.
Precipitation polycondensation reactions under such con-
ditions (where multiple HCCP sites reacted with organic small
molecules, or polymers having at least two hydroxyl or amine
groups) have yielded cyclomatrix polyphosphazene micro-
spheres.11 These cyclomatrix materials are mainly known for
their excellent flame retardant properties,12,13 but are also
used for biocompatible coatings,14 sensing applications,15

adhesives,16 or super-hydrophobic coatings.17 Aromatic
organic building blocks were commonly used, though ali-
phatic diamines18 or polymers11 were reported as well.

Conventional methods to prepare films, e.g., doctor-blade
casting, drop casting, or spin coating result in relatively thick
films in the order of a few hundred microns. Here, we have
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prepared thin films of a cyclomatrix polyphosphazene material
by interfacial polymerization (IP). IP most often involves a poly-
condensation reaction of two or more monomers at the inter-
face of two immiscible phases. When at least one of the mono-
mers has a higher functionality than two, an insoluble thin
cross-linked film is formed at the interface. These films possess
much higher stability in aggressive environments compared to
their uncross-linked analogues. Due to the localized nature of
the reaction, thin, defect-free films could be obtained.19–21

Interestingly, IP has been successfully employed in the
preparation of several HCCP-based molecules. Thompson
et al.22 achieved selective di-substitution of HCCP with bisphe-
nol A, yielding di(bisphenol A)-tetrachlorocyclotriphospha-
zene. Chen-Yang et al.23 prepared mono- through hexa-substi-
tuted (phenoxy)cyclotriphosphazenes by interfacial conden-
sation of HCCP with phenol. These authors showed that the
highest reaction rates could be obtained using chlorinated sol-
vents, which reduce the hydrolysis of HCCP chlorine groups
upon contact with water, due to the low solubility of water in
these media.

Here we report, to our knowledge, on the first examples of
cyclomatrix thin (2–5 μm) polyphosphazene films prepared by
IP (Fig. 1). These films were obtained by the interfacial poly-
condensation of HCCP with the aromatic biphenols 4,4′-di-
hydroxybiphenyl (BPH), 4,4′-dihydroxydiphenyl ether (DHPE),
4,4′-dihydroxybenzophenone (DHBP), and 4,4′-sulfonyldi-
phenol (BPS). We note, that cyclomatrix polyphosphazenes
based on BPS are well described in the literature when pre-
pared in a single solvent.24–28

The chemical structure of the aromatic biphenol has a
strong influence on the stiffness (Young’s modulus) and
thermal stability of the corresponding thin film, originating
from differences in the cross-link density. The properties of
the final films seem to depend strongly on the pKa values of
the aromatic biphenol used. Judicious selection of the aro-
matic biphenol therefore allows facile tuning of the properties
of the cyclomatrix thin polyphosphazene film.

2. Experimental
2.1. Materials

Phosphonitrilic chloride trimer (HCCP, 99%), sodium hydrox-
ide (NaOH, >98%), dichloromethane (DCM, ACS reagent,

≥99.5%), 4,4′-dihydroxybiphenyl (BPH, 97%), 4,4′-dihydroxy-
benzophenone (DHBP, 99%), 4,4′-sulfonyldiphenol (BPS,
98%), tricaprylylmethylammonium chloride (Aliquat® 128),
and 2,2,2-trifluoroethanol (TFE, ≥99.0%) were obtained from
Sigma-Aldrich (the Netherlands). 4,4′-Dihydroxydiphenyl ether
(DHPE, >98%) was obtained from TCI Europe. Sylgard 184 was
obtained from DOW-Corning. All chemicals were used as
received.

2.2. Preparation of hyper-cross-linked polyphosphazenes

The reaction conditions of the interfacial polycondensation of
HCCP with an aromatic biphenol are based on the work of
Chen-Yang et al.23 HCCP (0.70 g, 2 mmol) and Aliquat® 128 (a
phase transfer catalyst) (0.42 g, 1 mmol) were dissolved in
DCM (20 mL). Biphenol (10 mmol) and NaOH (1.6 g,
40 mmol) were dissolved in Milli-Q water (20 mL). The
aqueous phase was added to the organic phase, and the
mixture was stirred vigorously for 10 minutes. The formed sus-
pension was filtered and washed with water and ethanol,
respectively, and dried in a vacuum oven at 60 °C overnight.
The resulting solid was ground to a fine powder. Unreacted
monomers and impurities were extracted with ethanol in a
Soxhlet apparatus. The remaining solids were dried under
vacuum.

