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a b s t r a c t

A series of five hybrid materials are synthesized by the reaction of cyanuric chloride (C3N3Cl3) with

different alkoxysilanes (RxSi(OC2H5)4�x, R ¼ CH3, C6H5 and x ¼ 0, 1, 2) in ethanol using sol–gel

technique. The resulting s-triazine-organosilane products were examined using spectroscopic

(UV–visible, FT-IR), thermal (thermogravimetric analysis, TGA), powder X-ray diffraction (P-XRD), BET

analysis and microscopic (scanning electron microscopy, SEM) techniques. These hybrid materials

exhibit globular and two-dimensional morphological textures with varying degrees of crystalline

microstructures. Depending on the functionality of the organosilane building blocks the obtained hybrid

materials exhibit different material characteristics including their solid state, Vicat softening point

(Vicat hardness), density and porosity. BET surface area measurements indicate that these materials

possess small specific surface areas of 0.36–2.3 m2/g with external surface area of �0.02 m2/g. The

phenyl-containing hybrids exhibit pronounced hydrolytic stability compared to the methyl- and silica-

based analogs. The DMSO and sulfolane solutions of the prepared hybrids are transparent to visible light

whereas their cold-compressed discs are optically opaque.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Transparent, translucent and opaque thin films play a crucial
role in the development of new materials for wide range of
advanced opto-electronic electro-optics and other optical applica-
tions [1–11]. Recent developments in flexible and hard glassy thin
films have shown increasing academic and technical interest in
chalcogen-derived [12–14], fluorine-containing [15], doped-inor-
ganic conducting oxides [7,16] and organic–inorganic hybrid
glassy materials [6,8–10,17–22]. Interestingly, different materials
with various bonding characteristics are reported to form glassy
thin films via chemical/physical vapor deposition, lattice hard-
ening, spray pyrolysis, solvo-thermal casting and other techniques
[1,4–7,23,24]. Unlike inorganic glasses (silicate, borate, phosphate,
etc.), which are considered as frozen liquids, organic glasses
(polycarbonates (PCs), polymethylmethacrylates (PMMA), cycloo-
lefins, episulfides, polythiols, polyisocyanates, etc.) are essentially
versatile polymers that soften at relatively moderate tempera-
tures [1–5,12–14,23,24].

Compared to inorganic glasses, organic/polymer glasses pos-
sess numerous advantages such as processability, impact resis-
tance, low cost, dying ability and others. On the other hand, they
exhibit serious inherent drawbacks which include poor scratch
ll rights reserved.
resistance, color centers, thermal deformation and low refractive
indices [1–4]. Moreover, aging processes of organic/polymer
glasses result in increasing their density and therefore modifying
their stiffness which eventually alter their opto-mechanical
properties [1,4,13]. Despite these limitations, organic glasses find
wide range of applications extending from commodity-engineer-
ing materials (plastic lenses, mirrors, aircraft windows, etc.) to
fine opto-electronic and electro-optic devices. In fact, numerous
polymers can be made to form vitrified organic glasses but few
exhibit long term stability to permit their exploitation in practical
applications. In this context, theoretical treatments of such
materials are complicated with two important puzzling questions.
First, why certain materials tend to form glasses irrespective of
their bonding characteristics (H-bonding, p-stacking, covalent
bonding, ionic and combined)? Second, what structural/physical
factors may influence the morphology of materials that lead to
the formation of tough/flexible glassy materials rather than
crystalline? [1–7,23,24]

The inherent limitations of both organic and inorganic glasses
have accelerated the quest for novel organic–inorganic hybrid
materials that exhibit glass properties. The great advantage of
such hybrid glasses is that their composition, structure and
morphology can be modulated to achieve the desired properties
[9,24–27]. Furthermore, the high sol–gel synthetic versatility of
these materials permits the formation of a wide variety of
functional and bifunctional materials at moderate temperatures
for exploitation in electroluminescent, photochromic, nonlinear

