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Abstract

Phosphorus containing methacrylate hybrids were synthesized from 2-(methacryloyloxy)ethyl phosphate (EGMP) and 3-[(methacryloyloxy)-
propyl] trimethoxysilane (MEMO) via dual-cure process involving solegel reaction and addition polymerization. The kinetics of the reactions
was established using spectroscopic techniques. Photoacoustic Fourier transform infrared spectroscopy (PA-FTIR) and X-ray photoelectron
spectroscopy (XPS) confirm the formation of SieOeSi, PeOeP and SieOeP linkages and simultaneous polymerization of methacrylate groups
leading to a dense networked structure. The presence of silicate/phospho-silicate network in the hybrid enhances its thermal stability. Nano-
indentation measurements on thin films show enhanced hardness and modulus with increasing silicate network. Topographic and conductivity
images obtained using micro-thermal analysis (mTA) reveal a dense, homogenous and defect-free thin film formed on metallic substrate with a
Tg of 93 �C.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, phosphorus containing polymers have
gained significant interest due to their unique characteristics
in different applications such as reduced flammability, in-
creased adhesion to metals, corrosion protection, membranes,
biomedical areas etc. Phosphorus containing compounds when
remain as additives in a physical mixture, can be depleted by
evaporation or leaching by solvent or water. Such disadvan-
tage can be overcome if they form a part of polymer network
structure [1]. To achieve this goal, several approaches [2e4] of
controlled homo or copolymerization have been investigated
using phosphate precursors. However, phosphorus containing
monomers can also be hybridized with other inorganic and or-
ganic precursor to form a new class of hybrid, which offers
beneficial synergism between the properties of organic and in-
organic materials. The ability to tailor the properties of such
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hybrids, at a molecular level, signifies their enormous potential
in a wide variety of technologically advanced and conven-
tional application fields [5e7].

There are several routes to form hybrid materials [8] on
a nanoscale, but the most commonly employed method is
the solegel method [9,10], a simple process that allows the
synthesis of hybrid at a relatively lower temperature at which
organic compounds are stable. This can be achieved either
through the solegel process in presence of a preformed poly-
mer or polymerization in solegel networks or simultaneous
formation of interpenetrating networks or using dual-network
precursors. Among these types, the dual-network precursor
method leads to strong covalent bonding between organic
and inorganic components. Since the strength of interaction
in this hybrid is much higher than the hybrid formed through
other methods, it allows a better degree of homogeneity, trans-
parency, thermal resistance and mechanical properties in
the final hybrid [11,12]. Hence, this class of hybrid with
strong interaction is most commonly used for thin film
applications.
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Scheme 1. Proposed structure of the hybrid network coated on metallic substrate.
[3-(Methacryloyloxy)propyl]trimethoxysilane (MEMO) is
one of the most important precursors with dual-network form-
ing capability. It has a polymerizable methacryloxy group at
one end and the alkoxy silane groups capable of forming
inorganic networks via solegel route at the other end. These
hybrid materials can form a transparent, dense, uniform thin
film on various substrates. It can combine the flexibility, den-
sity, toughness and easy processability of the organic compo-
nent with the hardness, chemical and weather resistance of
the inorganic component, thereby exhibiting multifunctional
behavior. MEMO has been either homo or copolymerized
with methyl methacrylate or acrylonitrile resulting in a uni-
formly distributed, transparent hybrid material [13,14].
MEMO has also been used as a coupling agent to compatibi-
lize organic and inorganic phases [15]. Till now, no attempt
has been made to utilize the beneficial properties of phospho-
rus containing precursors with MEMO for thin film
applications.

