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Tuning of Ag-SPR band position in refractive index controlled
inorganic—organic hybrid SiO,~PEO-TiO, films'
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Abstract. Inorganic (silica-titania)-organic (polyethylene oxide) hybrid films with variable refractive
index (RI) values were synthesized and Ag nanoparticles were generated in situ inside such hybrid films
to develop coloured coatings specially on plastic substrates. The hybrid films and the corresponding Ag-
incorporated films were prepared from sols derived from a mixture of silicon tetracthoxide (STE), 3-
(glycidoxypropyDtrimethoxysilane (GPTMS), titanium tetraisopropoxide (TTIP) and silver nitrate fol-
lowing a sol-gel dip—coating method and cured at low temperature (90°C), followed by UV treatment
with an energy equivalent to 5-3 £0-1J cm >, The equivalent SiO;: SiO,.5(CH,);OCH,CH(CH,)O:
TiO, : Ag molar ratios (nominal) of the final cured films are varied in the ranges (67-9-0):29-1:(0-
67-9) : 3. The refractive index values of the cured hybrid films were found to be increased systematically
from 1-475 to 1.710 with increasing Ti-component. The Ag-SPR peak, in case of silica-polyethylene ox-
ide host (RI=1-475), observed at 419 nm, gradually red-shifted to 497 nm upon increasing the Ti-
component (equivalent TiO, content 67-9 mol%; RI = 1-710) of the film. As a consequence, a systematic
change of Ag-SPR position yielded yellow, yellowish—orange, orange, brownish—orange and orangish—

brown coloured coatings.
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1. Introduction

Inorganic—organic hybrid composite films derived
from alkoxides and molecular hybrids (functional
alkoxides) having different refractive index (RI) values
are important materials and useful in developing
abrasion resistant, reflecting and antireflecting films
particularly on soft materials like plastics at low
temperature (<100°C)."” These coatings can also be
decorated with different colours using the noble metal
nanoparticles as colouring sources.* '’

Very recently we described a simple yet much
improved technology for the development of inor-
ganic—organic hybrid nanocomposite sols applicable
for making hard and abrasion resistant coatings cur-
able at low temperature (<100°C) on plastic sub-
strates.*>!" The incorporation of Au® and Ag’ nano-
particles inside the inorganic—organic hybrid matrices
could produce uniform colouration arising from the
SPR absorption of embedded nanoparticles. Recently
we have shown controlled coarsening phenomena of

"Dedicated to Prof. C N R Rao on his 75th birthday
*For correspondence

Ag-plasmon tuning; inorganic—organic hybrids; refractive index tailoring; coloured coat-

Ag nanoparticles in a silica-polyethylene oxide (SiO,—
PEO) hybrid matrix by UV light of different ener-
gies.'? This leads to change in optical properties of
the Ag nanoparticles while embedding in the hybrid
matrix. We have also shown plasmon coupling of Au
nanoparticles embedded in a Si0,~PEO-TiO; hybrid
film matrix leading to the shifting of Au plasmon
bands with respect to the UV treatment energies.'’
Previously, we have successfully tailored the surface
plasmon absorption positions of Au and Ag nanopar-
ticles by tuning the RI of the embedding dielectric
films (Si0,, Si0,-TiO," and SiOz—ZrOZM’lS) appli-
cable for glass substrates. These films were prepared
after heat-treatment of the doped films at high tem-
peratures (500-800°C).

In this work, we attempted to synthesize low tem-
perature (<100°C)/UV curable inorganic—organic hy-
brid (SiO,—~PEO-Ti0,) coatings having different RI
values, and tunable coloured coatings using dispersed
Ag nanoparticles of fixed molar concentration in these
refractive index controlled composite inorganic—
organic hybrid films. Main aim of this work was
therefore to study the effect of the matrix RI on the
optical properties of Ag nanoparticles, leading to the
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generation of different colours useful for decorative
coloured coatings on plastic substrates. The forma-
tion of Ag nanoparticles in the inorganic—organic
coating matrices were monitored by UV-visible,
FTIR and transmission electron microscopy.

2. Experimental
2.1 Preparation of sols

All chemicals were used as received. Silicon tetra-
cthoxide (STE), 3-(glycidoxypropyltrimethoxysilane
(GPTMS) and titanium tetraisopropoxide (TTIP)
were supplied by Sigma-Aldrich, while AgNQO;, »-
butanol, HNOj; and acetylacetone (acac) were obtained
from s.d. fine-chem limited. Aluminum acetylaceto-
nate (Al(acac);) was supplied by Lancaster.