www.elsevier.com/locate/jssc
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Fig 1. Schematic structures of the prepared (a) bi-, (b) tri- and (c) tetra-functional s-triazine-organosilane hybrid materials.
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optics, sensor and other Hi-Tech devices. Literature review on
organic–inorganic hybrid glassy materials reveals that research
efforts in this area have mainly focused on silica-/functionalized-
silica-acrylate, polyimide and other organic-polymer derived
hybrid materials [9–11,17–22,28,29]. Even though s-triazine-
based resins are extensively used in materials science and
technology such as melamine and p-phenylene-diisocyanate-
cyanuric acid [30–33], few studies and patents have been
concerned with s-triazine-silica and s-triazine-organosilane-
derived hybrid materials [34,35]. In this paper, we describe our
efforts towards the synthesis of a family of hybrid materials
composed of s-triazine and different organosilane building blocks
as shown in Fig. 1. It is obvious that these hybrid materials rely on
using s-triazine as a cross-linking moiety. These new hybrid
materials were prepared by one-pot reaction of cyanuric chloride,
(C3N3)Cl3 with bi-functional R2SiCl2, tri-functional RSiCl3 and
tetra-functional Si(OC2H5)4 organosilanes (R ¼ CH3, C6H5) in
ethanol. The obtained hybrid materials were characterized using
a variety of thermal (TGA), spectroscopic (UV–vis, FT-IR), powder
X-ray diffraction (P-XRD) and microscopic (SEM) techniques. Their
hydrolytic stability, optical properties, surface porosity and other
physical characteristics were also investigated.
2. Experimental

2.1. Materials and methods

All chemicals and solvents were of reagent grade and used as
received without further purification unless otherwise stated.
Reagent grade trichlorocyanuric acid (C3N3Cl3, Aldrich), organo-
silanes ((CH3)2SiCl2, CH3SiCl3, (C6H5)2SiCl2, C6H5SiCl3), Si(OC2H5)4

(Acros Organics) and triethylamine (Aldrich) were used in all
preparations.

UV–visible spectra were obtained in DMSO using a Shimadzu
double beam UV–vis spectrophotometer UV-2401 (PC). FT-IR
spectra were recorded on a Nicolet Impact 410 FT-IR spectro-
photometer as KBr pellets. Thermogravimetric analysis (TGA) was
carried out under nitrogen atmosphere (temperature range ¼
25�500 1C, heating rate ¼ 10 1C/min) on a Shimadzu TGA-50
system equipped with a computerized data station TA-5 WS/PC,
respectively. Powder X-ray diffraction was obtained on a Philips,
PW 1729 X-ray diffractometer interfaced with a computer control
unit model PW 1710 using CoKa1 (l ¼ 1.789 Å) generated at 35 kV
(40 mA) and the angular range of 2y ¼ 5�1001 with 0.021
increments. The positions of the peaks were determined by
curve-fitting procedure of the experimental XRD data using Table
Curve-2D software (Lowess Algorithm). The textural morphology
of the obtained hybrid materials were investigated on SEM-FEI
Philips microscope. The samples were sputter-coated with gold
(1200, 20 kV, Polaron E6100). Vicat softening points (Vicat
hardness) were determined by monitoring the mechanical
compressibility of the obtained hybrid materials as a function
temperature. The porosity of these materials was obtained using
Nova 2200 high speed gas sorption analyzer at liquid nitrogen
temperature (77 K).
2.2. Sol–gel synthesis of s-triazine-organosilane hybrid materials

All these macromolecules were prepared by mixing (C3N3Cl3)
with the desired molar ratio of RxSiCl4�x (R ¼ CH3, C6H5, x ¼ 2, 3)
or Si(OC2H5)4 reagents in absolute ethanol enriched with water at
a later stage of the sol–gel reaction process. Thermal treatment of
the resulting materials eventually leads to the formation of the
desired s-triazine-organosilane networks.