In this work, we have chosen to copolymerize 2-(methacry-
loyloxy)ethyl phosphate (EGMP) containing a polymerizable
methacrylate group and functional phosphate group with
MEMO. The selected materials thus have unique combination
of three different components namely methacryloxy, phos-
phate functionality and siliconealkoxy groups. The hydrolys-
able silicon alkoxide at one end can be condensed to form
inorganic SieOeSi, SieOeP networks and simultaneous po-
lymerization of the methacrylate group at the other end can
lead to highly cross-linked dense networked structure [13].
Also, incorporation of the phosphate can improve thin film
adhesion through acidebase type interaction of dissociated
PeO� from EGMP with Mnþ of the metallic substrate rather
than forming PaO/metal bond through induced dipole
[16,17]. The possible structure of the proposed hybrid network
on a metallic substrate is given in Scheme 1.

2. Experimental section

2.1. Materials

MEMO, EGMP, acetone and hexane were purchased from
Aldrich, Australia and used without further purification. Etha-
nol was used as a solvent. Commercial alkaline cleaner was
purchased for the final cleaning of mild steel substrates.
2.2. Synthesis of methacrylate phospho-silicate hybrid

The hybrid material was synthesized in a two-step reaction
process. Since a pre-hydrolysis of the solegel reactants pro-
motes molecular scale mixing [18], 5 mmol of MEMO was
first hydrolyzed in 10 mmol/15 mmol of ethanol/water solu-
tion mixture at room temperature. The progress of the hydro-
lysis reaction was monitored via transmission FTIR and the
reaction was deemed complete when the methoxy group
peak at 2841 cm�1 disappeared completely. The reaction
was complete in 6 h. The resulting hydrolyzed solution was
mixed with 5 mmol of EGMP and stirred vigorously at
65 �C for 1 h before thin film coating. Attempts have been
made with peroxide initiator (0.1 and 0.01 wt%); but the reac-
tion rates are found to be very fast. The viscosity of the sol, an
important parameter during thin film formation, was difficult
to control. Hence, the reactions were continued with thermal
polymerization. For bulk analysis such as TGA and DSC,
1.5 g of the resulting sol was transferred to a petri dish and
was thermally cured at 80 �C to prepare the hybrid material
(henceforth referred as MEMO/EGMP e 1:1).

The remaining sol was diluted with ethanol to 20% and
vigorously stirred for 5 min for complete dissolution. The hy-
brid thin film was applied on steel substrates via the follow-
ing procedure: The mild steel substrates were sequentially
polished using abrasive papers with grit numbers 800, 1000
and 1200 prior to cleaning by sequential immersion for
10 min each in acetone, hexane and ethanol solutions to re-
move surface oils. The substrates were rinsed with distilled
water and dried between each solvent wash and after the fi-
nal solvent wash. Finally, the dried substrate was treated with
a commercial alkaline cleaner and rinsed with distilled water
and dried. The purpose of the alkaline cleaner treatment was
to produce a fresh layer of oxide on the substrate surface for
chemical bonding to the phosphate group. The cleaned mild
steel substrate was then dip-coated into the diluted sol for
4 min and the coated sample was dried at room temperature
for 24 h to allow solvent evaporation. The thin film was ther-
mally cured at 120 �C for 2 h in an oven, when further
condensation/polymerization reaction took place at the sub-
strate interface to form a hybrid network. Similar experimen-
tal procedures were used to synthesize hybrids at other
compositions namely MEMO/EGMP e 7:3 and MEMO/
EGMP e 3:7.
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2.3. Spectroscopic characterization

The spectroscopic characterization of the monomers and
the progress of hydrolysis reaction were monitored using
transmission mode FTIR. Sodium chloride plates were used
as window material. The curing reaction of the hybrid was
monitored using photoacoustic Fourier transform infrared
spectroscopy (PA-FTIR) [19]. A Nicolet Magna� IR spec-
trometer (model 750) equipped with a MTEC (model 300)
photoacoustic cell was used. The spectra were collected in
the mid-infrared region with 156 scans at a resolution of
4 cm�1 and a mirror velocity of 0.158 cm/s. Carbon black
was used as a reference and the system was purged with
helium gas at a flow rate of 10e20 cm3/s.

