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GRIN lenses manufactured by diffusing index 
modifying cations into a sol-gel matrix
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Diffusion coefficients of selected solvents (acetone, acetonitrile, water, chloroform, cyclohexane, 
toluene) in porous sol-gel glass were measured using radioactive tracer diffusion, diaphragm 
method, UV-VIS and IR spectroscopies. I t was shown that translational motion inside the pores is 
greatly hindered by geometrical restrictions. Polar molecules diffuse faster than innert molecules. 
The results for cyclohexane were compared with molecular dynamics computer simulations and 
the tortuosity factor was evaluated. Water and acetone neodymium nitrate solutions were used to 
impregnante porous sol-gel glass. Diffusion coefficient for Nd3+ in aqueous solutions was slower 
than in acetone solutions. Concentration gradients inside the materials were produced by 
controlling the time the sample was exposed to the solution. To maintain the concentration profile 
during the drying stage of the process, the mobility of the solvent must be faster than that of the 
solute. When the sample was sintered neodymium was incorporated into the glass network. It was 
shown that both diverging and converging GRIN lenses can be produced.

1. Introduction
A flat GRIN glass having a continuous variation of the index of refraction can be 
used as a lens. The so-called radial GRIN lens has cylindrical shape and its index of 
refraction changes as

n(r) =  n0[ l - ( ffr)J] (1)

where: n0 — refractive index at the centre axis, r — radial distance from the 
symmetry axis, g — constant The techniques used include ion exchange, chemical 
vapour deposition, double ion exchange, sol-gel processing, and others. Using the 
ion exchange proces [1], it is possible to obtain material having large change in 
n between the centre and the perimeter, but only samples of small diameters can be 
obtained. The double exchange process [2] allows manufacturing large lenses, but 
only of small variation of the index of refraction. In principle, using the sol-gel 
process, it is possible to fabricate lenses of large radii and large An. Growing interest 
in production of sol-gel glass of controlled concentration of metal cations results 
from pioneering work of Ya m a n e  [3 ], CALDWELL et al. [4], KONISHI [5], and 
H e n c h  et al. [6]. Two alternative pathways are used in making gradient index 
glass. Different metal alkoxides can be mixed together during the wet stage of the 
sol-gel process, and after gelation, the index modifying ions are leached from the 
gel. However, problems associated with drying and firing of the gels limit this 
method only to small samples, about 3 mm in diameter. In this paper, we report the
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first attempt to produce a GRIN lens by doping a sol-gel glass sample with a desired 
concentration profile of a metal cation, and thus continuously modify the index of 
refraction as a function of the sample radius.

During the past decade the formation of monolithic glass bodies via the sol-gel 
technique has been extensively studied, because of the many advantages this 
technique has over conventional glass melting. The sol-gel process begins with the 
hydrolysis of metal alkoxides, usually silicon tetramethylalkoxide or tetraethylalk- 
oxide, followed by polymerization reaction [7]. The sol undergoes transition to a wet 
gel which with time elapsed becomes a solid, 3-dimensional porous aggregate of very 
small spherical particles. These reactions are usually done at the room temperature. 
In order to obtain a monolithic glass, wet sol must be dried to remove liquids present 
in the pores between the particles. Next, the 3-dimensional network of loosely 
connected S i02 bonds can be converted into a stable monolith by sintering at 
a temperature well below the melting temperature of glass.

Monolithic glasses obtained using the sol-gel processing have porosity that can 
be easily controlled. In addition, unique compositions of sol-gel glass are very 
difficult or even impossible to obtain using traditional melting technology. Another 
important advantage of the process is homogeneity of the product which is basically 
free of contamination.

Sol-gel glass produced by the method developed by Hench and West exhibits 
pore diameters that do not change during the heat treatment [8], [9]. In the 
temperature range from 400° C to 950° C, the pore sizes remain the same, only their 
number is reduced with increased temperature. The pores are interconnected and can 
be easily impregnated with liquids, gases and liquid solutions of solid materials. 
Impregnated glasses may also find applications in fast switching devices, such as 
Kerr cell [10], dye lasers [11], pH sensors [12], chemical [13] and biochemical [14] 
sensors, nonlinear optical devices [15], [16], and others.