s-Triazine-OSiMe: C3N3Cl3 (18.41 g, 100 mmol) is mixed with
CH3SiCl3 (14.96 g, 100 mmol) in �250 mL of absolute ethanol at
room temperature. A vigorous reaction accompanied by evolution
of HCl is observed. After the reaction mixture was left to
equilibrate at room temperature, 3–5 mL of water was added
followed by rapid mixing. Immediately a white product starts to
form. After �60 min, triethylamine is added to the reaction
mixture to neutralize the remaining HCl. The mixture is left
overnight to mature. The resulting white solid was filtered off,
washed with ethanol and finally dried in a drying oven at �100 1C
for 3–7 days. Yield: 13.5 g. Color/state: white fine powder. FT-IR
(KBr disc, cm�1): 3211–3027 (nO�H), 2880�2774 (nC�H), 1462,
1401(ntriazine), 1270 ðdSi2CH3

Þ, 1123, 1049 (nSi�O�Si), 1021 (nSi�OH)
and 841 ðnSi2CH3

Þ. UV–visible (DMSO, nm): 286, 283, 277 and
272 nm.

s-Triazine-OSiMe2: This network is prepared as described
above using C3N3Cl3 (18.41 g, 100 mmol) and (CH3)2SiCl2

(19.36 g, 150 mmol). Yield: 16.6 g. Color/state: white soft rubbery
solid. FT-IR (KBr disc, cm�1): 3190–3019 (nO�H), 2962–2774
(nC�H), 1466, 1397 (ntriazine), 1266 ðdSi2H3

Þ, 1090, 1053 (nSi�O�Si),
1021(nSi�OH) and 866 ðnSi2CH3

Þ. UV–visible (DMSO, nm): 286 and
277 nm.

s-Triazine-OSiPh: This product is prepared as shown previously
using C3N3Cl3 (18.41 g, 100 mmol) and C6H5SiCl3 (21.16 g,
100 mmol). Yield: 22.1 g. Color/state: off-white coarse powder.
FT-IR (KBr disc, cm�1): 3211–3019 (nO�H), 2888–2774 (nC�H), 1466,
1393 (ntriazine), 1432, 1139 ðdSi2C6H5

Þ, 1053 (nSi�O�Si) and 996
(nSi�OH). UV–visible (DMSO, nm): 285, 278, 271 and 264 nm.

s-Triazine-OSiPh2: This hybrid network was prepared using
C3N3Cl3 (18.41 g, 100 mmol) and (C6H5)2SiCl2 (38.0 g, 150 mmol).
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Yield: 20.8 g. Color/state: creamy-white sticky hard rubber. FT-IR
(KBr disc, cm�1): 3411–3052 (nO�H), 2870–2778 (nC�H), 1475, 1397
(ntriazine), 1430, 1123 ðdSi2C6H5

Þ, 1033, 1020 (nSi�O�Si) and 997
(nSi�OH). UV–visible (DMSO, nm): 284, 278, 272 and 266 nm.

s-Triazine-SiO2: This network was prepared following similar
procedure as shown above using C3N3Cl3 (18.41 g, 100 mmol) and
Si(OC2H5)4 (15.60 g, 75 mmol). Yield: 15.2 g. Color/state: white
coarse powder. FT-IR (KBr disc, cm�1): 3211–3027 (nO�H), 1458,
1393 (ntriazine), 1188, 1053 (nSi�O�Si) and 948 (nSi�OH). UV–visible
(DMSO, nm): 286, 283, 278 and 272 nm.
3. Results and discussion

3.1. Synthesis and characterization

Sol–gel method is a widely employed synthetic technique for
the preparation of Si-based hybrid materials [24–27]. The adopted
synthetic procedure in the preparation of these hybrid materials is
summarized in Scheme 1. This process is known to occur through
several intermediate steps involving the formation of ethoxy/
hydroxy derivatives of the organosilane and cyanuric acid, Eqs. (1)
and (2). These derivatives are expected to self-organize into non-
covalent complex networks:

R2SiCl2 þ 2C2H5OH �!
�2HCl

R2SiðOC2H5Þ2�!
H2O

R2SiðOHÞ2
þR2SiðOC2H5ÞðOHÞ ð1Þ

C3N3Cl3 þ 3C2H5OH �!
�3HCl

C3N3ðOC2H5Þ3�!
H2O

C3N3ðOHÞ3
þC3N3ðOC2H5Þ2ðOHÞ þ C3N3ðOC2H5ÞðOHÞ2 ð2Þ

exploiting the available non-covalent H-bonding, p-stacking and
other hydrophobic interactions as depicted in Scheme 2.
Equilibration of the resulting self-assembly leads eventually to
the formation of thermodynamically stable associated hybrid
materials [36–39]. At this stage, the bonding within s-triazine-
organosilane networks is mostly physical in nature but further
heat treatment eventually leads to condensation, gelation and
ultimately the conversion of non-covalent physical architectures
into covalently bonded chemical continuous networks. In fact,
thermal treatment at 100–150 1C under vacuum to a constant
weight was employed to ensure that thermodynamically stable
architectures are formed with maximum cross-linking. These
hybrid materials are soluble in hot DMF and DMSO but insoluble
in most of organic solvents.

A summary of some important physical characteristic data for
the prepared s-triazine-organosilane hybrid materials including
their state, bulk density and BET porosity measurements are listed
Si
Cl Cl

N

N

N

Cl

Cl

Cl

3 2+
C2H5OH / H

, 25N(C2H5)3
_ (C2H5)3N-H

Scheme 1. Sol–gel scheme for the formation o
in Table 1. The tri- and tetra-functionalized silica (s-triazine-OSiR,
s-triazine-SiO2) hybrids exhibit similar bulk density values of
1.67 g/cm3, whereas that of the bi-functional s-triazine-OSiR2

analogs was found to range from 1.26 g/cm3 for the methyl-
derived network to 2.47 g/cm3 for the phenyl-based analog. This
observation implies that the tri- and tetra-functional derivatives
present similar packing properties. On the contrary s-triazine-
OSiMe2 which exhibits a loose packing structure with significant
void volume, the s-triazine-OSiPh2 networks display a densely
packed structure. In fact, density measurements are in accordance
with SEM micrograph images, see SEM section. It should be
pointed out that BET measurements on these materials indicate
that they posses small specific surface areas of 0.36–2.3 m2/g with
external surface area of �0.02 m2/g. However, their porosity
values, as indicated by the average pore diameter, show that
these hybrids are mesoporous in nature (2 nm, microporous
odo50 nm, macroporous).

3.2. FT-IR spectroscopy

FT-IR is a very useful technique to examine organic–inorganic
interfacial interactions and to determine the extent of condensa-
tion reactions. The spectra for the obtained s-triazine-organosi-
lane hybrids were recorded in the region of 4000–400 cm�1 as KBr
pellets. The observed FT-IR bands and their assignments are
reported in the experimental section [40,41].

It is obvious from the spectra in Fig. 2 that these hybrid
materials exhibit 2–3 overlapping broad bands in the range
3000–3200 cm�1. These bands are characteristic of the nO�H

which can be due to unreacted silanol (�Si–OH), hydroxyl
(s-triazine-OH) groups and structural water adsorbed and/or
occluded in the formed networks. The relatively high intensities
of these bands suggest incomplete formation of the network
structures. The presence of trace amounts of ethanol/water
embedded in network structures is supported by TGA obser-
vations where the mass loss due to adsorbed volatile ethanol/
moisture (below 100 1C) is negligible, whereas those entrapped in
the structure are lost at about 150 1C, see data on TGA.

As seen in Fig. 2, methylsilane-containing hybrid materials
exhibit typical infrared absorption bands in 1266–1270 and
841–866 cm�1 regions ascribed to ðdSi2CH3

Þ and ðnSi2CH3
Þ, respec-

tively [40]. However, the phenylsilane-derived analogs display
their corresponding infrared absorption bands at 1429–1432 and
1123–1140 cm�1. Furthermore, the diagnostic infrared bands due
to s-triazine rings are clearly observed in 1600–1400 cm�1 range
in all FT-IR spectra of the obtained networks [41]. It is noteworthy
to say that the structural information deduced from infrared
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Scheme 2. H-bonding (A), phenyl–phenyl (B) and phenyl-s-triazine (C) p-stackings involved in s-triazine-organosilane supramolecular self-assembly.