2.3. Thin polyphosphazene films on PDMS slabs

A 1 cm thick PDMS layer was casted in a petri dish using
Sylgard 184 (DOW-Corning). Both Sylgard components were
mixed according the manufacturer’s instructions, and centri-
fuged at 4000 rpm for 15 minutes to remove air bubbles. The
PDMS was poured in a petri dish and cured at 80 °C for
3 hours. A piece of PDMS was soaked into the DCM-phase
(same composition as described above) for at least 10 minutes.
The swollen PDMS was put on a piece of paper to remove the
excess DCM from the surface, and immediately placed in the
aqueous phase (same composition as described above) for
5 minutes to allow for film formation at the PDMS surface.
The PDMS slabs were dipped in Milli-Q water to remove any
unreacted monomers. See Fig. 2 for a schematic representation
of the synthesis procedure. After drying overnight at ambient
conditions, the HCCP-biphenol film could be easily removed
from the PDMS surface. After removal from the PDMS, the
films were washed with water and ethanol, respectively.

Fig. 1 The preparation of cyclomatrix polyphosphazenes by interfacial polymerization.
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2.4. Post-functionalization of HCCP-biphenol films

Immediately after their synthesis, PDMS slabs containing a
HCCP-biphenol film were submerged for 5 minutes in an
aqueous solution (20 mL) of TFE (2 g, 20 mmol) and NaOH
(1.6 g, 40 mmol). After a reaction time of 5 minutes, the films
were washed with water, and dried at ambient conditions
overnight.

2.5. Characterization

FTIR-ATR spectra were recorded on an ALPHA spectrometer
equipped with an ATR platinum diamond crystal (Bruker,
Germany). The powders were pressed onto the ATR crystal
without further sample preparation. Spectra were averaged
over 64 scans with a resolution of 4 cm−1. Prior to measure-
ments, a background spectrum was recorded at ambient
conditions.

Scanning electron micrographs and energy dispersive X-ray
spectra were taken with a JEOL-JSM6010 scanning electron
microscope. Samples were coated with a 5 nm chromium layer
(Quorum Q150 T ES) prior to imaging. Film thicknesses were
measured using the image processing program ImageJ (v1.50)
software.

Quantitative mapping of Young’s modulus and adhesion
force by atomic force microscopy (AFM) was performed on
HCCP-biphenol films.29,30 Films were fastened using a two-
component epoxy glue to a metal sample holder and left for
24 h to cure the epoxy. Specimens were measured in the
PeakForce QNM (Quantitative Nanomechanical Mapping)
working mode using the Multimode 8 AFM controlled by the
NanoScope V control unit (Bruker, USA). Soft ScanAsyst-Air
(Bruker, USA) silicon nitride cantilevers with a nominal spring
constant of 0.4 N m−1 and sharp silicon tips with a nominal
tip-end radius of 2 nm were used to ensure damage-free tip–
sample interactions. The value of the individual cantilever
spring constant was determined by the thermal tune
method;31,32 we obtained values ranging within 0.31–0.39 N m−1

depending on the cantilever. In the AFM mode used,
sample topography and structure–property relationships are
obtained by real-time processing of the force–distance curves.
Force–distance curves were captured each time the tip tapped
on the specimen surface, i.e. at each pixel; 65 536 force–dis-
tance curves were collected (256 × 256 pixels) for each AFM
image, which yielded “elasticity maps”. The tip followed a
2 kHz sine-wave trajectory when moving from one pixel to
another with a peak-force amplitude of 150 nm. Imaging was
performed in air, at controlled temperature (21.0 ± 0.1 °C) and
stable values of relative humidity (40%). Image processing and
data evaluation were performed with the NanoScope 8.15 and
NanoScope Analysis 1.80 software, respectively. The ScanAsyst
panel in the NanoScope 8.15 software was set to be off to mini-
mize the influence of software auto-optimization algorithms
on the data collected.

Young’s modulus calculations were performed based on the
model of Derjaguin, Muller, and Toporov (DMT)33,34 and the
following formalism was employed assuming a rigid AFM tip:

E ¼ FL � Fadhð Þ 3 1� ν2ð Þ
4

R�1=2ðz � dÞ�3=2 ð1Þ

where: E is the sample’s Young’s modulus, FL is the applied
load through the AFM tip against the sample surface, Fadh is
the adhesion force between the sample surface and the tip,
with ν sample Poisson’s ratio, R radius of curvature of theAFM
tip, z the position of the AFM scanner, and d the cantilever
deflection. To perform real-time data analysis and reduce the
propagation of errors, we applied a simplified formalism of
the DMT model to calculate Young’s modulus, which is
referred to as the “relative method”.30,35,36 Here, the value of
the sample Poisson’s ratio and radius of curvature of the AFM
tip were no longer required, as the values of the Young’s
moduli were determined using a references sample with known
DMT elastic modulus. As reference, we employed a PDMS gel
150 μm film with a Young’s modulus of (3.5 ± 0.5 MPa)
(Bruker).35,37 The adhesion force was calculated as the differ-