In order to introduce a solid dopant into the pores, it must be first melted or 
dissolved in a liquid carrier. Experimentally it is simpler to use a latter method 
because the doping can be conducted at a room temperature and no external 
pressure is required. It is obvious that in order to understand transport properties 
of the dopant we must first understand the bahaviour of the carrier. Therefore, in 
this paper we will first discuss the motion of the solvent molecules in the pores. 
Experimental data for cyclohexane will be compared with computer simulation 
results. Next, we will concentrate on the discussion of the diffusion of neo
dymium cations in the pores of various sizes, and we will explore possibilities of 
producing flat gradient index, GRIN lenses by doping porous sol-gel glass with 
neodymium.

2. Experimental

2.1. Sol-gel process
The preparation of porous glass samples was carried out by acid catalysed hydrolysis 
of tetramethoxysilane (TMOS). Hydrolysis
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Si(OCH3)4+ 4H20  -> Si(OH)4+4CH3OH (2)

and subsequent polymerization through water or alkohol producing reactions:

Si(OH)4+ Si(OH)4 -> =Si—O — Si= +  H20 , (3)
Si(OH)4+Si(OCH3)4 -*· = S i - 0 - S i =  +  CH3OH (4)

are followed by aging, drying and firing processes [16] -[1 9 ]. Gels densified at low 
temperature break when in contact with liquids, and to avoid this problem the 
samples were stabilized at 800° C. All the samples used in this study were optically 
transparent monoliths in the form of a cylinder 6 mm in diameter and lengths 
varying from 20 mm to 80 mm. The pore diameters, surafce area, and pore volume 
were measured using the BET technique. Samples had relatively narrow pore size 
distributions, an example is shown in Fig. 1. By changing the pH of water and 
altering the drying schedule, we produced samples of distinctly different pore 
diameters, ranging from 2.0 nm to 22 nm. After preparation samples were 
immediately stored under nitrogen. Prior to use, the samples were dried under 
vacuum at 200° C for about 3 hours. Evacuated samples to vacuum better than 0.1 
Pa were impregnated with different liquids by simple immersing them in that liquid 
for at least 24 hours.

Fig. 1. Pore size distribution of one of the sol-gel glasses used in this study

22, Diffusion measurements
To measure diffusion coefficient we used radioactive tracer method, diaphragm cell, 
and light absorption. Each technique is discussed separately below.
Tracer diffusion
Tracer diffusion measurements were limited only to water and cyclohexane. 
Experiments were performed on long cylindrical samples. Presoaked porous glass 
was placed in a vertical orientation into a flask. To prevent evaporation of the 
solvent during the experiment, the side surface of the cylindrical sample was sealed 
with a thin layer of TorrSeal. On the top surface of the cylindrical sample a small
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amount of radioactive liquid, 37 kBq, was placed. The flask was sealed and 
immediately stored in a thermostat bath at a temperature of 301 ±0.5K. To satisfy 
the semi-infinite boundary condition, the diffusion of the tracer through the pores 
was stopped after about 24 hours. During that time tracer molecules diffused 
through about one half of the length of the sample, and we were able to ignore the 
reflections at the other end.

Fig. 2. Diamond saw operating at low temperature, below the freezing point of the solvent used to section 
the glass

A diamond saw shown in Figure 2 was designed to section the samples at about
2 mm intervals. Porous glass samples were removed from the thermostat and to 
prevent evaporation and to eliminate the diffusion during the sectioning of the 
sample, the samples were rapidly cooled down to 268 K, to freeze the solvent The 
saw was also operating at the same temperature. The relative orientation of the 
sample and the blade remained unchanged during the sectioning. The cuts were 
parallel to the top surface of the sample. The diamond blades, 0.8 mm thick, made
3 mm deep grooves in the samples, and using a vacuum system we collected the 
powder produced by the blade directly into preweighed vials filled with a toluene 
based scintillation solution. The mass of the powder was obtained by reweighing the 
vials. Scintillation measurements were conducted on a Beckman Liquid Scintillation 
System at various times after the powder has been collected into the vials. To 
promote the mixing of the scintillation solution with the powder, the vials were 
placed on a shaker.