Table 1
A summary of the physical characteristics data for the prepared s-triazine-organosilane hybrid materials.

s-Triazine-organosilane State Densitya (g/cm3) BETb surface area (m2/g) specific (external) Porosityc

Pore vol. (ml/g) Diameter (nm)

s-Triazine-OSiMe Powder 1.67 2.3 (0.02) 3.8�10�3 6.8

s-Triazine-OSiMe2 Rubbery 1.26 Nd Nd Nd

s-Triazine-SiO2 Powder 1.67 0.36(0.02) 0.6�10�3 6.2

s-Triazine-OSiPh Powder 1.66 0.75(0.02) 1.4�10�3 7.4

s-Triazine-OSiPh2 Rubbery 2.47 Nd Nd Nd

State, density, BET surface area, porosity and Vicat softening point.

a Bulk density for settled particles in ethanol.
b Specific (external, ASTM D5816) surface area are obtained from BET measurements.
c Total pore volume and average pore radius are obtained from BET measurements.
d The rubbery structures showed negligible BET and porosity values.
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spectroscopic data is complemented with the information
gathered from thermal and X-ray diffraction measurements.
3.3. Electronic spectroscopy

The UV–visible spectra for the obtained s-triazine-organosi-
lane hybrid materials were recorded in DMSO. All these hybrid
materials do not show any absorption in the 800–300 nm range
which implies that these networks are transparent in the
UV–A–visible region, Fig. 3. However, the methylsilane- and
silica-based hybrid materials exhibit two main electronic
absorption bands (286–271 nm) assigned to n–p* and p–p*
s-triazine localized transitions. Each of these transitions is split
into two clearly resolved maxima suggesting the presence of
s-triazine ring in two different spatial configurations. However,
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Fig. 2. FT-IR spectra for the synthesized s-triazine-organosilane network struc-

tures.

Fig. 3. UV–visible spectra of the prepared s-triazine-organosilanes in DMSO.
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the phenylsilane-based hybrid materials display an additional
single sharp peak at �265 nm due to the localized p–p* transition
on the pendent phenyl group.
3.4. Thermal analysis

The thermal behavior of the prepared s-triazine-organosilane
hybrid materials was examined using thermogravimetric
analysis under N2 atmosphere in the temperature range of
25–500 1C and heating rate of 10 1C/min. The thermal stability of
these materials as evaluated from TGA data is summarized in
Table 2. It is clear from the corresponding thermogram curves
depicted in Fig. 4a that negligible mass loss (o0.5%) occurred
below 150 1C which indicates that negligible adsorbed/occluded
moisture and ethanol are entrapped in their network structures.
The small degradation step (3–7%) observed in the 180–220 1C
range suggest elimination of structural water from vicinal/
neighbouring OH groups of uncondensed silanol and cyanuric
acid functionalities leading to further structural curing of the
hybrid network.

In general, the TGA thermal data shows that the network
structures of these materials degrade in the temperature range of
348–370 1C leaving behind silica, organosilane and carbonaceous
residues. Close inspection of the observed major degradation step
and its first derivative shows that this major step is composed of
three poorly resolved steps which are ascribed to the loss of
s-triazine building blocks, Fig. 4b. In this context, it is well
documented that s-triazine derivatives such as cyanuric acid,
C3N3(OH)3, exhibit a single decomposition step at �370 1C to a
volatile isocyanic acid, HN ¼ C ¼ O, with 0% char formation [41].
Interestingly, the tri-functional s-triazine-OSiMe and s-triazine-
OSiPh hybrids gave the higher residue yield compared to the bi-
and tetra-functional analogous hybrids. Furthermore, the average
thermal degradation rate in mg mass loss per second was
estimated from the slope of the curve. It is obvious that the s-
triazine-SiO2 hybrid decomposed at a rate of 9.7mg/s whereas
others degrade at slower rates (4.8–6.7mg/s).