First of all, undoped hybrid sols were prepared
using STE, GPTMS, TTIP, acac, Al(acac); (catalytic
amount as epoxy polymerization initiator), n-butanol,
water and catalytic amount of HNQOj. The alkoxides
STE, GPTMS, TTIP were used in different mol ratios
(table 1) in order to obtain different compositions in
the final cured coatings. First, TTIP-acac solution
was prepared by stirring (30 min) the required
amount of TTIP with acac (0-5 mol per Ti-alkoxide)
in n-butanol (one-third of total amount). STE,
GPTMS and TTIP-acac solution in required propor-
tions were then mixed with n-butanol (one-third of
total amount) by stirring and refluxed for 30 min in
order to obtain a homogeneous mixed solution. The
solution was then cooled to room temperature.
Acidulated water dissolved in 7-butanol (remaining
one-third) was then added with stirring and stirring
was continued for another 1 h. 5 x 10~ mol HNO; and
0-5 mol water per mol of alkoxy group were used for
hydrolysis/condensation reactions. The epoxy polym-
erizing agent Al(acac); (0-05 mol per mol of GPTMS)
was added at this stage with stirring till dissolve.
The resulting clear sols with 5 different compositions
as shown in table 1 were then used for Ag doping.

Table 1. Mole ratios of different alkoxides used to pre-
pare inorganic—organic hybrid sols.

Sample label

(undoped sol) STE (mol) GPTMS (mol) TTIP (mol)
SGT730 7 3 0
SGT433 4 3 3
SGT235 2 3 5
SGT136 1 3 6
SGT037 0 3 7
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The equivalent oxide (Si0; + Si0,.s—PEQO + TiO,) wt%
(solid content) in the sols was in the range of 10—
14%. The molar ratio of the Ag metal to the oxide
(Si0; + Si0,.5-PEO + Ti0;) was kept constant in all
the sols, being 3 equivalent mol% Ag — 97% hybrid
matrix (SiO; + Si0;5 — PEO + Ti0,). The calculated
amount of AgNO; was dissolved in water (molar ra-
tio of water to AgNQOj; can be varied from 26 to 28)
and added to the corresponding undoped sols with
stirring. Clear colourless sols thus obtained were
used for the preparation of films.

2.2 Preparation of films

The inorganic—organic hybrid matrix films were de-
posited on cleaned Si-wafer (one side polished) sub-
strates. The Ag-doped films were deposited on
polycarbonate (PC) sheet (plastic), soda-lime glass,
silica glass and also on Si-wafer substrates. Prior to
the film deposition, the substrates were cleaned with
neutral detergent, rinsed with double distilled water
and finally with hot isopropanol. The coatings were
prepared using the dipping technique (Dip-master
200, Chemat Corporation) with withdrawal veloci-
ties in the range 2-3 inch min'. The as-prepared
films were dried at 60°C for 30 min and followed by
90°C for 1 h. The dried film was then subjected to
UV-treatment. The UV treatment was done by pass-
ing the dried film samples through a conveyorized
UV curing machine fitted with a high power
(5000 W) medium pressure Hg vapor lamp emitting
a range of wavelengths from 200-400 nm with
maximum intensity peaks in the UV-A region (300-
380 nm). In a single UV treatment operation, the
sample receives ~2-65Jem ™ energy (UV-A) and
the UV treatment of the film was done two times for
cach surface (UV energy per surface 5-3 +0-1 Jcm ™)
in a cumulative manner. The UV energy was moni-
tored using a UV intensity meter (UV Power Puck,
EIT), passing through the conveyor along with the
sample.

The films deposited on both-side polished silicon
wafers (intrinsic; IR transparent) are used for the IR
spectral studies. The undoped matrix films on one-
side polished silicon wafers were used for the RI
measurements.

2.3  Characterization

Refractive index values of the thermal (90°C/1 h),
and followed by UV cured (5-3J cm ) hybrid un-
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doped films are measured using a Gaertner Ellip-
someter (model L116B) at 632-8 nm. The thickness
of the Ag-incorporated films was measured by a
Surfcorder SE-2300 profilometer (Kosaka Labora-
tory Ltd., Japan). The UV-visible spectra of the Ag-
doped films were obtained using a Cary 50 scan
spectrophotometer. Infrared absorption spectra of
the films deposited on silicon wafers were recorded
by FTIR spectrometry (Nicolet, model 5PC) with a
resolution of 4 cm' and 32 scans. Transmission
electron microscopic (TEM) measurement was car-
ried out with a JEOL 2010 transmission electron mi-
croscope. TEM sample was prepared by scraping the
respective UV-treated films. The scraped film was
first dispersed in methanol under ultrasonication,
and one small drop of this dispersion was deposited
onto a carbon-coated copper grid on an underlying
tissue paper.