Diaphragm cell
The diffusion coefficients of acetone, acetonitrile, toluene, chloroform, and cyc
lohexane were measured using the diaphragm cell illustrated in Fig. 3. This is 
a simple and very accurate method for studying isothermal diffusion for binary 
solvents. When the pure solvent is placed in the top compartment and the binary 
solution in the bottom compartment of the cell, the diffusion coefficient through
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Fig. 3. Diaphragm cell used for the diffusion studies. During the measurements the cell was immersed in 
water bath of controlled temperature. Porous silica membrane was glued to stainless steel body of the cell 
by TorrSeal, a very low vapour pressure glue

a porous diaphragm separating the two compartments can be found from [20]
D^t =  21n{(C?-C5)/(C1- C 2)} (5)

where: A — constant that depends on the volume of the cell and the volume of the 
diaphragm, t — duration of the experiment, Cj and C° — initial concentrations in 
the bottom and in the top compartments, respectively, Ct and C2 — final 
concentrations at the end of the experiment, p — cell constant dependent on the 
porosity of the membrane.

To be able to use Equation (5), before the measurements, a concentration 
gradient of deuterated solvent inside the sol-gel diaphragm was established. Next, 
a 15% solution of deuterated solvent was placed in the bottom compartment In the 
top compartment of the cell we place pure solvent In the diaphragm method, it is 
critical to secure uniform concentration of solutions in both cells. This was 
accomplished by spinning the cell by a low speed motor. The rotational motion of 
the cell caused the blades mounted inside the compartments to stir the solution. The 
motor rotated clockwise for one minute, stopped, rotated counterclockwise for one 
minute and stopped again. These acceleration-deceleration cycles mixed the liquids 
and the diffusive boundary layers near the diaphragm were eliminated [21]. The 
cell was placed into a thermostat at T =  28° C or 21 °C. A typical experiment lasted 
from 2 to 10 days. At the end of this period several millilitres of solutions were 
removed from both compartments and IR absorption spectra were recorded. Using
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Lambert—Beer law, we determined the concentrations of deuterated solvents and 
next calculated Df}. Concentration of acetone was found from intensities of the 
2255 cm-1 band, for chloroform from the C-D stretch centered at 2253 cm-1, for 
cyclohexane we used the C-D stretch at 2193 cm-1, for acetonitrile the 835 cm-1 
band, and for toluene the 544 cm-1 band

23. Diffusion of metal cations
The diaphragm cell is not recommended to study diffusion of ionic solutions [20]. 
Therefore, a different procedure was employed. Sol-gel samples in the form of 
parallelepiped had five of their six faces sealed using transparent silicone sealant and 
were next sandwiched between microscope slides. Only one face remained exposed to 
the liquid At various time intervals the sample was removed from the solution and 
the concentration of metal cations at various locations within the sol-gel samples was 
measured using visible absorption spectroscopy. Efforts were made to reduce the 
time the samples were removed from the solution, typically it took less than 
2 minutes to record a spectrum. After the spectra had been recorded, the sample was 
immediately returned to the solution. Absorption spectra were recorded on a 
Cary 13 spectrometer.

3. Results

The application of a very thin layer of radioactive liquid to a long cylindrical 
porous glass of 6 cm in length resulted in the maximum penetration of about 3 cm in 
24 hours. These experimental conditions can be approximated by the diffusion in 
a semi-infinite medium. The activity C of radiotracers at a distance x from the top of 
the semi-infinite sample can be found by solving the Fick second law [22]

where: Af — total activity of labelled molecules, D — diffusion coefficient, and 
t — diffusion time. Taking logarithm of both sides of Eq. (6), we get a linear relation 
between InC and x2. In each experiment the plots of InC versus x2 were linear, an 
example is shown in Fig. 4. The average diffusion coefficient was found from 12 
independent runs, and at 301 K for water it was 1.8x10“ 10 m2/s, while for 
cyclohexane it was 1.0x10“ 10 m2/s. Although uncertainty in determining self
diffusion coefficients in individual runs was relatively small, about ±2% , the 
reproducibility was poor, 10% for water and 18% for cyclohexane.