Fig. 2 Preparation of hyper-cross-linked polyphosphazene films on the surface of PDMS slabs. A PDMS slab is soaked into the organic phase con-
taining the monomer HCCP, and a phase transfer catalyst Aliquat® 128. Note that the organic phase used here (DCM) has a higher density than the
aqueous one. The excess DCM is removed from the surface of the PDMS. The swollen slab of PDMS is immediately placed in the aqueous phase. A
thin film is formed at the surface of the PDMS due to the solvents’ immiscibility. After 5 minutes reaction time, the PDMS slab is removed from the
aqueous solution, dipped immediately in water, and dried overnight at ambient conditions. During drying the DCM evaporates, and the PDMS will
slowly return to its original shape. Due to this gradual shrinkage of the support, the HCCP-biphenol film does not tear upon drying. The film is not
covalently bound to the PDMS and can be easily removed with tweezers.
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ence between the baseline and the snap-off point (the lowest
point in the force–distance curve). The distribution of the
Young’s modulus was plotted as histogram, where the bin
width was determined using Scott’s normal reference rule.38

XPS (X-ray Photoelectron Spectroscopy) measurements were
carried out on HCCP-biphenol films. XPS spectra of HCCP-BPH,
HCCP-DHPE, and HCCP-DHBP films were measured on an
Ultra Axis™spectrometer (Kratos Analytical, Manchester UK).
The films were irradiated with mono energetic Al Kα1.2 radiation
(1486.6 eV) and the spectra were taken at a power of 144 W
(12 kV × 12 mA). The XPS spectrum of the HCCP-BPS film was
measured on a Quantera SXM scanning XPS microprobe
(Physical Electronics). The films were irradiated with monochro-
matic Al Kα radiation (1486.6 eV) with a beam size of 200 μm at
a power of 50 W. Fitting of all spectra was done after shifting
the measured spectra with respect to the known reference
binding energy of aliphatic carbon C 1s at 284.8 eV.

Streaming current measurements were performed on a
SurPASS analyzer (Anton Paar, Austria) equipped with an
adjustable gap cell. HCCP-biphenol films were fastened to the
PDMS blocks (2 × 1 cm2) of the cell with double sided adhesive
tape (Tesa® 4965). The pH of the electrolyte solution
(5 mM KCl) was automatically adjusted using 0.1 M HCl or
0.1 M NaOH. From the streaming current, the zeta potential
could be derived using (2):

ζ ¼ dI
dP

� η

ε � ε0 �
L
A

ð2Þ

where: ζ is the zeta potential,
dI
dP

is the slope of the streaming

current versus pressure, η and ε are the viscosity and dielectric
constant of the electrolyte, here taken as that of water, ε0 is the
permittivity of vacuum, L is the length of the streaming
channel, and A is the cross sectional area of the channel.

Combined thermogravimetric analysis (TGA) and mass
spectroscopy (MS) measurements were performed on HCCP-
biphenol powders using an STA 449 F3 Jupiter TGA with an
aluminum sample cup (Netzsch, Germany) and QMS 403 D
Aeolos MS (Netzsch, Germany). The methods used for these

measurements are described elsewhere.39 Mass loss measure-
ments were performed from 50 to 600 °C with a heating rate of
10 °C min−1 under nitrogen atmosphere. Isothermal analysis
was performed at 600 °C with a heating rate of 10 °C min−1

under nitrogen atmosphere.
Differential scanning calorimetry (DSC) curves were

obtained using a PerkinElmer DSC 8000 at a heating and
cooling rate of 20 °C min−1 under a nitrogen atmosphere.

3. Results and discussion
3.1. Synthesis of hyper-cross-linked polyphosphazenes

Cyclomatrix hybrid polyphosphazene powders and thin films
were prepared by interfacial polymerization of the inorganic
monomer HCCP and an aromatic biphenol. The interfacial
polymerization of two monomers where one of the monomers
has a high functionality (≥3) results in an insoluble network at
the interface of two immiscible phases. In contrast to the
preparation in a single solvent, interfacial polymerization
allows for the localized formation of highly cross-linked thin
films with a perfectly alternating monomeric structure. To dis-
tinguish from conventional cross-linked polymers, we will
denote these networks made by interfacial polymerization as
hyper-cross-linked.