3. Results and discussion

In order to obtain different refractive index values of
the films the equivalent mole ratio of SiO,, SiO;;
(CH,);OCH,CH(CH,)O (designated as ‘SiO;.s—PEQ’)
and Ti0, (high refractive index component) was var-
ied using STE (source of Si0,), GPTMS (source of
Si0,5-PEQO) and TTIP (source of TiO,) (table 1). It
may be noted here that the hybrid precursor GPTMS
has both polymerizable alkoxy groups as well as ep-
oxy group bonded with Si through —(CH,);-0O-
chain. So the hydrolysis/condensation reactions of the
alkoxy groups produce —Si—O-Si— network whereas
the epoxy group generates polyethylene oxide (PEO)
network after polymerization. As a result, the hybrid
end product as shown in scheme 1 is expected to
form from GPTMS after hydrolysis-condensation
reactions and polymerization of epoxy groups.
Clearly the hybrid end product obtained from
GPTMS has polyethylene oxide (PEO) linkages
bonded with the silica network. Three —Si—O- link-
ages are shown in the hybrid end product; each of
these will be shared with another Si atom. For this
reason this composite hybrid unit has been designated
as 81015(CH2);OCH2CH(CH2)O or 81015—PEO The

| |
? i

N\ _/OCH, I
H,C—CH-CH,—0—~(CH,);~SI<-0CH, ——= —H,C— CH-CH,—O—(CH,);~Si—0—
OCH, S

GPTMS |

Scheme 1.

567

STE, GPTMS and TTIP originated alkoxy groups,
during the co-hydrolysis/condensation reactions
would covalently connect each other in a molecular
level through —Si-O-Si— and —Si-O-Ti- linkages.
The GPTMS originated epoxy groups would polym-
erize during the thermal (90°C)/UV-treatment of the
films obtained from these sols and eventually a very
homogeneous interconnecting inorganic—organic
hybrid composite network would be formed after the
final curing of the films.

The undoped films prepared by a single dipping
technique appear optically transparent and homoge-
neous after the thermal, and followed by UV curing
with an energy equivalent to 5-3 J cm . As expected,
after curing of the coatings, the refractive index values
are increasing with increasing Ti-component (table
2). All Ag doped films were also clear and transpar-
ent. All films showed very uniform intense colour-
ation after the final UV curing. The nominal
compositions of the Ag-doped hybrid films and the
corresponding Ag-SPR positions leading to forma-
tion of different colours are presented in table 3. The
coating thickness of the thermal (90°C), followed by
UV-treated (5-3Jcm™®) films, estimated by a pro-
filometer, was in the 250-550 nm range. The thick-
ness of the highest titania containing film (Ag-
SGTO037; see table 3) was kept relatively low to avoid
cracking problems after UV-treatment. The adhesion
of the films with the substrate is found to be excel-
lent. The pencil hardness value (measured following
the specifications of ASTM D 3363) of the final
cured films is greater than 3H when applied on
polycarbonate substrates.

To understand the chemical structure of the films
FTIR studies were undertaken. Figure 1 shows the
FTIR spectral evolution of (as-prepared, 90°C and
UV-treated) Ag incorporated hybrid films in four
different panels marked by a—d. FTIR of as-prepared
Ag-SGT730 film (figure la) shows peaks corre-
sponding to Si-O-Si (asymmetric stretch) at

Table 2. Refractive index wvalues of the thermal
(90°C/1 h) and UV-treated (5-3 +0-1 Jcm™) undoped in-
organic—organic films.

Sample label RI £0-002
(undoped film) (measured at 632-8 nm)
SGT730 1-475

SGT433 1-569

SGT235 1-650

SGT136 1-683

SGT037 1-710
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Table 3. Nominal compositions of the thermal (90°C/1 h), followed by and UV-treated (5-3 +0-1 Jcm™) Ag doped

films, along with their colour and SPR peak positions.