A simple comparison between the average values obtained for cyclohexane by 
using the diaphragm cell (Df} =  6.28 x l0 “ 7 s-1) and from the radioactive tracer 
diffusion study (D =  1.0 x 10“ 10 m2/s) allowed us to determine that ft =  6820 m“ 2. 
This value was used to calculate the diffusion coefficients for other liquids using the 
diaphragm cell. The results are listed in the Table. Each value is an average of 
5 (chloroform) to 10 (acetone, acetonitrile, toluene, cyclohexane) measurements. The 
precision of Df} measurements was very good, usually better than + 4%, but taking

C (6)
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Fig. 4. Specific activity against x 2 for C6H U 3H tracer in cyclohexane, C6H 12> in porous sol-gel glass. 
The slope gives the diffusion coefficient D

into account the accumulated error in determining we estimate that the absolute 
values in the Table are accurate only within 20%. However, the data in the Table 
provide very accurate data on relative changes in the D values for various solvents.

T a b le . Diilusion coefficients inside porous silica for different liquids [x lO ~ 10 m2/s]

Tracer diffusion Diaphragm cell T =  21° C; T =  28° C; T — 28° C;
pore size 2.9 nm pore size 2.9 nm pore size 2.9 nm

water 1.8
cyclohexane 1.0

cydohexane 0.74 1.0
toluene 0.9
chloroform 1.5
acetonitrile 4.0
acetone 5.6

For the bulk water D =  2.2 x 10“ 9 m2/s [20]. Comparison of the data in the 
Table indicates that the motion of water in porous media is hindered, in porous glass 
it is 12 times slower than in the pure liquid. Similar results were obtained for 
cyclohexane. Translational motion of cyclohexane molecules in small pores is 14 
times slower than in the pure phase. (Diffusion coefficient of cyclohexane in the bulk 
system is D = 1.44x10"9 m2/s). This is a typical result and has been observed 
previously for many liquids [17], [25].

Recently [23], [24], we completed computer simulations for cyclohexane inside 
a model cylindrical pore of diameter 28 nm, and the calculated value of the diffusion 
coefficient was 5.82 x 10“ 10 m2/s. The discrepancy between the experimental results 
and computer simulations can be attributed to the differences in the pore structures 
of the modelled system and the real sol-gel glass. The model assumed a cylindrical 
shape of the pore. Of course, the pores in the sol-gel have different diameters. 
Although our samples have narrow pore size distribution, it is clearly asymmetric, 
compare Fig. 1. About 90% of the pores had diameters between 2.0 and 3.1 nm with 
the average value of 29 nm, but the total volume of the pores with diameters less
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than the average diameter was greater than that of the larger pores. Small pores limit 
the diffusion rate to a greater extent than larger pores. To improve accuracy of 
numerical model, one could simulate molecular motion in pores of various diameters 
and next using the pore size distribution function find the average diffusion 
coefficient [25]. For obvious time limitation we did not run such simulations. 
Another effect to be considered is the pore connectivity and effective path length of 
the diffusing species inside the sample. In addition, physical traps (“dead end” 
cavities) may further slow down the transport of the solvent through the porous 
medium. It is common to use the tortuosity factor to account for the differences 
between the diffusion coefficient in a cylindrical cavity and through the actual system 
of interconnected pores [25], [26]. By comparing computer simulation and 
experimental data we estimate that the tortuosity factor for the sol-gel glass used in 
this study is 5.8.