Scheme 1 shows the molecular structure of the biphenols
used in this study, where a schematic representation of the
reaction with HCCP is also displayed. The hydroxyl groups of
the biphenols are deprotonated by NaOH to form the reactive
biphenol dianions, and to make the aromatic biphenols
soluble in the aqueous phase. Table 1 shows the pKa1 and pKa2

values of the biphenols used in this study, where pKa1 refers to
the first deprotonation and pKa2 to the second deprotonation.
The pH value of the aqueous solution was approximately 13.3,
independent of the biphenol used.

Successful network formation relies on the high conversion
of the biphenols into dianions, as these species possess a
much higher nucleophilicity than the parent biphenols.
Complete deprotonation ensures the formation of full dianio-

Scheme 1 Schematic representation of the reaction at the interface of the aqueous and organic phases. The structures of the aromatic biphenols
used are shown in Table 1. First, the aromatic biphenol is converted to its more reactive sodium aryloxide by sodium hydroxide, followed by nucleo-
philic substitution with the HCCP monomer.
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nic functionality of these reactants. The BPH and DHPE mono-
mers contain electron donating groups that make these aryl-
oxide anions more nucleophilic, and thus more reactive.
However, due to the higher pKa of these biphenols, there is a
higher chance of incomplete deprotonation, i.e. of the pres-
ence of monoanions among the biphenol dianions. In con-
trast, the hydroxyl groups of DHBP and BPS are significantly
more acidic than those of BPH and DHPE, due to the electron-
withdrawing carbonyl and sulfonyl moieties, and are therefore
expected to be ionized into dianions more readily by the
employed base than BPH and DHPE. It is well known that the
degree of dissociation of acids is determined by the difference
between the pH of the employed base solution and the pKa of
the acid.41 We note here, that as we show later, biphenol
acidity can be correlated directly with the cross-link density of
the formed networks.

At the interface of the aqueous phase (biphenol) and the
organic phase (HCCP), a sodium aryloxide ion displaces one of
the chlorine groups of HCCP to form a P−O−C bond. Due to
the high functionality of HCCP, an insoluble hyper-cross-
linked network is formed. In addition to these HCCP-biphenol
thin films, HCCP-biphenol powders were prepared by vigor-
ously stirring a mixture of both the aqueous phase and the
organic phase. Fig. 3 shows the FTIR spectra of these HCCP-
biphenol powders. All samples show absorbance peaks around
1590 cm−1 and 1490 cm−1 belonging to the CvC stretching
vibrations of the phenyl rings. The broad band from
1200–1120 cm−1, with a peak at 1150 cm−1, originates from
the asymmetric PvN−P stretching, while the peak at
870–880 cm−1 belongs to the symmetric PvN−P stretch-
ing.25,26,42 The absorbance peak at 940 cm−1 originates from
the P−O−Ph bond, indicating the successful preparation of a
cross-linked network for all aromatic monomers used.

The absorption band of the ether group in the DHPE biphe-
nol is not visible in the spectrum of HCCP-DHPE since this
band overlaps with the broad band belonging to the PvN−P
ring stretching present at 1200–1120 cm−1. The spectrum of
HCCP-DHBP shows a strong absorption band at 1650 cm−1

due to the carbonyl stretching of the ketone group of the
DHBP biphenol. The sulfone group of the BPS monomer gives
rise to a strong absorption peak at 1290 cm−1. The second

absorption band of the sulfone group overlaps with the
PvN−P stretching (1150 cm−1) of the HCCP monomer.25,26

3.2. Surface morphology and mechanical properties

Thin polyphosphazene films were prepared by interfacial
polymerization onto the outer surface of the PDMS slabs
(Fig. 2). We note that the use of PDMS as support for inter-
facial polymerization reduces the mechanical stresses in the
films upon drying, thus preventing cracking. Following com-
pletion of the reaction, the films can be easily peeled of the
PDMS support, to obtain free-standing hyper-cross-linked poly-
phosphazene films. Cross-sectional scanning electron micro-
graphs of HCCP-biphenol films prepared onto PDMS are
shown in Fig. 4, and top view scanning electron micrographs
are shown in Fig. 5. The HCCP-BPH and HCCP-DHPE films
possess a relatively rough surface on a macroscopic scale
(Fig. 5a–d), while HCCP-DHBP and HCCP-BPS possess a
smoother surface (Fig. 5e–g). Due to contributions of surface
roughness, the thickness values of HCCP-BPH vary between 2
and 5 μm, and the thickness of HCCP-DHPE varies between
3 μm and 5 μm over the entire cross-section of the films. In
contrast, HCCP-DHBP and HCCP-BPS have a very uniform
thickness over the entire cross-section of ∼3.4 μm and
∼3.5 μm, respectively.