Typically, a material softness/hardness can be inferred from its
glass transition (Tg) values and/or Vicat softening temperatures
(VST) [42]. Since the VST is generally employed for thermal
processing of thin films we report the softening temperatures of
these hybrid materials as measured by the Vicat method (ASTM
D1525). It is obvious from the data in Table 2 that these hybrid
materials exhibit a wide range of VSTs. Close examination of these
values shows that s-triazine-OSiMe hybrid soften over a broad
range of 73–146 1C which implies that this hybrid contains soft-
hard domains within its network structures. Meanwhile the other
hybrids cover a relatively smaller range of 10–30 1C. These VSTs
and ranges permit the synthesis of s-triazine-organosilane hybrid
materials with modulated hardness using the proper choice of
organosilane mixtures and their molar ratios. In this context, it is
essential to point out that hard glassy polymers such as
polycarbonate, polymethylmethacrylates and poly(ethyleneter-
ephthalate (PET) exhibit VSTs of �164, �103 and �261 1C,
respectively [42].

Interestingly, these hybrid materials exhibit different thermo-
oxidative behaviors when subjected to flame pyrolysis tests in
air, while the silica-based hybrid decomposes to give a white
silica residue with no observable smoke, the methylsilane
derivatives give flameless white fumes with white-grey residues
and the phenylsilane derivatives give white smoke with
black carbonaceous residues. In all cases these hybrid materials
exhibit self-extinguishing properties. This test demonstrates
that these networks can be exploited as self-extinguishing
fillers.
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Table 2
Thermogravimetric data for the prepared s-triazine-organosilane hybrid materials.

s-Triazine-organosilane Degradation temperaturea
1C (% mass loss )b Residue (%) Degradation ratec mg/sd Softeninge point 1C

Step 1 Step 2 Step 3

s-Triazine-OSiMe 190 (7) 350 (58) – 35 6.7 73–146

s-Triazine-OSiMe2 205 (3) 370 (60) 460 (20) 17 5.5 o25

s-Triazine-SiO2 180 (3) 360 (80) – 17 9.7 170–180

s-Triazine-OSiPh – 348 (52) – 48 4.8 119–140

s-Triazine-OSiPh2 220 (3) 362 (70) – 27 5.7 56–86

a TGA was recorded in the temperature range of 30–500 1C (heating rate ¼ 10 1C/min, N2 atm., degradation temperature is recorded as mid point).
b % mass of adsorbed volatile and moisture lost below 150 1C are o0.5%.
c The average thermal degradation rate (mg/s) was calculated from the slope of the curve.
d % mass of the residues is reported at 500 1C.
e Vicat softening point (Vicat hardness, ASTM D1525) refers to the temperature at which the material is penetrated by a flat ended needle (1 mm2).

Fig 4. (a) TGA thermograms for the obtained s-triazine-organosilane networks and

(b) TGA thermograms of s-triazine-OSiPh2 network and its first derivative.

Fig. 5. XRD profiles obtained for the synthesized s-triazine-organosilane hybrid

materials.
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3.5. Powder X-ray diffraction

Fig. 5 displays the P-XRD profiles obtained for the synthesized
s-triazine-organosilane hybrid materials. These profiles show that
they are composed of two broad features superimposed with four
characteristic sharp diffraction peaks, Table 3. In principle, the
P-XRD of methylsilane-based hybrids are mainly composed of
sharp diffraction patterns which indicate that they are mostly
crystalline in nature, whereas the phenylsilane- and silica-based
analogs exhibit broad diffraction features due to their amorphous
microstructures. The percentage crystallinity in their structures
were evaluated from relative peak areas of P-XRD profiles and
found to vary from 15% to 45%, Table 3. Careful analysis of these
diffraction profiles shows that they belong to one intact phase
which rules out the presence of biphasic organosiloxane-cyanuric
acid composite structures [41,43,44]. However, these intact
phases may involve both covalent framework and non-covalent
adduct structures [16,18,25,30,34–39]. This conclusion is strongly
supported by TGA where one major degradation event is ob-
served at 348–370 1C range, and the SEM images which display
uniform textural features at 5000� magnification. The corres-
ponding interspatial distances (d-spacing) calculated from Bragg’s
Equation (nl ¼ 2d sin y) for the most intense sharp peak are
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Table 3
P-XRD data for the prepared s-triazine-organosilane hybrid materials.