Even a brief analysis of the data in the Table indicates that molecular motion for 
different liquids inside small pores is hindered to different degrees. It is seen that 
liquids that have large dipole moments, such as acetone or acetonitrile, move faster 
than a neutral solvent such as cyclohexane. This is a surprising result Although the 
diffusion coefficients for those solvents in the unbound system (4.8, 4.05 x 10“ 9 m2/s 
for acetone and acetonitrile, respectively) are greater than that for cyclohexane, their 
translational displacement inside the pores is hindered to a lesser extent than 
cyclohexane. Strong hydrogen bonding between water or acetone and hydroxyl 
groups on the silica surface was expected to immobilize adsorbed molecules and thus 
slow down their translational displacement In addition, polar liquids form a double 
layer near the pore walls which is expected to further slow down molecular motion 
by effectively reducing the pore diameter. The double layer structure for surface 
molecules has been observed before for pyridine and acetonitrile [17], [27]. 
Molecules in the first layer are all oriented with respect to the surface resulting in 
strong repulsive forces between parallel (or almost parallel) dipole moments. To 
stabilize this structure, the second layer must be formed with the molecules oriented 
antiparallel. Nonpolar liquids, such as cyclohexane and molecules possessing small 
dipole moments, toluene (diffusion coefficient in the bulk phase D =  2.27 x 10“ 9 
m2/s) and chloroform (D in the bulk phase 3.3 x 10"9 m2/s) form only a single layer 
near the pore walls. Since there is no hydrogen bonding between cyclohexane or 
toluene and silica surface, and very weak interaction between chloroform and 
silanols, those molecules were expected to move faster than highly polar molecules 
such as acetone and acetonitrile. At the present time, no explanation for the observed 
diffusion coefficients has been proposed.

Water and acetone were used to dissolve neodymium nitrate. Although solubility 
of the salt in water is better than in acetone, all attempts to produce a permanent 
concentration gradient in the porous sol-gel glass using water as the solvent failed. In 
the initial stages of the impregnation process, Nd3+ cations diffused into the pores 
and a concentration gradient was clearly observed even with a naked eye. However, 
the cations were not immobilized inside the pores, and were able to move inside the 
glass. During evaporation of water, the motion of cations was so pronounced that
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after the drying process was completed the dopant material was almost uniformly 
distributed throughout the sample. To avoid this problem, we considered using 
organic solvents. The best results were obtained for acetone. It was easy to obtain 
the concentration gradient, and as we will discuss later, the gradient remained 
unchanged after the solvent was removed from the pores.

Assuming that the sol-gel sample can be treated as a semi-infinite medium, and 
the diffusion is uniform along the x-axis, the diffusion coefficient for metal cations 
can be determined by solving Fick’s law [22]. Because the sample was immersed in 
a large volume of the solution and the solution was constantly being stirred, we were 
able to assume that during the diffusion process the concentration of the cations at 
the boundary remained constant The sample can be considered semi-infinite if the 
diffusing elements reach a depth which is a fraction of the total length of the sample, 
and, consequently, there is no need to consider reflections at the opposite end. When 
the diffusion process started there was no neodymium inside the sol-gel glass. For 
these conditions, the concentration of neodymium inside the sample at a distance 
x from the open surface is given by [22]

C = C0 erfc[x/2(Dt)1/2] (7)

where t is the elapsed time, and D is the diffusion coefficient The error function 
complement, eric, is defined as

00

erfcz =  |  exp { - y 2)dy. (8)
I

The concentration of neodymium at various depths inside the sample was deter
mined using Lambert—Beer law from the absorption spectra. From Figure 5 it is 
seen that the intensity of the 740 nm peak diminishes as the probing beam is moved 
inward from the edge of the sample.

Fig. 5. Absorption spectra recorded by scanning a sample along the axis of one-dimensional diffusion. 
Postion of the beam: A — 2 mm from the sample edge, B — 2.6 mm, C — 33 mm, and D  — 4.6 mm. 
Diffusion time — 6 hours. Solvent — water
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Fig. 6. Comparison of experimental data on concentration of neodymium, solid symbols, with theore
tical predictions, Eq. (7), broken lines, a — solvent water, pore diameter 2.9 nm, the best fitting obtained 
for the diffusion coefficient D *  2.1 x 10~10 m2/*; b — solvent acetone, average pore diameter 2.9 nm, 
D -tox lO "11 ma/s