X-ray photoelectron spectroscopy (XPS) was carried out
using Kratos Axis Ultra Spectrometer, equipped with an Al-
Ka X-ray source (hn¼ 1486.7 eV). The coated mild steel
(MEMO/EGMP e 1:1 ratio) samples were characterized at
a photoelectron take-off angle of 90� to the sample surface.
The charge correction was performed by fixing the hydrocar-
bon component of the C 1s peak to 284.7 eV.

2.4. Thermal analysis

Thermal stability of the prepared hybrids was investigated
using thermogravimetric analyzer (TGA), TA instruments
(model 2950), at a heating rate of 10 �C/min from room
temperature to 900 �C under a controlled gas flow rate of
50 mL/min. The sample was heated from room temperature
to 550 �C in nitrogen and between 550 and 900 �C in oxygen.
The mass of the sample used was between 10 and 12 mg. The
onset of degradation, weight loss due to different components
and remaining residue were evaluated. The temperature of the
maximum weight loss was determined from differential ther-
mogravimetric (DTG) curves.

Differential scanning calorimetry (DSC) was performed
using a TA instrument DSC (model 2920) with a heating
and cooling rate of 10 �C/min under nitrogen atmosphere.
The mass of the sample taken was between 8 and 10 mg and
the sample was cycled twice through a temperature range of
25e200 �C.

2.5. Micro-thermal analysis (mTA)

Scanning thermal microscopy was carried out using mTA,
TA instruments (model 2990), with a thermal probe. It can
scan the surface using an AFM tip and collect images related
to the topography and thermal conductivity of the surface [20].
The topographic and conductivity imaging of the coated mild
steel sample was done with the thermal probe heated at 50 �C.
Also, local thermal analysis (LTA) was carried out using mTA,
where the thermal probe tip temperature was ramped from
room temperature to 500 �C at a rate of 10 �C/s. LTA allows
random positioning of the probe on the coated mild steel sam-
ple and monitoring the vertical motion of the probe during
heating thereby studying its thermomechanical properties.
2.6. Mechanical properties of the hybrid

The mechanical properties of the hybrid thin film on mild
steel substrate were evaluated using ultra-micro indentation
system (UMIS 2000, CSIRO Australia) with a Berkovich
indenter. The calibration of the indentation system was carried
out with fused silica (elastic modulus E¼ 72 GPa) at 0.2 mN
peak load. The indentations were carried out after allowing
enough time for the samples to attain thermal equilibrium
(drift rate< 1 nm/min) in the indentation chamber. Thermal
drift during the experiment was deemed negligible and no
thermal corrections were made during analysis. The nanoin-
dentation loadedisplacement experiments were done with
step loading to the maximum load, hold period at the maxi-
mum load of 30 s and the unloading. A series of 20 indenta-
tions were made with the gap of 50 mm spacing. The
average elastic modulus and hardness values were determined
from the loadedisplacement data after making necessary cor-
rections for area factor and initial penetration depth.

3. Results and discussion

3.1. Structural evolution of the hybrid

PA-FTIR was used to evaluate the final structure of the hy-
brid. The FTIR spectra of MEMO, EGMP and the hybrid ma-
terial (1:1 ratio) are shown in Fig. 1. The bands at 1635 cm�1,
1405 cm�1 and 817 cm�1, that are present in the unreacted
MEMO and EGMP monomers correspond to CaC, aCH2

wag, aCH2 twist, respectively [13,21,22]. These bands are
weak and present in the cured hybrid indicating the reduction
of the double bond (CaC) in two monomers and subsequent
network formation through the addition polymerization. As
a result, the peak at 1719 cm�1 corresponding to CaO conju-
gated with CaC [13,21] becomes non-conjugated and shifts to
higher wavenumber at 1735 cm�1. The peaks in the region of
1300 cm�1e950 cm�1 merge and form a very broad peak.
Usually, the peaks corresponding to inorganic materials appear
in this region. Therefore, in order to understand the interaction
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Fig. 1. FTIR spectra of (a) EGMP; (b) MEMO and (c) hybrid thin film