The surface morphology of a film derived by interfacial
polymerization is strongly dependent on the diffusivity and
the solubility of the monomers into the other phase.43,44 The
rough surface morphology of HCCP-BPH and HCCP-DHPE
films is typically obtained when one of the reactants easily
diffuses through the forming film to the reaction site. Zhang
et al.45 found a similar trend when studying the film formation

Table 1 The chemical structure and pKa values of the aromatic bi-
phenols used in this study

Biphenol Structure pKa1
a pKa2

a

BPH 9.64 10.32

DHPE 9.40 10.00

DHBP 7.55 8.16

BPS 7.42 8.03

aObtained from Chemicalize.com (ChemAxon).40

Fig. 3 FTIR spectra for HCCP-biphenol powders from 2000–400 cm−1.
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Fig. 4 Cross-sectional scanning electron micrographs of HCCP-biphenol films. (a) HCCP-BPH, (b) HCCP-DHPE, (c) HCCP-DHBP, and (d)
HCCP-BPS.

Fig. 5 Top view scanning electron micrographs of the HCCP-biphenol films prepared by interfacial polymerization onto PDMS. (a) HCCP-BPH
aqueous side, (b) HCCP-BPH organic side, (c) HCCP-DHPE aqueous side, (d) HCCP-DHPE organic side, (e) HCCP-DHBP aqueous side, (f )
HCCP-DHBP organic side, (g) HCCP-BPS aqueous side, and (h) HCCP-BPS organic side. HCCP-BPH and HCCP-DHPE form a relatively rough film
whereas HCCP-DHBP and HCCP-BPS have a smooth surface.
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of various amines with trimesoyl chloride. In contrast,
HCCP-DHBP and HCCP-BPS films reveal a smooth surface
morphology. This can indicate that the diffusion of monomers
through the forming film was more limited resulting in
smoother film. Since the sizes of the aromatic biphenols are
rather similar, the limited diffusion could be explained by a
more tightly cross-linked network in the case of HCCP-DHBP
and HCCP-BPS. As can be seen from Fig. 5, the surface mor-
phology does not strongly differ for the aqueous-phase or
organic-phase side for all the films.

The difference in cross-link density, which depends on the
employed biphenol, is of influence on the mechanical pro-
perties of the final films. As earlier mentioned, we used the

PeakForce QNM mode to characterize the morphology and
mechanical properties (Young’s modulus and adhesion force)
of HCCP-biphenol films. Fig. 6 shows the results of these AFM
measurements for all HCCP-biphenol films, for 3 μm × 3 μm
scan size images. Height (topography) and Young’s modulus
are presented with corresponding cross-section plots (obtained
along the white lines in the images). The cross-section profile
in the height images shows no significant differences among
the aromatic monomers BPH, DHPE, and DHBP (Fig. 6a–c);
the height varies in the range of 20 nm for these films. For
HCCP-DHBP we observed a grain-like morphology. The grain-
like features have a size of approximately 200 nm in diameter
and several nm in height. The HCCP-BPS film (Fig. 6d) reveals

Fig. 6 AFM quantitative characterization: topographical (a, b, c, and d) and Young’s modulus (e, f, g, and h) images (3 μm × 3 μm) for the organic
side of HCCP-BPH, HCCP-DHPE, HCCP-DHBP, and HCCP-BPS films. Height and Young’s modulus profiles (cross-sections) of the samples were
taken along the white lines shown. The corresponding distributions of Young’s moduli are shown as histograms (obtained from all force–distance
curves per map).
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height variations of up to 80 nm. The differences in height
profile are also reflected in the surface roughness, i.e. the
RRMS, as shown in Table 2.

The Young’s modulus maps of the films are shown in
Fig. 6e–h. All films show a rather homogeneous distribution of
Young’s moduli over the imaged surfaces. This fits well with
the notion that the network features a rather homogeneous
structure down to the molecular scale.

The average Young’s modulus of the HCCP-DHBP (306 ± 98
MPa) and HCCP-BPS (255 ± 140 MPa) films is significantly
different compared to that of the HCCP-BPH (44 ± 5 MPa) and
HCCP-DHPE (69 ± 12 MPa) films. The modulus distribution
also shows variations for the different samples. The higher
average Young’s modulus of HCCP-DHBP and HCCP-BPS can
be explained by a higher cross-link density due to the lower
pKa values, and thus more complete ionization into dianions,
of the biphenols used to obtain the films. The significant stan-
dard deviation in the Young’s modulus distribution could be
caused by variation of tip-film contact area due to an enhanced
surface roughness. The broad distribution could also be
caused by local modulus heterogeneities, due to differences in
cross-link densities, but this argument remains speculative
due to lack of data.