For the aqueous solutions a comparison of experimental results with the 
theoretical model was never fully satisfactory. As illustrated in Fig. 6a, a relatively 
good agreement between the experimental data and theoretical predictions was 
obtained for concentrations measured for small penetration depths, but rather poor 
agreement was observed for larger x  values. And vice versa, a good fit for large 
depths meant a poor agreement for small x  values. This observation can be explained 
in terms of the dependence of the diffusion coefficient on the salt concentration. 
There is experimental evidence that in aqueous unbounded solutions of metal salts, 
the diffusion coefficient of the cations may decrease by a factor of two when the 
concentration of the salt is increased to about 2 mol/1 [20]. During the impregnation 
process, the concentration of neodymium cations inside the porous glass changes in
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time and is a function of the distance from the surface. This means that it is 
impossible to use Eq. (7) to determine D, but only estimate its lower and upper limits. 
For aqueous solution we estimate that D varies between 2.2x10“ 10 m/s and 
1.3x10“ 10 m2/s.

For acetone solutions the agreements between the experimental data and Eq. (7) 
were much better and, as illustrated in Fig. 6b, it was possible to reproduce almost 
entire concentration profile by the theoretical function. Contrary to the aqueous 
solutions, the discrepancies for large values of x  were small and it was possible to 
evaluate the diffusion coefficient For the 2.9 nm pores the diffusion coefficient for 
neodymium is 6.5 x lO -11 m2/s ±0.5 x lO "11 m2/s, whereas for larger pores of 
diameter 3.7 nm it is 11.3 x 10“ 11 m2/s ±0.7 x 10“ 11 m2/s. These results are average 
of four independent experiments, in each we used different samples from the same 
batch of monolithic sol-gel glass sample.

The data on D was useful to approximate the time of diffusion to obtain 
concentration gradients depicted in Fig. 7. In this experiment neodymium solution
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Fig. 7. Solid symbols -  experimental data for diffusion of neodymium cations inside a parallelepiped 
sample along the x-axis from opposite sides. Broken line — theoretical predictions from Eq. (9) assuming 
D ■» 2.1 x 10- lo m2/s. a — results for the diffusion time t  ■» 6 hours, b — for t «■ 9 hours, and c — for 
t — 12 hours. The length of the sample 2L =  22 mm. Solvent — water

was allowed to flow into the porous material through two opposite faces of a long 
parellelepiped. After a predetermined time we measured the concentration of the 
dopant inside the sample along the x-axis. These data were compared with the 
theoretical model for diffusion in a plane sheet with the surfaces at x =  L and 
x =  — L kept at uniform concentration C0. Since at the start of the experiment the 
initial concentration within the sample was zero, the concentration inside the sample 
can be expressed as [22]

c(s)_l 4 ” (-ir
C0 7cJI_02n-|-l

exp
I" D (2n+l)V tl p
L— w — n

(2(1+1)71*1 
2 L s

(9)

As seen in Figure 7, the agreement between the experimental data and Equation (9) is 
satisfactory. It is interesting to note that the profiles shown in Fig. 7 are almost 
parabolic and, as indicated by Eq. (1), the doped glass could be used as a GRIN lens.

Once we determined the diffusion coefficient we attempted to make a flat lens by 
diffusing Nd3+ into a sol-gel glass in the form of a cylinder of diameter a — 15.5 mm. 
The two parallel faces of the cylinder were sealed and neodymium diffused radially 
into the porous samples presoaked with acetone. Assuming that the salt concent
ration in the solution on the outside of the sample C0 is constant and does not vary 
in time, the concentration C inside the sample is then a function of radius and time, 
and according to CRANK [2 2 ] it is given by

^  =  1 - \ t  “ P ( - D‘“.2)t SCo a h = l
(10)

where J 0 and are the Bessel functions of the first kind, and a„ are the roots of the 
Bessel function of the first kind of zero order
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J o(aaJ =  0. (11)
We used Equation (10) to predict various concentration profiles for samples of 
average pore diameter 2.9 nm. The geometry of the beam within the Cary 13 
spectrometer (rectangular cross-section) precluded precise Nd concentration measu
rements as a function of the distance from the centre of the disk. Instead we 
measured the focal lengths of the produced flat lenses. When the exposure time was 
set to 30 hours, a 6 cm focal length lens was produced.
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Fig. 8. Example of the reverse concentration gradient obtained by immersing impregnated sample 
into acetone

Outward concentration gradients of metals within sol-gels were made by 
uniformly loading samples with neodymium by soaking a gel for 48 hours in 
a solution. The samples were next dried, sealed and then placed in pure solvent for 
a specific amount of time. The leaching of the neodymium from the sample resulted 
in the concentration gradient, an example is shown in Fig. 8.