prepared at 1:1 ratio in arbitrary scales.
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of the inorganic components, the broad peak was deconvoluted
by Gaussian deconvolution method using PeakFit 4 software
program and the deconvoluted spectrum is shown in Fig. 2.
The band at 1091 cm�1 corresponding to SieOeC bond
[13] in MEMO disappears completely and a new broad band
appears at 1108 cm�1 which is assigned to SieOeSi network.
This shows that the methoxy group attached to silicon in the
MEMO is completely hydrolyzed and condensed to form
SieOeSi network [13,23]. Also, the PeOH groups in the
EGMP condense to form the PeOeP and PeOeSi linkages
[24] which are confirmed by the appearance of peaks at
945 cm�1 and 1160 cm�1. The peaks corresponding to the
PeOeC band at 981 cm�1 and 1037 cm�1 and the SieCH2

peak at 1209 cm�1 remain unchanged. Also, the ester peaks
present in this region remain unchanged. Similar observation
has been made with 3:7 and 7:3 MEMO/EGMP materials.
These results show that MEMO and EGMP react to form
a highly cross-linked hybrid through the formation of Sie
OeSi, PeOeP and PeOeSi inorganic networks and an or-
ganic network through the polymerization of methacrylate
group.

FTIR was also used to understand the dual-cure reactions
occurring during the first stage and the subsequent thermal
curing stage of the thin film. During the first stage hydrolysis
of MEMO (spectra not shown), the peak at 2841 cm�1, which
corresponds to the methoxy group (eOCH3) [25] in MEMO,
disappears completely, whereas a new broad peak appears at
3400 cm�1. The appearance of the new peak shows the forma-
tion of the silanol groups, which lead to hydrogen bonding
with the carboxyl groups and is confirmed by the appearance
of a shoulder peak at 1696 cm�1. The second stage condensa-
tion/polymerization reaction during the thermal curing of the
thin film (MEMO/EGMP e 1:1 ratio) at 120 �C was moni-
tored via PA-FTIR and the spectra of the as-prepared thin
film, after 30 min, 60 min, 90 min and 120 min of curing are
given in Fig. 3. All the peaks corresponding to the methacryl-
oxy group in MEMO and EGMP are present in the spectra. As
discussed earlier, the peaks at 1635 cm�1, 1405 cm�1, and
817 cm�1 decrease progressively with the curing time. The de-
gree of addition polymerization (DP) at various times during
the curing stage of the hybrid was calculated from the area
of the peak at 1635 cm�1 using the following formula:

DPx ¼ ½1� ðAx=A0Þ�100 ð1Þ
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Fig. 2. Deconvoluted IR spectra in the region of 895 cm�1e1327 cm�1.
where DPx is the DP at ‘‘x’’ time (x¼ 30, 60, 90 and 120 min)
and A0 and Ax are the areas of the peak (at 1635 cm�1) at
0 min and x min, respectively. The plot of degree of polymer-
ization with time is given in Fig. 3(a). Like other polymeriza-
tion reactions, initial rate of polymerization is faster and
reaches a plateau at around 70% conversion. From the slope
of the curve, the conversion rate was determined as 1.30,
0.63, 0.23 and 0.07%/min at 10, 39, 58 and 65% degree of po-
lymerization, respectively. The plateau at 70% conversion in-
dicates that the reaction is incomplete and this may be due to
the hybrid formation through simultaneous inorganic polycon-
densation reactions and addition polymerization. As the mo-
lecular weight and the crosslinking density increase, the
mobility of the molecules is reduced, thereby reducing
the probability of further reaction due to gel effect. Also, the
peak at 1696 cm�1 corresponding to hydrogen bonded CaO,
conjugated with CaC disappears progressively and the peak
at 1719 cm�1 shifts to 1735 cm�1 indicating the disappearance
of the double bond. At the same time, the peaks between
1300 cm�1 and 950 cm�1 merge and form a broad peak, as
discussed earlier indicating the interaction of the inorganic
components. Also, a new peak appears at 1656 cm�1, which
corresponds to HeOeH deformation. This indicates the for-
mation of water, as a result of condensation reactions.