The adhesion force maps (not shown) unveiled homo-
geneous distribution. The adhesion force value distributions
are very narrow and exhibit average values within the range of
0.3–4.0 nN for all samples. Taking into account the nominal
radius of the AFM tip (2 nm), this can be converted into a tip-
normalized adhesion ranging between 0.15 to 2.0 N m−1. The

low values of the tip-normalized adhesion for HCCP-BPH,
HCCP-DHPE, and HCCP-DHBP confirm that the surfaces of
the films are hydrophobic, especially in the case of the rigid
HCCP-DHBP films, as the capillary force contributions
between the AFM tip and films seem to be greatly reduced.46,47

The HCCP-BPS films show a much higher tip-normalized
adhesion, indicating the more hydrophilic character of the
film, originating from the sulfonyl-groups.

3.3. Surface composition and charge

Table 3 shows the atomic composition of the surface of HCCP-
biphenol films measured by XPS. Besides the atoms present in
HCCP and the aromatic biphenol (C, N, O, P, Cl, S) there are
some traces of Si and Na present at the surface of some of the
films. Traces of Si are most likely due to the usage of the
PDMS slabs. The traces of Na can be either from the presence
of unreacted sodium aryloxide groups, or from the formation
of NaCl during the condensation reaction. The Cl (2p) peak for
HCCP-DHPE and HCCP-DHBP can be fitted with two peaks,
where one could be fitted with a peak having a maximum at
198.7 eV, that corresponds to the binding energy of NaCl.48

The number of reacted chlorine groups at the surface of the
film can be calculated from various atomic ratio’s. Since the
atomic percentages of O and Cl can be influenced by the
hydrolysis of P−Cl to P−OH in the presence of H2O, and by the
presence of NaCl entrapped in the network, only the number
of reacted chlorine groups based on the ratio’s C/N and C/P is
reported. In general, the number of reacted chlorine groups of
HCCP at the surface matches relatively well to the results
obtained by AFM; HCCP-DHBP and HCCP-BPS possess a
higher modulus, and are therefore more cross-linked. Again,
we want to emphasize that this is a surface property, and
cannot be correlated with bulk properties.

All films show a rather similar surface charge, independent
of cross-link density. Fig. 7 shows the zeta potential of HCCP-
biphenol films as a function of pH. The isoelectric point (IEP),
i.e. the pH where the net surface charge is zero, was indepen-
dent of the biphenol used. The HCCP-BPH film has an IEP of
5.0, HCCP-DHPE of 4.6, HCCP-DHBP of 4.5, and HCCP-BPS of
4.8. The films have a highly negatively charged surface at pH
values higher than the IEP. Zhou et al.14 and Chen et al.49

reported the zeta potential of HCCP-BPS microshperes in

Table 2 The surface roughness and Young’s modulus of HCCP-bi-
phenol films calculated from the peak force tapping data

Sample RRMS
a (nm)

Young’s modulus (MPa)

Meanb Median Mode

HCCP-BPH 0.9 44 ± 5 43 44
HCCP-DHPE 1.2 69 ± 12 68 66
HCCP-DHBP 2.3 306 ± 98 292 321
HCCP-BPS 8.7 255 ± 140 227 182

a Root-mean-square surface roughness (RRMS) from 0.5 μm × 0.5 μm
surface areas. b Error represents the standard deviation from the mean.

Table 3 Atomic composition and number of reacted chlorine groups at the surface of the HCCP-biphenol films obtained from XPS measurements.
Atomic percentage values were calculated by the Gaussian fit to the XPS spectra