Film composition

Sample label (nominal) after curing (mol ratio) Film thickness Ag-SPR
(Ag doped film) (810, : SiO; s-PEO: TiO, : Ag) after curing (nm) Film colour position (nm)
Ag-SGT730 67-9:29-1:0:3 550 £10 Deep yellow 419
Ag-SGT433 38.8:29-1:29.1:3 500 £10 Yellowish-orange 443
Ag-SGT235 19-4:29-1:48-5:3 450+ 10 Orange 460
Ag-SGT136 9-7:29-1:58.2:3 400 £ 10 Brownish-orange 480
Ag-SGT037 0:29.1:67.9:3 250 £ 10 Orangish-brown 497

1085 cm™', Si—-OH at 945 cm™',”*'* epoxide ring vi-
brations at 910 and 855 cm™' (weak),'®"” Si—-O-Si
(symmetric stretch) at 795 cm ' and 448 cm '™
Absence of any NO; vibration at 1385 cm ™' indi-
cates decomposition of AgNOs at the sol stage.” In
case of the thermal (90°C) and UV-cured Ag-
SGT730 films all bands remain unaffected except,
the Si—-O-Si asymmetric stretch and epoxide bands
(figure la). The former (Si—O-Si asym. stretch) has
been shifted to 1070 cm ™' '* where as the later peaks
(910 and 855 cm™') are gradually weakened and al-
most disappeared after UV curing due to the polym-
erization of epoxy groups to polyethylene oxide.'®"’
FTIR spectra of three representative Ti-containing
films (Ag-SGT433, Ag-SGT235 and Ag-SGTO037) are
presented in panels b, ¢ and d of figure 1 respec-
tively. As acac has been used to control the fast hy-
drolysis rate of Ti-alkoxide, FTIR spectra of all as-
prepared and cured Ti-containing films showed a
pair of peaks at 1585 and 1530 cm™' due to C-C +
C-O stretching'®"” arising from Ti-acac chelate (fig-
ures 2b—d). The presence of bands in the 1385-
1260 cm ™' region attributed to the Ti-O-C vibra-
tions, also supports that acac is bonded to Ti as che-
lating ligand (figures 1b-d).*” The intensities of
acac related peaks are gradually weakened during
thermal (90°C) and UV-treatment of the films indi-
cating decomposition of Ti-acac chelates. FTIR of
all UV-treated Ti-containing films show a weak
peak around 1718 cm ™' (marked by arrows in figures
1b—d) indicating presence of free C=0 groups' in
the films. This result indicates opening of acac che-
lates occur through a monodentate acac species. The
epoxy related vibrations in all these cases are not
clearly visible due to overlapping with other peaks.
All Ti-containing films show (figures 1b—d) peaks
near 1200 (marked by 1) 1095 (marked by 2), 1040
(marked by 3) and 930 cm ™' (marked by 4) due to
Si-C-C, Si-0-Si1, Si—0-Si + some contributions of
Si—O-Ti and Si—O-Ti vibrations respectively. The

relative intensities of later two bands (marked by 3
and 4) are found to be intensified marginally after
thermal and UV curing (see the spectra of higher Ti-
content films Ag-SGT235 and Ag-SGTO037). This
observation suggests formation of more Si-O-Ti
during the curing stages. It may also be noted here
that the Si—O-Si symmetric stretching appeared at
795 cm™' (see line marked by 5 in figure 1) in case
of Ag-SGT730 (without Ti-component) film is gradu-
ally weakened and almost absent in case of Ag-
SGTO037 after UV-curing. This also supports indi-
rectly the formation of Si—O-Ti linkages. It is,
therefore, clear from FTIR studies that the modifica-
tion of refractive index values of the silica—
polyethylene oxide-titania hybrid films is arising
from uniform composite structure having Si—O-Si,
Si—-C-C and Si—O-Ti inter connecting network. A
systematic increase of refractive index with increase
of Ti content also suggests formation of uniform
Si—O-T1i network in the mixed films.