Further evaluation of the structure of the hybrid (1:1 ratio)
coated on mild steel substrate was carried out using XPS.
As expected, the survey spectrum shows the presence of sili-
con, phosphorus, carbon and oxygen. To further investigate
the structure of the coated hybrid, multiplexed spectra for Si
2p, P 2p, C 1s and O 1s are obtained and shown in
Fig. 4(a)e(d), respectively. The C 1s peak is broad and decon-
voluted into four peaks centered at 284, 284.7, 286.4 and
288.6 eV, respectively. The peaks at 284 eV and 284.7 eV cor-
respond to the carbon bonded to silicon atom (CeSi) and
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Fig. 4. (a) C 1s; (b) O 1s; (c) Si 2p; (d) P 2p spectra for the hybrid (1:1 ratio) thin film on metal; (e) Si 2p; (f) P 2p spectra of the LBL film with EGMP layer on top

of MEMO layer.
carbon only bound to carbon and hydrogen (CeC, CeH), re-
spectively, whereas the peak at 286.4 eV is attributed to the
carbon making a single bond with oxygen (CeO). The peak
at the higher binding energy (288.6 eV) is due to the carbon
making one single bond and one double bond with oxygen
(OaCeO) [26,27]. The O 1s peak is broad, indicating the dif-
ferent chemical states of oxygen. In order to understand the
chemical state of oxygen present in the hybrid thin film, the
O 1s peak was deconvoluted and fitted with three peaks cen-
tered at 531.5 eV, 532.5 eV and 533.2 eV. The peak at
531.5 eV is attributed to oxygen making a double bond with
carbon and non-bridging oxygen in the phosphate group
(PaO) [28]. The assignment of the peak at 532.5 eV is com-
plex since binding energy of oxygen in CeO, PeOeC, Pe
OeSi and SieOeSi appear in this region [29,30]. Hence,
this peak is attributed to the combined effects of these oxygen
chemical states. The third peak at higher binding energy at
533.2 eV is attributed to the symmetric oxygen bridging in
PeOeP group [28]. The phosphorus peak appearing at
133.4 eV is attributed to the phosphate group. This peak is
broad and deconvoluted into two peaks at 133.4 eV and
134.2 eV, which correspond to PeOeC/PeOeSi and PeOe
P/PaO, respectively [30,31]. The Si 2p peak is centered at
102.6 eV with an additional component at 103.1 eV. The
peak at 102.6 eV is assigned to SieOeSi linkages in the poly-
meric network and the additional peak at 103.1 eV is ascribed
to SieOeP formation [31]. Thus, the XPS results confirm the
FTIR results, which show the formation of SieOeSi, PeOe
Si and PeOeP linkages. Also, quantification of different
chemical states is done and their comparison with theoretical
value is given in Table 1. The experimental values are in
good accordance with the theoretically predicted values.

In order to investigate, whether the interfacial region con-
sists of preferentially one phase or mixed phase, thin film de-
position was carried out using layer-by-layer (LBL) method.
The same conditions used for the copolymer coating were
used, except that MEMO was deposited and partially cured
for 30 min at 120 �C prior to applying EGMP layer and
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vice-versa. It is interesting to note that when MEMO was first
deposited followed by EGMP layer, almost negligible amount
of silicon is observed with XPS [Fig. 4(e) and (f)]; due to
preferential SieOeSi network formation at the interface,
whereas the layer-by-layer film with MEMO layer on top of
the EGMP layer shows peaks corresponding to both phospho-
rus and silicon indicating interpenetrating polymer network
(IPN) formation. This is in contrast with the results published
elsewhere [1] indicating preferential migration of phosphate to
the metalefilm interface and siloxane to the filmeair inter-
face. This behavior can be attributed to the higher number
of crosslinking sites in MEMO leading to a dense network
during partial curing, thereby preventing the diffusion of
EGMP through MEMO layer; whereas in case of MEMO
on top of EGMP layer, MEMO diffuses through the EGMP
layer and forms the interpenetrating network. This shows
that the incorporation of MEMO in the polymer matrix in-
creases the crosslinking density and also forms interpenetrat-
ing network.

