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Abstract

Rhodamine 6G (R6G) laser dye doped silica xerogels were prepared by sol–gel processing using tetraethylorthosilicate

[TEOS, Si(OC2H5)4] precursor, citric acid (CTA) catalyst and ethanolic R6G in the presence of various organic additives such

as formamide (FA), NVmethylformamide (NVMF), dimethylformamide (DMF), acetamide (AA), glycerol (GLY), oxalicacid

(OXA), ethyleneglycol (EG) and diethyleneglycol (DEG). The organic additive/TEOS molar ratio was varied from 0.001 to 0.1

by keeping the TEOS/EtOH/H2O/CTA/R6G molar ratio constant at 1:5:7:1.2� 10� 3:9.2� 10� 6. It was found from the

spectral studies of the additive modified R6G doped silica xerogels that the absorption maxima at 530 nm and emission maxima

at 565 nm were increased with the addition of organic additive and with the increase of the additive/TEOS molar ratio. The

transparency of the R6G doped silica xerogels was increased with the increase of additive/TEOS molar ratio from 0.001 to 0.1

with OXA, DEG and EG and in the case of DMF, NVMF, FA, AA and GLY, the transparency of the samples increased up to

0.014 of additive/TEOS molar ratio and then decreased for >0.014 of additive/TEOS molar ratio. Monolithic samples were

obtained with all the organic additives. The percentage volume shrinkage of the samples was less EG and DEG and more with

OXA additives.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction because: (1) many siloxane precursors are commer-
Incorporation of organic laser dyes in the sol–gel

matrix is a useful strategy for preparing wave guides,

lasers, sensors, light emitting diodes and non-linear

optical materials [1–6]. Among these hybrid com-

pounds, siloxane based materials have several advan-

tages for designing materials for optical applications
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cially available or can be easily modified or synthe-

sized, (2) the control of precursor reactivity can be

easily achieved by using acidic or basic or nucleo-

philic catalysts, (3) transparent films or monoliths

having good mechanical integrity and excellent opti-

cal quality can be easily processed. A uniform and

extremely fine scale distribution of doped materials in

silica network can be achieved by the gel technique

[7]. However, the degree of homogeneity and the

structure of the dispersed dye phase in gel derived

glasses are strongly influenced by the various param-
ts reserved.
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eters [8]. The sensitivity of dyes to chemical environ-

ment suggests the potential for using these materials

as luminescent probes. The degree of homogeneity

and the type of homogeneity achieved at the gel stage

can influence the various physico-chemical properties

of alcogels and xerogels.

This paper reports the emission and excitation

spectral studies of R6G doped silica alcosols and

alcogels prepared by hydrolytic condensation of tetrae-

thylortho silicate [Si(OC2H5)4, TEOS] and ethanolic

R6G in the presence of various organic additives such

as formamide (FA), NVmethylformamide (NVMF),

dimethylformamide (DMF), acetamide (AA), glycerol

(GLY), oxalic acid (OXA), ethyleneglycol (EG) and

diethyleneglycol (DEG). The results are discussed in

terms of the chemical changes that occur during sol–

gel processing provide insight regarding the structural

aspects of the gel and the interactions between dye and

the sol–gel matrix.
Fig. 1. Absorption spectra of the Rhodamine 6G in various

percentage of water in ethanol.
2. Experimental

The organic additive modified R6G doped TEOS

silica xerogels were prepared by hydrolysis and con-

densation of ethanolic TEOS in the presence of citric

acid (CTA) catalyst, ethanolic R6G and various

organic additives. The chemicals, TEOS, EtOH,

CTA from Fluka of pursis quality, Switzerland, R6G

and all additives from Lobo, India and triple distilled

water were used in the experiments. The molar ratio of

TEOS/EtOH/H2O/CTA/R6G was kept constant at

1:5:7:1.2� 10� 3:9.2� 10� 6 and the additive/TEOS

molar ratio was varied from 0.001 to 0.1. The mixture

of TEOS, EtOH, H2O, CTA and additive was stirred

thoroughly until obtaining the clear and transparent

alcosol. Then ethanolic R6G was added and the

mixture was stirred again for half an hour. The alcosol

was poured in polyethylene (PE) boxes, closed her-

metically and left for gelation. After the gelation, the

gels were aged for 5 days to strengthen the gel

network and to reduce the cracks in the alcogel and

pin holes were made in the lid of the PE containers for

the slow drying. The alcogels were dried for 30 days

at ambient temperatures (i25–30 jC) and then

heated at 150 jC for 2 h to remove the residual

solvents in the gels. The surfaces of the organic

additive modified R6G doped silica xerogels were
very smooth and directly used for spectral studies

without any polishing.