s-Triazine-organosilanea 2h (deg) d-Spacing (Å) Particle sizeb (Å) % Crystallinity

Broad Sharp

s-Triazine-OSiMe 12.2, 27.3b 23.1, 26.1, 30.6, 34.9 3.8 8.1 45

s-Triazine-OSiMe2 13.8, 22.4b 22.9, 26.1, 30.1, 34.6 5.1 6.7 41

s-Triazine-OSiPh 9.6, 27.4b 23.3, 26.3, 31.0, 35.0 3.8 6.1 30

s-Triazine-OSiPh2 10.3, 28.3b 20.5, 23.1, 24.4, 3.8 6.0 15

26.5, 30.8, 34.8

s-Triazine-SiO2 28.3b 22.9, 25.9, 30.6, 34.6 3.7 5.4 21

a Cyanuric acid phase gives five characteristic peaks at 2y of 21.51, 29.31, 31.71 and 42.71 [41]. The first three diffraction peaks are of almost equal intensity. However,

silica phase exhibits a broad diffraction peak at 2y of �23.61 [44].
b Refers to the broad diffraction peak for which particle size is calculated.
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summarized in Table 3. Interestingly, these hybrid materials
exhibit similar interplanar spacing of �3.8 Å except that of the
s-triazine-OSiMe2 which shows a d-spacing of 5.1 Å. The relatively
small interplanar packing distances of 3.8 Å is indicative of strong
p–p interactions between the adjacent aromatic triazine/phenyl
rings [41,43,44]. In fact the relatively large d-spacing in s-triazine-
OSiMe2 hybrid is in accordance with its low density values of
1.26 g/cm3 and soft rubbery state. This observation implies that
the two methyl groups in s-triazine-OSiMe2 adopt a spatial
configuration that requires larger free volume than that in s-
triazine-OSiMe hybrid. However, the relatively small interspatial
spacing in the phenyl-containing hybrids suggests appreciable
p–p stacking as depicted in Schemes 2B and C. This conclusion is
strongly supported by the SEM images of these materials.

Furthermore, using Scherrer’s Equation (shown below) and
from the P-XRD data one can calculate the particle size dimension
(L) of these materials:

L ¼ kl=b cosy

where l (Å) is wavelength of the X-ray beam, b in radian is the
width of the main broad peak at half-height, y is the diffraction
angle and k ¼ 0.9 is Scherrer’s constant. In this group of materials
the estimated particle diameters are in the range of 5.4–8.1 Å
which suggest the formation of small sized particles. SEM images,
however, reveal the formation of microscopic globular or two
extended particle aggregates with varying dimensions
(5–100mm). These values imply that such aggregation appears
to be strongly influenced by non-covalent intra-particle physical
interactions (H-bonding, p-stacking and other hydrophobic
bonding types) [45,46].
3.6. Textural morphology

The textural morphology of the obtained s-triazine-organosi-
lane hybrid materials was examined by scanning electron
microscopy (SEM), Fig. 6. Their SEM images at low
magnifications (1000� ) show that they exhibit two different
textural features; namely, globular (s-triazine-OSiMe, s-triazine-
OSiPh2 and s-triazine-SiO2) or extended two-dimensional (2-D)
network structures (s-triazine-OSiMe2 and s-triazine-OSiPh).
However, it is obvious that at large magnifications (5000� ) the
SEM micrographs indicate that these materials posses different
degrees of crystalline characteristics with varying macro-void
volumes. Interestingly, their SEM micrographs point out to the
presence of one-phase materials in accordance with our P-XRD
observations. In this group of materials, significant packing
differences are obvious from their SEM micrographs.