Sample

Atomic composition (%)
Reacted Cl
groupsa

C (1s) N (1s) O (1s) P (2p) Cl (2p) S (2p) Na (1s) Si (2p) C/N C/P

HCCP-BPH 73.76 5.26 10.44 4.15 4.13 — — 2.25 3.5 4.4
HCCP-DHPE 64.50 5.18 17.72 4.66 4.82 — 0.66 2.42 3.1 3.5
HCCP-DHBP 71.61 3.61 15.68 2.90 3.21 — 1.78 1.20 4.6 5.7
HCCP-BPSb 56.13 4.63 23.53 4.41 1.56 3.19 — 6.46 3.0 2.9

a The number of organic biphenols per HCCP molecule, i.e. the number of reacted Cl groups, calculated using the atomic ratios C/N or C/P.
b This sample was measured with a different XPS apparatus.
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water in the same range as our data. The authors attribute this
negative surface charge to the deprotonation of protuding phe-
nolic hydroxy groups. Since the pKa of all biphenols used is
much higher than the experimentally found IEP, there must be
another functional group contributing to the IEP of the HCCP-
biphenol films. As mentioned before, unreacted P−Cl bonds
can hydrolyze to P−OH bonds. Therefore, we attribute the low
IEP to the presence of these P−OH groups. Calculating the pKa

of several substituted (phenoxy)hydroxycyclotriphosphazenes
using Chemicalize confirms this assumption.40 At higher pH,
the HCCP-DHBP and HCCP-BPS films are more negatively
charged compared to the HCCP-BPH and HCCP-DHPE films.
This effect can be attributed to the pKa of the phenolic hydroxy
groups. DHBP and BPS possess a significantly lower pKa1, and
therefore contribute to the surface charge at lower pH, result-
ing in a lower total surface charge compared to BPH and
DHPE at the same pH.

3.4. Thermal properties

The thermal properties of HCCP-biphenol powders were
characterized with DSC and TGA-MS. None of the powders
showed a glass transition temperature in the DSC traces. This
confirms the hyper-cross-linked nature of these materials.

Due to the incorporation of an inorganic monomer and the
use of fully aromatic organic compounds, the HCCP-phenol
networks show excellent thermal stability with mass loses of
less than 25% after a two hour dwell at 600 °C under nitrogen
atmosphere. This has been observed for all networks, except
HCCP-BPS that shows a mass loss of 40% due to the less ther-
mally stable sulfone group. Fig. 8a shows the mass loss of

HCCP-biphenol powders during heating to 600 °C with a
heating rate of 10 °C min−1. Fig. 8b shows the mass loss
during an isothermal phase at 600 °C. The gases evolved
during heating were analyzed by a mass spectrometer as
shown in Fig. 8c–f.

The first fragments were detected starting at temperatures
around 100 °C, with a peak around 200 °C for all powders.
Mainly fragments of C3H3 and CO2 evolved at this stage,
although small traces of H2O and HCl were detected as well.
The release of these fragments, except HCl, is related to the
decomposition of the organic biphenol. These decomposition
fragments can originate from unreacted organic monomers
entrapped in the network, as well as the thermal conversion of
some P–O–C bonds to the more stable P–O–P bonds. The latter
results in the release of the organic cross-linker, and would
contribute to further cross-linking to ultimately produce a
completely inorganic network.50,51 The minor loss of HCl can
originate from further reaction of HCCP with unreacted
biphenols.

Above 300 °C (400 °C for HCCP-BPS) a significant release of
HCl is detected, followed by the release of C3H3 at tempera-
tures above 450 °C. The significant release of HCl can be
explained by the decomposition of P−Cl bonds. Due to the
hyper-cross-linked nature of the material, unreacted P−Cl
bonds are present. This is caused by highly cross-linked nature
of the material; the nucleophile such as a biphenol, or even
water, is not able to reach all the reactive sites within the
network. The release of C3H3 above 450 °C proves that the
material is still hybrid in nature at this temperature, despite
partial decomposition of the biphenol at lower temperatures.

All networks show the same trends regarding the fragments
that are released upon heating and only minor differences are
found when considering in more detail. HCCP-BPH shows
barely any release of aromatic fragments at temperatures above
450 °C due to the fully aromatic structure of the biphenol,
whereas HCCP-DHPE and HCCP-DHBP have an ether or a
ketone linker, respectively; slightly reducing the thermal stabi-
lity at elevated temperatures. Introducing a sulfone group
greatly reduces the stability of the biphenol, and thus the
network, as can be concluded from Fig. 8f.

The release of HCl and SO2 has the highest contribution to
the overall mass loss of the powders when considering the
peak area of the MS signal. The release of HCl can be related
to the cross-link density of the material. Of all biphenols,
HCCP-DHBP shows the smallest release of HCl relative to the
CO2 signal, which corresponds well to the cross-link density
and the highest residual mass. Note that the area of the peaks
among the samples is not directly comparable due to the
difference in absolute sample mass.