As seen from the data in the Table, the translational motion of water inside the 
pores is about 12 times slower than in the bulk liquid. This result is similar to that 
obtained for other liquids in small pores [28]. What is surprising is that the diffusion 
coefficient of neodymium cations in the pores of the same size is about the same as 
that of the solvent, water. Water molecules adsorb on the pore walls and form 
a double layer which effectively reduces the pore diameter. It was expected that the 
motion of neodymium cation and its coordination sphere of estimated diameter of 
about 1 nm will be highly restricted and that the diffusion coefficient will be much 
smaller. It is possible that the cation and its coordination sphere do not diffuse 
together as a one unit Instead, water molecules may be replaced by others when the 
cation moves along the pore. This model may explain relatively fast motion of Nd3+ 
cations in porous glass.

The measured mobility of acetone molecules in the pores of diameter 2.9 nm is 
surprisingly fast (D =  4.3 x 10“9 m2/s), about twice as fast as of water molecules.
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But the diffusion of neodymium in acetone filled pores is much slower, 
D =  6.5 x 10” 11 m2/s. At the present time, no mechanism explaining these results has 
been proposed, but the large difference between diffusion coefficients for acetone and 
Nd3+ explains why it is relatively easy to remove the solvent from the pores without 
altering the concentration profile of the neodymium in porous sol-gel glass. 
Comparing the diffusion coefficient data for Nd3+ in the pores various sizes, it is 
noticed that in the pores of larger diameters the motion of the cations is less 
restricted and neodymium can move faster.

In this investigation we measured transport mechanism through a macroscopic 
porous material, and not through a single small pore. This means that although 
the average pore diameter remained the same, variations in sample pore connec
tivity, porosity, local density, and other parameters may drastically alter the value 
of the diffusion coefficient measured for samples obtained under different conditions. 
To avoid this problem almost all experiments were conducted on a set of samples 
obtained from one batch, and when different batches were used, we made sure that 
they were prepared under identical conditions. In addition, adjustment of the pH 
of the solvent [20] or modification of the surface groups may further change 
the diffusion coefficient Therefore, the values of D reported in this paper are specific 
only for the material used in this study, but we believe that the conclusions are 
general, and independent of the manufacturing procedure.

Loading of stable glass monoliths allowed us to obtain large concentrations of 
metal cations in the pores. For a sample of the total pore volume 0.5 cm3/g and 
average pore diameter 2.9 nm it was possible to increase the concentration of 
neodymium to 20% of the original weight of the sample. Of course, such loading 
may result in phase separation, and for practical applications it may be desired to 
work with smaller amounts of the dopant material inside the pores [29]. For 
a sample in which the concentration of neodymium was less than 5% of the original 
dry mass of the porous matrix we recorded fluorescence spectra in the near infrared 
region. Prior to the measurement the sample was fired at 1000° C. The peak at 
1.06 pm due to the 4F 3/2—4I11/2 transition was very sharp which indicated that the 
extent of the phase separation although possible was very small.