The evolution of Ag nanoparticles in the coating
matrices is monitored using UV-visible spectros-
copy and results of three representative systems
(Ag-SGT730, Ag-SGT443 and Ag-SGTO037) are
presented in figures 2(a—c). The as-prepared Ag-
SGT730 film is colourless and showed no absorp-
tion peak (figure 2a) in the visible wavelength re-
gion. This result indicates Ag remains in the as-
prepared coating matrix as an ionic species (Ag').
The formation of Ag nanoparticles have been started
when this film is dried at 60°C; as a result of this
Ag-SPR peak at 419 nm starts to appear and intensi-
fies further at 90°C. The UV-cured film showed a
strong Ag-SPR absorption at 419 nm (figure 2a) and
the film shows intense yellow colouration. In case of
Ag-SGT443, the thermal (90°C) cured film showed
no characteristic Ag-SPR (figure 2b). In this case in-
terference related weak peaks are observed due to
the difference in RI values of the film and the sub-
strate. UV curing of this film causes generation of
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Ag nanoparticles in the hybrid matrix, and as a re-
sult a strong Ag-SPR peak has been observed at
443 nm (figure 2b). Similar features have also been
observed in cases of other Ti-containing films up to
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Figure 1. FTIR spectral evolution of Ag incorporated
hybrid films under different conditions: (a) Ag-SGT730,
(b) Ag-SGT433, (¢) Ag-SGT730 and (d) Ag-SGT073.
Films were deposited on double side-polished (intrinsic,
IR transparent) Si wafers.
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the thermal curing stages, and only after the UV-
treatment the Ag-SPR peak of the respective films
are observed at 460 (Ag-SGT235), 480 (Ag-SGT136)
and 497 nm (Ag-SGTO037). The continuous red-
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Figure 2. Optical spectral evolution during the forma-
tion of Ag nanoparticles: (a) Ag-SGT730, (b) Ag-SGT433
and (¢) Ag-SGTO073. The films were deposited on silica
glass substrates and both sides of the substrate were
coated. Thickness of the final UV-treated (5-3 +£0-1 Jcm™)
films are given in table 3.
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shifting of the Ag-SPR position is due to the gradual
increase of the high index Ti-component leading to a
systematic increase of RI values of the hybrid film
matrices (see table 2). The spectral evolution of Ag-
SGTO037 film showing the appearance of Ag-SPR
peak at 497 nm after UV-curing is presented in fig-
ure 2c.

Figure 3a shows the optical absorption spectra of
all the film compositions (table 3) after the final UV
curing. The shifting of Ag-SPR from 419 nm to
497 nm is clearly seen on going from Ag-SGT730
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T o6 443nm (Ag-SGT433)
= | 460nm (Ag-SGT235)
4 480nm (Ag-SGT136)
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Figure 3. (a) UV-visible spectra of Ag-incorporated

hybrid films after the final UV-treatment. The line col-
ours are of close resemblance to that of the original col-
our of the films and (b) Plot showing the refractive index
of the hybrid film matrices versus the Ag-SPR absorption
position.
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(RI =1-475) to Ag-SGT037 (RI =1-710) due to the
gradual increase of the high index Ti-component of
the hybrid matrices (see table 2). As a consequence,
deep yellow (Ag-SGT730), yellowish-orange, (Ag-
SGT433), orange (Ag-SGT235), brownish-orange
(Ag-SGT136) and orangish-brown (Ag-SGTO037)
coloured coatings on plastics and glass substrates
are obtained. A systematic red-shifting of Ag-SPR
position is therefore clearly established apparently
due to the gradual increase of refractive indices of
the matrices. Figure 3b shows a plot of RI of the ma-
trices versus Ag-SPR positions. It shows that the
red-shifting can be best fitted following a polyno-
mial fitting with an order equals to 2.

Figure 4 shows the photo of final UV-treated col-
oured films deposited on PC (plastic) substrates. The
photo clearly shows uniform colouration and sys-
tematic colour change due to increase of Ti-compo-
nent leading to increase of RI index of the coating
matrices. The transparency and uniform colouration
of the films indicate that the structure of composite
inorganic—organic hybrid matrices and distribution
of embedded Ag nanoparticles are uniform.

The transmission electron microscopy (TEM)
studies of the cured Ag-SGT730 (without Ti-compo-
nent) and two representative Ti-containing samples
(Ag-SGT433 and Ag-SGT037) were undertaken to
characterize the in situ generated Ag nanoparticles
in the hybrid film matrices. It can be noted here that
the TEM of Ag-SGT730 film (without Ti-compo-
nent) has been reported earlier by us'’ and a part of
that is reproduced in this work with some modifica-
tion for comparison. The TEM of Ag-SGT730 and

Figure 4. Photo shows Ag nanoparticle incorporated
coloured hybrid films on polycarbonate substrates after
thermal (90°C/1 h), and followed by UV curing with an
energy equivalent to 5-3+0-1Jcm: (a) Ag-SGT730,
(b) Ag-SGT433, (¢) Ag-SGT235, (d) Ag-SGT136 and (e)
Ag-SGTO037.
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other two representative Ti-containing films (Ag-
SGT433 and Ag-SGTO037) are presented in figure 5.
TEM of Ag-SGT730 film shows presence of mainly
two types of nanoparticles (figure 5a); among these
90% (in number) are about 4 nm in size and remain-
ing 10% are 12-20 nm. The size distributions of Ag
nanoparticles are also shown in figure 5a;. The high
resolution image obtained from a big particle (figure