To confirm the extent of interaction in the hybrid, an equi-
librium swelling experiment was carried out with MEMO/
EGMP e 1:1 hybrid. Disks were made from the hybrid and
immersed in solvent (ethanol) used for the hybrid preparation
at room temperature. It is interesting to note that the hybrid is
not soluble in the solvent and shows equilibrium swelling of
2.6% over the period of 18 days. This confirms the presence
of highly cross-linked structure of the hybrid as also confirmed
by the FTIR.

3.2. Thermal analysis

The thermal degradation behavior of the prepared hybrid
materials and the monomers were examined using TGA. The
onset of degradation and the residue content at 900 �C were
evaluated using the weight loss curves (Fig. 5). The maximum
weight loss temperature, the amount of weight loss (both theo-
retically calculated and the experimental values) are given in
Table 2. The theoretical weight percent of individual

Table 1

Comparison of the surface chemical composition determined by XPS with the

theoretical value

Element/atomic% Binding energy (eV)/

assigned component

Chemical composition (%)

Experimental Theoretical

C 1s/51.7 284/CeSi 7.7 7.6

284.6/[Ce(C, H)] 44.5 53.8

286.4/CeO 32.7 23

288.6/OeCaO 14.9 15.4

O 1s/39.8 531.5/CaO, PaO 30.1 30.1

532.5/SieOeSi, CeO,

PeOeC, PeOeSi

57.1 53.8

533.2/PeOeP 12.9 15.4

P 2p/3.8 133.4/PeOeC, PeOeSi 31 *

134.2/PeOeP, PaO 69 *

Si 2p/4.7 102.6/SieOeSi 66.4 *

103.1/SieOeP 33.6 *

*Denotes that these values could not be determined theoretically due to the

inability of the theory to predict the amount of SieOeP formation.

components were calculated by considering the repeating
unit of the polymer chain and the stoichiometric feed ratio.
The components corresponding to the degradation peaks are
assigned based on the theoretical and experimental calcula-
tions of weight percentage of the individual components.
The weight loss of the EGMP monomer below 140 �C can
be attributed to the condensation of PeOH groups to form
PeOeP linkages. The degradation of the EGMP monomer oc-
curs in three main stages. The first major peak occurs in the
temperature range of 190e221 �C and is assigned to the deg-
radation of the PeOeC bond [32,33]. This is immediately fol-
lowed by the degradation of the alkyl group [33] with the
maximum weight loss (TMAX) occurring at 259 �C. The third
major weight loss occurs in the temperature range of 450e
590 �C, due to decomposition of the methacrylate component.
On the other hand, the complete evaporation of the MEMO
monomer occurs before 175 �C. The onset of degradation of
the hybrid material prepared at MEMO/EGMP e 3:7 ratio oc-
curs at 178 �C due to the relative ease of degradation of the
phosphate component. The initial decomposition of the phos-
phate group is followed by partial thermal pyrolysis of the al-
kyl chain and the methacrylate group with the maximum
weight loss occurring at 246 �C. No further degradation of
this hybrid is observed at higher temperatures. In the case of
the hybrid with MEMO/EGMP e 1:1 ratio, the onset of deg-
radation is shifted to higher temperature at 240 �C and the de-
composition of the alkyl and methacrylate group occurs at
higher temperature. The TMAX corresponding to the degrada-
tion of alkyl and methacrylate groups occurs at 427 �C. The
hybrid material prepared at MEMO/EGMP e 7:3 ratio shows
higher thermal stability and the onset of degradation occurs at
333 �C followed by decomposition of the alkyl group and the
methacrylate group. These results indicate that the thermal sta-
bility of the hybrid material increases with increase in the
amount of MEMO. This can be attributed to increase in silica
network with increase of MEMO content.