An Hitachi U-3200 UV–Visible spectrophotome-

ter ranging from 200 to 800 nm was used for absorp-

tion and transmission studies and Spex Elurolog-20,

20 m double spectrofluorimeter was used for steady

state emission measurements.

Emission spectra were corrected for fluctuations in

the photomultiplier tube response in the range of

200–800 nm.
3. Results and discussion

3.1. Absorption and emission spectra

Fig. 1 shows the absorption spectra of the R6G in

various percentages of water with ethanol. It was

found that two peaks at 499 and 530 nm were

obtained in every spectrum. There was an intense

peak at 499 nm in the spectrum of the R6G in pure

water and an intense peak at 530 nm in the spectrum

of R6G in pure ethanol. This is because the R6G

optical properties, i.e. absorption and luminescence,



Table 1

Some standard physical properties of organic additives used in the present work

Sr. no. Organic additive Boiling

point

(jC)

Specific

gravity

(P)

Viscosity

(mPa s)

Dielectric

constant

(q)

Dipole-

moment (AD)
(debye units)

Surface

tension at

20 jC
(10� 7 N m� 1)

Vapour

pressure at

20 jC (bars)

1 Water (H2O) 100 1 0.890 80.1 1.94 72.8 0.023

2 Methanol (CH3OH) 64 0.7914 0.544 33.0 1.7 24.0 0.13

3 Ethanol (C2H5OH) 78.2 0.7893 1.074 25.3 1.69 22.03 0.09

4 Ethylene glycol (C2H6O2) 197 1.088 16.1 41.4 2.28 42.92 < 0.01

5 Diethylene glycol (C4H10O3) 246 1.1197 30.200 31.82 2.3 43.00 < 0.01

6 Glycerol (C3H8O3) 290 1.2613 934 46.53 2.6 63.3 2.13� 10� 6

7 Formamide (CH3NO) 111 3.343 111 3.37 58.3 3.77� 10� 4

8 Nmethyl formamide (C2H5NO) 199.5 1.011 1.678 189 3.83 48.4 3.02� 10� 4

9 NNVdimethyl formamide (C3H7NO) 153 0.944 0.794 38.25 3.82 36.8 2.38� 10� 4
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result from C–C* transitions arising from delocalized

C electrons. These kinds of transitions are stronger in

the organic solvents. They lead to a strong absorption

band located at 530 nm [9]. When the R6G dye is in a

polar solvent, the R6G molecules tend to form dimers

[10], giving rise to the extra absorption band located

at 499 nm for R6G–R6G. The tendency for aggrega-

tion and dimerization reduces significantly the fluo-
Fig. 2. Absorption spectra of R6G doped silica xerogels with

various organic additives with constant molar ratio of additive/

TEOS at 0.005.
resence quantum yield and laser properties of these

dyes [11,12]. Therefore, it is important to note that the

dimerization is greatly reduced by trapping process in

the silica matrix in the presence of various additives

even though the concentration of the dye is quite high

(up to 10� 2 M). The deaggregation trend confirms

that the polarity of the oxide cage is lower than for

water [13] and confirms the matrix isolation of the
Fig. 3. Emission spectra of R6G doped silica xerogels with various

organic additives with constant molar ratio of additive/TEOS at

0.005.



Fig. 4. Variation in the absorbance of the R6G doped silica xerogels

at 530 nm with the variation of additive/TEOS molar ratio.

Fig. 5. Variation in the emission intensity of R6G doped silica

xerogels at 565 mm with the variation of additive/TEOS molar ratio.
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trapped molecules [14]. Some of physical properties

of various organic additives that were used in our

experiments have been summarized in Table 1 [15].

Figs. 2 and 3 show the optical absorption and emis-

sion spectra of the R6G doped silica xerogels with

various additives at constant molar ratio of additive/

TEOS at 0.005. It is seen from the figure that the

increase in the absorption and emission intensities of

the R6G doped silica xerogels were in the order

DMF<NVMF<FA <AA<GLY <OXA<DEG<EG.