<D> ~4 nm (30%)

B 8 & 8

a

uunu;budlsu-butlan(%) M

38 3 az e 1
Diameter (nm)

L
s b,
E30
-]
E
220
k-l
3
g1
=
z 0 e
0123466789
Dlameter (nm)
50
' %n. <D> ~3.6 nm
)
5,16
2 3
@
T 20
(3
3
£ 10-
- JE]
=z
0 s o Ei
123 456738

Diameter (nm)

Figure 5. TEM image showing Ag nanoparticles em-
bedded in the final UV-cured films: (a) Ag-SGT730 film;
the size distributions and high resolution image of one
bigger Ag nanoparticle are shown in a; and a, respecti-
vely, (b) Ag-SGT433 film; the size distribution is shown
in b; and (¢) Ag-SGTO037 film; the size distribution is
shown in ¢;.
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S5a,;) clearly shows characteristic Ag(l111) lattice
spacing (see the magnified view of the marked area).
Second panel of figures 5 (b and b;) shows the TEM
image obtained from the Ag-SGT433 sample (b) and
its particle size distributions (b;). Spherical Ag
nanoparticles of average size distribution of (D)
~4-4 nm are found to be present in this sample.
TEM of the highest Ti-containing sample Ag-
SGTO37 (figures 5c and c;) also shows similar fea-
tures, but in this case size of the Ag nanoparticles
are little smaller ((D) ~3-6 nm). It may also be noted
here that no crystalline phases of titania is observed
during TEM investigations.'” TEM study reveals the
presence of some larger (~10% in number) along
with small Ag nanoparticles in case of Ag-SGT730
(figure 5a) whereas this feature is absent in the Ti-
containing samples and only small nanoparticles are
observed (see figures 5b and c). We have previously
observed coarsening of small Ag nanoparticles lead-
ing to the formation of larger nanoparticles in the
case of Ag-SGT730." Therefore, it seems that the
Ti-containing matrix is not favourable for such type
of coarsening of Ag nanoparticles. This could be due
to strong interaction of Ag with the titania compared
to silica, resulting in restriction in movement of Ag
in Ti-containing matrices.

Although some size variation and distributions of
Ag nanoparticles are observed in these three cases as
observed by TEM, it may be concluded here that
this variation of size would not affect much on the
Ag-SPR positions,'>"* as observed in their UV-
visible spectra and colours. So, we may conclude that
the systematic red-shifting of Ag-SPR positions are
apparently controlled by the refractive index of the
embedding coating matrices. It should be pointed
out here that the shifting of Ag-SPR observed in this
work is more than expectation. In an earlier work,"
we showed that when Ag nanoparticles of size
7 £5 nm are embedded in a dielectric film matrix of
RI~1.71, the composite film absorbs at about
434 nm due to Ag-SPR which is in agreement with
the Mie theory. So in the present systems other
effects like interference problems originating from
the difference of RI values between the film matri-
ces and substrates, nanoparticles’ surface-matrix
interaction (it may happen that the Ag nanoparticles
are in close proximity to the high index Ti-
component), as well as plasmon coupling of the
nanoparticles'’ (it happens when nanoparticles re-
main very close to each other) might affect the SPR
absorption position of the nanoparticles.
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4. Conclusions

Inorganic (silica-titania)—organic (polyethylene oxide)
hybrid films of different refractive index values and
the corresponding Ag nanoparticle incorporated
films were synthesized. Keeping in view the appli-
cation on plastic substrates the compositions and
synthetic techniques were designed in such a way so
that the hybrid films can be cured at low tempera-
ture (~90°C) in combination with UV treatment us-
ing a conveyor system. In situ generation of Ag
nanoparticles in these refractive index controlled
hybrid matrices yielded tunable coloured coatings.
Our result shows that using this synthetic protocol,
the position of Ag-SPR band in the visible wave-
length region (419-597 nm) can be controlled easily
and systematically by changing the equivalent sil-
ica/polyethylene oxide/titania mol ratios leading to
the formation of variable refractive indices of the
hybrid matrices, and as a result, tuning of colour is
possible. This refractive index controlled as well as
the coloured coatings could find technological ap-
plications in the development of abrasion resistant
reflecting, antireflecting and coloured coatings on
plastic substrates as well as nonlinear optical mate-
rial.
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