However, the amount of residue remained at 900 �C in-
creases with increase in the phosphate content in the hybrid.
The residue yield at 900 �C is estimated from Fig. 5 as
29.2%, 33.5% and 40.8% for 7:3, 1:1 and 3:7 MEMO/

Fig. 5. Thermogravimetric curves of the hybrid thin film for three different

compositions and the pure monomers.
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Table 2

Thermal degradation of solegel derived hybrids and the monomersa

Molar ratio (MEMO/EGMP) Tonset (�C) TMAX1 (�C) Weight loss (%) TMAX2 (�C) Weight loss (%) TMAX3 (�C) Weight loss (%) Residue (%)

MEMO monomer 134 164 e e e e e 0.7

7:3 333 397 8.4 (8.7) 428.0 44.5 (41.1) 557.0 13.2 (14.2) 29.2 (34.8)

1:1 240 264 12.1 (14.4) 427.0 37.9 (41.1) 587.0 12.4 (10.1) 33.5 (33.3)

3:7 178 192 9.8 (20.2) 246.0 37.7 (41.1) e e 40.8 (31.8)

EGMP Monomer 92 210 29.8 (30.1) 259.0 13.6 (13.4) 544.0 36.8 (37.1) 3.1

a Theoretical weight loss percentage and theoretical residue percentage are given in the parentheses.
EGMP ratios, respectively. Their corresponding theoretical
values are 34.8%, 33.3% and 31.8%, respectively. Based on
theoretical and experimental residue results, the percent yield
of the condensation reactions of inorganic components are
found to be 84% and 100% for the 7:3 and 1:1 MEMO/
EGMP ratios, respectively. In case of MEMO/EGMP e 3:7
sample, experimental residue content is much higher than the-
oretically predicted values. Such characteristics of the hybrid
can be attributed to relative ease of degradation of the phos-
phate containing segment which degrades at relatively lower
temperature and leaves some volatile material which catalyzes
degradation of alkyl chain and forms a complex with carbon
compounds. It leads to a phosphorus rich insulating layer
[1,34] which thermally insulates the hybrid and prevents diffu-
sion of combustible gases through organic layer. This reduces
further degradation of the hybrid and hence an increase in
residue is observed.

The glass transition (Tg) temperature of the thin film, a crit-
ical parameter which governs the barrier properties and estab-
lishes maximum service temperature of the thin film, has been
determined from differential scanning calorimetry. The second
heating cycle of the cured hybrid material for three different
molar ratios is given in Fig. 6. The Tg of the hybrid material
is found at 93 �C and it does not change with change in com-
position. Although, the inclusion of flexible ePeOe group in
the polymer chain by incorporating phosphate group is known
to lower the Tg [35], no such effect could be observed with the
prepared hybrid. This could be explained by the presence of
extensive crosslinking, which limits segmental mobility of
the chains [34].

Fig. 6. DSC curves of hybrid thin films with MEMO/EGMP at 7:3, 1:1 and 3:7

ratios.
3.3. Micro-thermal analysis

The above thermal analysis represents average properties of
the sample over the sample area under investigation. Further
understanding on spatial distribution of individual phases of
the samples with such complex structure needs to be estab-
lished. Also, for thin film applications, morphology and sur-
face coverage of the film on the substrate play vital role in
their performance. Hence, micro-thermal analysis was carried
out on coated samples to establish these parameters. The ther-
mal conductivity image of the hybrid thin film (MEMO/
EGMP e 1:1) on mild steel substrate is given in Fig. 7. There
is no contrast in the thermal conductivity image of the thin
film throughout the sample surface, which indicates that the
thin film is uniform, homogenous and defect-free without
any phase separation. Fig. 8 depicts the high magnification
3D topographic images of the hybrid thin films obtained
from three different compositions of MEMO and EGMP.
The surface roughness values were calculated from the topo-
graphic images and the root mean square (RMS) roughness
values of 3:7, 1:1, 7:3 (MEMO/EGMP) samples are
0.25 nm, 0.42 nm and 0.56 nm, respectively. This shows that
the surface becomes rougher with increasing MEMO content
in the hybrid thin film, which is attributed to the formation
of silicate network. Three random positions on the coated
mild steel sample (MEMO/EGMP e 1:1) were selected for
LTA and the probe was positioned at selected positions and
the temperature ramp was applied. Fig. 9 shows the LTA plots
of probe deflection as a function of applied temperature for
each random location. Softening of the thin film occurs at
around 100 �C. The Tg of the hybrid material obtained from