The s-triazine-OSiMe SEM image indicates that this hybrid is
composed of one-phase of loosely connected globular particles
with 5–10mm in dimension. Close examination of these particles
show that they posses internal micropores (2–5mm) with
relatively large inter-particle macrovoids (10–25mm). However,
the SEM micrograph of s-triazine-OSiMe2 indicates that its
morphology is made of 2-D fused crystalline particles that are
irregular in shape and size (10–100mm). Surprisingly, the phenyl-
based materials exhibit dramatic different textural morphologies
where s-triazine-OSiPh is made up of irregular compact-fused 2-D
particles while the s-triazine-OSiPh2 is composed of practically
regular particles (�5mm) with inter-particle void volume of
�1mm. However, s-triazine-SiO2 particles show globular textural
features composed of inter-connected small particulates (�1mm)
encompassing inner pores of �1–5mm.
3.7. Properties

The hydrolytic stability of the obtained s-triazine-organosilane
networks was examined by monitoring the pH of their suspen-
sions in water under neutral conditions. Indeed, partial hydrolysis
of the �Si–O–C� structural units in the backbone resulted in the
formation of silanol (�Si–OH) and cyanuric acid (�C–OH) groups
with no apparent breakdown of the network structures when left
in contact with water for a period of 24 hours, Eq. (3) [34,47]. The
phenyl-containing hybrids show exceptional stability compared
with the methyl-derived and silica-based hybrids in neutral and
acidic media but not in basic medium. This observation can

OSiSiO

H2ON

N

N

OSi

HOSi+

OSiSiO

N

N

N

OH

ð3Þ

be explained by considering the hydrophobic nature of the phenyl
group which does not allow water to penetrate deep in the
network structure [48]. It is essential to point out that the hydro-
lyzed moiety can be regenerated thermally with the elimination
of water between adjacent groups [18,34,49]. This attractive self-
healing feature is under further investigation.

The partial amorphous/crystalline nature of these materials
combined with their small surface areas (specific surface
area ¼ 1–2 m2/g, external surface area �0.02 m2/g) motivated us
to examine their tendency to form glassy thin films by solvo-
thermal methods (o250 1C) and study their optical properties.
Thus we were unable to form sufficiently uniform thin films of
these materials to study their optical characteristics. The poor thin
films forming ability of these hybrids may be attributed to the
relatively high surface energies of the obtained particles due to
the presence of uncondensed OH groups, see FT-IR section. This
has hindered our current efforts to examine their solid state
optical properties. It is often noted that in thin film formations the
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Fig. 6. SEM images (x ¼ 1000 and 5000) of the synthesized s-triazine-organosilane hybrid materials.

I. Arafa et al. / Journal of Solid State Chemistry 182 (2009) 2167–21752174
moisture in the lattice domain, lattice perturbation due to random
cross-linking and the presence of OH groups can lead to high
scattering of light [4,24,50]. These structural factors are crucial
to the overall thin film quality, such as transparency, consistency
and other optical properties. To overcome solvent pitting
and to enhance particle–particle interfacial interactions by low-
ering their surface energies two approaches were attempted.
First, by minimizing the number of unreacted OH groups via
partial fluorination and the second involves using non-ionic
surfactant–solvent system. In both approaches, improvement
of the thin film quality is observed but not to a satisfactory
level.
4. Conclusions

This work is part of our continuing efforts to generate triazine-
organosilane hybrid materials that will pave the road for
developing novel hybrid materials for wide range of applications
[51]. Based on the structural information gathered from FT-IR,
TGA, P-XRD and SEM the obtained s-triazine-organosilane
hybrid networks can be described as lamellar-globular 2–3D
networks composed of s-triazine and organosilane building
blocks. Furthermore, inter- and intra-particle physical interactions
such as H-bonding, p-stacking and other hydrophobic interactions
play a crucial role in the overall bonding characteristics in this
family of hybrid materials. Attempts to form high quality thin
films of these materials have been hindered apparently by the
presence of uncondensed OH groups. Overcoming this obstacle is
crucial to prevent pitting by the different solvent systems
employed in thin films formations. However, the inability of these
materials to form homogeneous fully interconnected intact thin
films can be treated at different levels of sophistication. Our future
work focuses on modulating the structure of these hybrids by
selectively introducing allyl functionality on the s-triazine build-
ing block, and further allowing it to undergo Diels–Alder
cycloaddition reactions with the goal of glass formation through
lattice hardening technique.
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