Absorption spectra of neodymium salt dissolved in water and acetone are slightly 
different As seen from Figures 9 and 10, absrption spectra have different relative 
intensities and contours in water and in acetone based solutions. The relation
ship between the coordination sphere of the neodymium + 3 ion and the intensities 
and band shapes of the f —f  bands is complex and not quantitatively under
stood [30]. But it is obvious that acetone plays an important role in the coordina
tion sphere. The structure and stability of the coordination sphere is probably 
the factor limiting the diffusion of neodymium inside the pores. It is interesting 
to note that the absorption spectra of acetone solutions of neodymium nitrate in 
an unbound system and inside the pores are practically identical (compare Fig. 10). 
As seen from Figure 9, the same is true for the sol-gel glass impregnated with 
neodymium nitrate dissolved in water; spectra of the water solution and of 
the impregnated samples are very similar. This means that the structures of
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Wavelength [nm]

Fig. 9. Absorption spectra of 22  M water solution of neodymium nitrate in the unbound system (A) and 
inside the porous sol-gel glass (B)

Wavelength [nm]

Fig. 10. Absorption spectra of acetone solution of neodymium nitrate in the unbound system (A); 
in the porous sol-gel glass (B); the same sample after being dried (Q; fired to 500° C (D); 
and 800° C (E)

neodymium complexes do not change when they move from the bulk system into 
the pores.
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After the samples were dried significant changes in the spectra of Nd3+ were 
observed, as displayed in Fig. 10. Since the drying was carried under normal 
conditions at roon atmosphere, acetone molecules near Nd3+ cations were replaced 
with water molecules adsorbed from the atmosphere and absorption spectra of dried 
samples became similar to the spectra of water based systems (compare spectra A in 
Fig. 9 and A in Fig. 10). After acetone in the cordination sphere was replaced by 
water further temperature treatment of the samples was similar to that of samples 
impregnated with water solutions. When temperature was increased above 300° C 
significant band shifts and broadening were observed. These facts indicate that Nd3+ 
sites have relatively high symmetry with very similar crystal fields in wet gels. The 
Nd3+ ions do not seem to enter the silica network during the impregnation process 
and remain coordinated to solvent molecules. Interactions with surface groups, such 
as O —H and O —R groups, become important at higher temperatures when Nd3+ 
ions progressively lose their coordination bonds with water and solvent These 
molecules are partially substituted by the hydroxyl and methoxy groups on the silica 
surface, as may be deduced from the changes in the spectra shown in Fig. 10. Further 
increase in temperature results in pore closure and the peaks are further shifted and 
broadened. When hydroxyl and methoxy groups are removed from the sample, the 
Nd3+ sites are surrounded by silica. The local field generated by silica is highly 
inhomogeneous and varies from site to site resulting in broad bands.

We have not studied the diffusion of anion, N O J, because after drying and firing 
to 500° C these species were not found in the sample. They probably escaped from 
the gel in the form of H N 0 3.

As stated before, stable concentration gradients were obtained only for acetone 
solutions. The concentration profiles of cations inside the sample were unchanged as 
the temperature was increased up to 1000° C.

4. Conclusions

Diffusion coefficients of water and cyclohexane in porous sol-gel glass of average 
pore diameter 2.9 nm were obtained using a radioactive tracer technique. This 
information was applied to calibrate the membrane in the diaphragm cell which was 
subsequently used to measure the diffusion coefficient for cyclohexane, acetone, 
toluene, acetonitrile, and chloroform. Translational motion of polar liquids inside 
the pores was found to be faster than that of neutral, not wetting solvents.

In this study we showed that it is possible to produce both diverging and 
converging lenses by doping porous sol-gel glass with metal cations. Instead of 
aqueous solutions it is recommended to use organic solvents in which the diffusion of 
the dopant material is slower than that of the solvent After acetone is evaporated 
from the pores, it is replaced by atmospheric water. When water is removed from the 
pores, Nd cations are incorporated into the glass framework.

Metal ion coordination sphere in porous sol-gel glass is primarily affected by 
solvent interactions, and to a lesser extent depends on the structure of the pores.
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The concentration of the dopant material can be controlled by adjusting the 
concentration of the liquid outside of the glass. The rate of penetration at any given 
concentration is proportional to the square root of time, and the time for any point 
inside the sol-gel glass to reach a given concentration is proportional to the square of 
its distance from the surface and varies inversely as the diffusion coefficient Large 
concentration of the dopant material, exceeding 10% of the total mass, may be easily 
introduced into the glass. Samples of large diameters, in excess of 15 mm, can be 
easily doped with index modifying metal. Concentration gradients are maintained in 
densified sol-gel glass.
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