Fig. 7. Thermal conductivity image of the MEMO/EGMP e 1:1 hybrid thin

film.
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Fig. 8. Magnified topographic images of the thermally cured hybrid thin film (a) MEMO/EGMP e 3:7; (b) MEMO/EGMP e 1:1 and (c) MEMO/ EGMP e 7:3.
DSC is at 93 �C. This difference is attributed to the higher
heating rate used in mTA. In addition, all the three plots ob-
tained from three random locations are identical which illus-
trates the uniform nature of the thin film throughout the
surface.

3.4. Mechanical properties

The mechanical properties of the thin films such as modu-
lus and hardness were determined using nanoindentation as
they could greatly influence the thin film coating performance.
The elastic moduli and hardness values of the thin films were
determined from the loadedisplacement curves obtained using
nanoindentation experiments. Fig. 10 shows indentation
responses for three different compositions with a 30 s dwell

0.0

0.5

1.0

1.5

2.0

S
e
n
s
o
r
 
(
µ
m
)

0 100 200 300 400 500

Programmed Temperature (°C)

Softening
Point

Fig. 9. LTA plots of the probe deflection with temperature at three different

locations of MEMO/EGMP e 1:1 hybrid thin film.
time at 0.2 mN load prior to unloading. No time dependent
increase in the indenter penetration depth was observed for
any of the hybrid film during holding period at a maximum
load. The calculated hardness results follow the order for
3:7< 1:1< 7:3 MEMO/EGMP ratios with values of 0.47�
0.017 GPa, 0.48� 0.017 GPa and 0.54� 0.019 GPa, respec-
tively. The modulus values range from 6.57 GPa to
11.07 GPa (with the experimental error of �3.6%) and the
highest value is obtained with 7:3 ratio, where maximum
SieOeSi network formation occurs. Thus, by increasing the
hardness/modulus values, scratch resistance of the thin film
can be strongly influenced. The hardness and modulus values
obtained are intermediate between the values of methacrylate
and the inorganic component, and similar results [36,37] have
been reported for solegel derived hybrid thin films previously.
Further evaluations of electrochemical properties of these hy-
brid thin films are currently underway and will be reported in
our future publication.
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Fig. 10. Nanoindentation loadingeholdeunloading curves of MEMO/EGMP

hybrid thin film on mild steel substrates prepared at 3:7, 1:1 and 7:3 ratios.
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4. Conclusions

In summary, we have demonstrated that a highly cross-
linked dense hybrid material with phospho-silicate groups
can be synthesized via a combination of solegel reaction
and free radical polymerization. PA-FTIR and XPS results
demonstrate the formation of highly cross-linked hybrid mate-
rial through the formation of SieOeSi, SieOeP and PeOeP
linkages and organic network through the polymerization of
the methacrylate group. The cured hybrid material forms
a highly networked, dense, uniform, homogenous and de-
fect-free thin film on mild steel substrates, which makes this
hybrid thin film ideal for protective application. The presence
of phosphate functionality leads to strong interfacial interac-
tion between the thin film and the substrate, whereas the sili-
cate group enhances the thermal stability of the thin film.
Amongst all, the hybrid containing 70 mol% MEMO shows
the best performance for thin film applications.
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