This is because the viscosity and dielectric constants

of the additives play an important role in the deag-

gregation of the dye in the silica matrix [16–18], and

also according to Drexhage and Raynold’s suggestion

and much of the published work [16], it seems that the

higher the hydrophobicity of the dye, the greater is its

tendency to form aggregates. The walls of the silica

xerogel cage have silanols (Si–OH) and siloxane Si–

O–Si [19] groups. Both groups are indeed of lower

polarity and higher hydrophobicity than water.

Leermackers et al. [20] have measured the Kos-

sower z value [21] of silica gel and found z= 88 which

is in between the values of ethanol and water. It was

found that the R6G attached to siloxane planes in
silica gel have effective polarity resembling the lower-

chain silanols as reflected in the absorption maxima of

red shifts [22]. Chibisov and Slarnova [23] have

shown that fluorescence quenching in R6G aggregate

is mainly due to efficient intersystem crossing. By

considering all the above, we found that it is of

advantage that R6G does not aggregate much beyond

the R6G/TEOS molar ratio of 10� 5 when R6G is

embedded in organic additive modified silica xerogel.

Figs. 4 and 5 show the absorption and emission

spectra of the additive modified R6G doped silica

xerogels at 530 and 565 nm, respectively, with the

variation of additive/TEOS molar ratio varied from

0.001 to 0.1. It is seen from the figures that the

absorbance and emission of the samples increased with

increase of additive/TEOS molar ratio up to 0.014 and

then started to decrease for the additive/TEOS molar

ratio >0.014 for FA, NVMF, AA, GLY and there is a

continuous increase of absorbance for OXA, EG and

DEG. But in the case of DMF, there is a decrease in the

absorbance up to 0.007 of DMF/TEOS molar ratio and

then increases up to 0.014 and again started to decrease



Fig. 6. Variation in the emission intensity of R6G doped silica

xerogels at 565 nm for various additives during drying period.
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for >0.014 of DMF/TEOS molar ratio. The reason for

this variation is that transparent R6G doped samples are

obtained for OXA, EG and DEG with the additive/

TEOS molar ratio in the range from 0.001 to 0.1,

whereas in the case of NVMF, FA, AA, GLY, transparent

R6G doped samples up to the 0.014 molar ratio of

additive/TEOS and opaque R6G doped samples for

>0.014 of additives/TEOS molar ratio were obtained.

In the case of DMF, the absorbance decreased up to the

molar ratio of additive/TEOS of 0.007 and then

increased from 0.007 to 0.014 of the additive/TEOS

molar ratio due to deaggregation of R6Gmolecules and

above this value the samples became opaque and the

absorbance decreased. Red shifts of 5–10 nm in the

absorption and emission maxima of the additive modi-

fied R6G doped silica xerogels are obtained as shown

in Figs. 2 and 3. This desirable increase in stokes shift

may shed more light on the nature of the silica cage. In

the silica cage, the restricted freedom of the rotational

motion of the molecule rather than its surroundings

become important in excited state stabilization by

interaction with the cage. The additive modified R6G

doped silica xerogels were more stable because of

apparent restricted motions of the silica walls and the

dye are sufficient for the desired stabilizing mutual

reorientation.

The emission spectra of additive modified R6G

doped silica xerogels were recorded at regular inter-

vals from 0 to 35 days for various additives at the

constant molar ratio of at 0.005 additive/TEOS as

shown in Fig. 6. It is seen from the spectra that the

emission peak intensity at 565 nm for the samples

increases almost linearly during the drying process up

to a period of 30 days and remained constant even

after further drying for >30 days. These results clearly

indicate that the dye molecule is sensitive to changes

associated with the gel surroundings and changes in

the gel chemistry.

3.2. Shrinkage, monolithicity and transparency

By the addition of additives to the alcosol, the pore

radius and volume of the micropores of the obtained

alcogels increased and hence the capillary pressure (Pc)

decreased according to the formula DPc = 2ccosh/r,
where c is the surface tension of the additive, r is the

pore radius, h is the contact angle. The lower Pc [24]

facilitates the rapid drying of the alcogels without
cracks resulting in monolithic xerogels. The other