In contrast, HCCP-BPS shows the lowest residual mass.
This is mainly caused by the decomposition of the bisphenol S
biphenol, as proven by the release of SO2. The significant mass
loss at 500 °C and the residual mass of 60% at 600 °C corres-
ponds well to the findings of Chen-Yang et al..52 for the chemi-
cally similar cyclolinear polymer. The performance of these
thin cross-linked polymer films clearly matches that of their

Fig. 7 Zeta potential as function of pH for HCCP-BPH (□), HCCP-DHPE
(▽), HCCP-DHBP (△), and HCCP-BPS (○). The error bars represent the
95% confidence interval, calculated from four data points.

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2018 Polym. Chem., 2018, 9, 3169–3180 | 3177



linear bulk analogues, thus demonstrating the potential of the
interfacial fabrication method.

3.5. Post-functionalization of HCCP-biphenol films

The HCCP-biphenol films have unreacted chlorine groups at
the surface after their synthesis (Table 3). These chlorine
groups could be used for the post-functionalization of the
HCCP-biphenol films with any monofunctional nucleophile
that is able to undergo nucleophilic substitution with the
chlorine groups of HCCP.

Fig. 9 shows top-view scanning electron micrographs before
(Fig. 9a and b) and after (Fig. 9c and d) post-functionalization
of a HCCP-BPH film with 2,2,2-trifluoroethanol (TFE). The use
of a fluorine containing nucleophile provides contrast in
elemental analysis techniques such as XPS. The surface mor-
phology of both the aqueous and organic side of the film does
not seem to change significantly upon post-functionalization.

The presence of TFE on the surface of the films can be
proven by, for example, energy dispersive X-ray spectroscopy

Fig. 8 (a) Mass loss up to 600 °C as function of temperature for HCCP-biphenol powders under nitrogen atmosphere, obtained with a heating rate
of 10 °C min−1. (b) Mass loss as a function of time at 600 °C for 2 hours showing that after an initial mass loss upon heating, the mass is stabilized.
(c–f ) The mass loss (top) and mass spectrometer signal (bottom) upon heating for (c) HCCP-BPH, (d), HCCP-DHPE, (e) HCCP-DHBP, and (f )
HCCP-BPS. The release of H2 O (m/z = 18, blue, ), HCl (m/z = 37, red, ), C3 H3 (m/z = 39, green, , fragment of aromatic rings), CO2 (m/z = 44,
black, tbf—), and SO2 (m/z = 64, yellow, ) is shown as function of temperature.

Fig. 9 Top-view scanning electron micrographs of (a, b) a HCCP-BPH
film, and (c, d) a HCCP-BPH film functionalized with 2,2,2-
trifluoroethanol.
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(EDX). Fig. 10a shows such an EDX spectrum of the aqueous
side of a TFE functionalized HCCP-BPH film. A clear peak
belonging to the fluorine atoms of TFE is present at 0.7 keV.
Additionally, Fig. 10b–e shows a back-scatter scanning electron
micrograph and EDX maps of the elements C, P, and F,
respectively. It can be concluded that the fluorine atoms are
uniformly distributed at the interface (with a thickness of the
EDX penetration depth) of the post-functionalized HCCP-BPH
film.

XPS measurements reveal more insight on the concen-
tration of elements at the surface of the film. Fig. 11 shows the
difference in fluorine and chlorine content at the surface of
the aqueous and the organic side of the functionalized film.
The aqueous side of the film, that has been in contact with
TFE, possesses a broadly distributed atomic concentration of
fluorine, indicating the successful post-functionalization. In
contrast, only minor traces of fluorine are present at the
organic side of the film. The chlorine concentration shows a
contrary trend; the aqueous side of the film possesses a lower
concentration of chlorine as compared to the organic side.
This is explained by the conversion of chlorine side-groups to
TFE side-groups during the post-functionalization reaction. To
conclude, the EDX and XPS results indicate the possibility of
post-functionalizing these HCCP-biphenol films, thereby alter-
ing the surface properties. Of course this is not limited to TFE,
but a wide range of mono-functional nucleophiles could be
used.

4. Conclusion

We showed a simple and fast preparation of hybrid cyclomatrix
polyphosphazene films made by interfacial polymerization, and
provided a detailed characterization of the films obtained.
Different aromatic biphenols were used, resulting in films with
different cross-link densities and hence different mechanical pro-
perties. The pKa of the biphenol is found to be an important para-
meter to tune the film properties. A lower pKa results in a higher
cross-link density and yielded films with a smooth surface mor-
phology and high Young’s moduli, whereas a high pKa results in
rough surface morphology and moderate Young’s moduli.

The unreacted chlorine groups present at the surface allow for
further post-functionalization of these films with a monofunc-
tional nucleophile. Here, we showed the successful post-
functionalization of a HCCP-BPH film with 2,2,2-trifluoroethanol.
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