factors which effect the monolithicity of the samples

are viscosity, dipole moment, dielectric constant, sur-

face tension and low boiling points of the additive and

their values are given in Table 1. The effect of additive

on the monolithicity of the R6G doped samples is in

order as OXA<GLY<AA<FA<NMF<DMF<DE-

G<EG. OXA gives small pore size in the gels leads to

less monolithicity in comparison with the rest of the

additives. With addition of GLY and AA, large pores

obtained in the gels enhance the strength of the dried

gels, so monolithicity increases. In case of remaining

additives, the viscosity is higher, so it strengthens the

gel and increases the microhardness of the wet gels and

correspondingly the pore sizes of the dried gels while

maintaining the narrow pore size distribution. Thus the

additives minimize the differential drying stresses by

minimizing the differential rates of evaporation and

ensuring uniform pores of the solid network that must

be resistant to the of drying stress resulting the mono-

lithic samples.When EG and DEGwere added because

of the steric effect they will coordinate more on the

external side of the polymer cluster and preventing



Fig. 8. Variation in the percentage of transmission of R6G doped

silica xerogels with various additives with variation of additive/
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condensation between the clusters. So the extent of

internal condensation of the polymer is increased

relatively and particulate polymers are formed. After

drying, the particulate polymers cross-link with each

other and big pores are formed. Therefore by using

organic additives it is possible to obtain large mono-

lithic R6G doped silica xerogels.

Further, studies have been carried out to study the

volume shrinkage of the R6G doped silica gels, during

the drying period of 30 days with the addition of

organic additives for constant molar ratio of additive/

TEOS at 0.005 and the results are shown in the Fig. 7.

From the figure it is observed that the order of

percentage volume shrinkage with the organic addi-

tives is OXA>without additive>AA>DMF>NVMF>

GLY>FA>DEG>EG. With OXA, the pore sizes are

small in the silica network so the percentage volume

shrinkage is more. The pore sizes in the silica net work

with additives are increased in the reverse way of

above-mentioned order so, the percentage of volume

shrinkage is in the above-mentioned order. The per-

centage of volume shrinkage is further decreased with

increase of additive/TEOS molar ratio from 0.001 to

0.1.
Fig. 7. Variation in the percentage of volume shrinkage of R6G

doped silica xerogels with various additives during drying period

for a constant additive/TEOS molar ratio at 0.005.

TEOS molar ratio at 900 nm.
Optical transmission studies of the R6G doped

silica xerogels at 900 nm, with the addition of

organic additives varying the additive/TEOS from

0.001 to 0.1, have been carried out, and the results

shown in Fig. 8. It was found that in the case of

DMF, NVMF, FA, AA and GLY, the transparency of

the R6G doped silica xerogels remained constant up

to 0.01 and decreased for >0.01 of additive/TEOS

molar ratio. This is because at higher additive/TEOS

molar ratio, clusters were formed in the silica net

work which causes opacity of the gel leading to less

transparent R6G doped xerogels. The transparency of

R6G doped silica xerogels were increased with the

increase of additive/TEOS molar ratio from 0.001 to

0.1 with OXA, DEG and EG because of the uniform

pore size in the silica network structure. From the

above studies, it can be said that the luminescent,

monolithic and transparent R6G doped silica samples

could be prepared with the addition of organic

additives such as DMF, NVMF, FA, AA, GLY,

OXA, DEG and EG.
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4. Conclusions

Organic additive modified R6G doped silica xero-

gels were prepared by the sol–gel method using

various organic additives such as DMF, NVMF, FA,

AA, GLY OXA, DEG and EG and using TEOS

precursor with citric acid catalyst and ethanolic R6G.

Absorption, emission, monolithicity, transparency of

the obtained samples were studied with the above

additives and varying the additive/TEOS molar ratio

from 0.001 to 0.1. The intensity of the absorption peak

at 530 nm and the emission peak at 565 nm increased

with the organic additive in the order DMF<without

<NVMF<FA<AA<GLY<OXA<DEG<EG. It was

found that the percentage of volume shrinkage was less

in the case of DEG and EG additives than the rest of the

additives. Monolithicity of the samples also increased

with the addition of organic additives. Transparent

R6G doped silica xerogels were obtained with OXA,

EG, DEG, in the additive/TEOS molar ratio range from

0.001 to 0.1 On the other hand with DMF, NVMF, FA,

AA, GLY, transparent samples were obtained up to the

additive/TEOS molar ratio of 0.01 and above this the

transparency decreased. The emission intensity of the

additive modified R6G doped silica xerogels increased

up to 30 days and then remained constant. Among all

the organic additives it was found that DEG and EG are

good additives to get highly fluorescent, monolithic

and transparent R6G doped silica xerogels.
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