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1 Introduction

EPR spectroscopy is a powerful technique for the provision
of useful information regarding structural details of the
environment of both transition metal ions and rare-earth
ions in glasses, such as their coordination number, valence
state, local symmetry, charge compensation and the degree
of short range disorder [1]. There is, nonetheless, a paucity
of such measurements on rare-earth ions in glassy solids, in
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earth elements are especially important in various optical
and optoelectronic devices [3], e.g., gadolinium-containing
glasses, which have particular optical and magnetic prop-
erties to render them suitable for a wide range of techno-
logical applications in optical communications, laser
technology and optical storage devices [1].

EPR spectra obtained from both glassy materials and
disordered polycrystalline materials, containing gadolin-
ium, have been analyzed by many authors [1-20]. To the
best of our knowledge, however, no EPR studies have been
reported of structural changes that occur in the various
stages of the silica sol-gel process using Gd(III) ions as a
spin probe until now, apart from the EPR study of Gd(III)
complexes immobilized in a silica xerogel matrix as pre-
sented by Szyczewski et al. [21]. However, the sol-gel
glasses have numerous advantages over melt glasses, in
particular, a higher purity of the starting materials, lower
processing temperatures, that they may be produced by
simple chemical manipulation techniques, a greater
homogeneity and precision control of the chemical com-
position of the final products [22].

The X-band EPR spectra of Gd(III) ions present at low
concentrations in almost any type of glassy host tend to be
very similar and are characterized by three prominent fea-
tures with effective g values of ~2.0, ~2.8 and ~6.0 [7].
This type of Gd(IIT) EPR spectrum has been aptly labeled the
‘U-spectrum’ [6], in view of its ‘ubiquity’ in various glassy
and disordered polycrystalline materials [1-20]. Less fre-
quently, X-band EPR ‘U-spectra’ with additional weak
features at effective g values of ~3.3to ~3.6and/or ~4.3to
~4.8 are observed from Gd(III) ions in glasses [1, 3, 12—18].

The origin of the ‘U-spectrum’ of Gd(III) ions in glasses
has been interpreted differently by different authors [4—10].
An exact analysis of the Gd(III) EPR ‘U-spectrum’ is a
complicated matter and has been the subject of consider-
able controversy [12].

Having made a systematic evaluation of the various
published interpretations of Gd(III) EPR ‘U-spectra’ [4, 5,
9, 10] and found all of them to be unsatisfactory, Brodbeck
and Iton [11] managed to establish the correct general
solution of the Gd(IIT) EPR spectra in glassy and disor-
dered polycrystalline materials. Based on the Hcg/hv ratio
(where Hcr is crystal field interaction, 4 is Planck’s con-
stant, and v is microwave frequency), the Gd(III) EPR
spectra can be divided into three crystal field categories:
weak, intermediate and strong. In the weak crystal field
category, Hcp/hv < Y4 (including the weak crystal field
limit), the EPR spectrum arises primarily from first-order
transitions between the Zeeman levels which are only
weakly perturbed by Hcp. Higher-order transitions with
g > 2.0 are strongly forbidden due to the weak Hcp, and
the spectrum is principally concentrated in the region of
g =2.0. In the intermediate crystal field category,

Y4 < Hcp/ho < 4 (which is further divided into two parts),
the EPR spectrum generally consists of multiple reso-
nances, the majority of which have effective g values >2.0.
In the case of lower intermediate crystal field strength,
Vs < Hep/hv < 1, the EPR spectrum may consist of a wide
dispersion of resonances throughout the entire range of
2.0 < g < 0. In the case of upper intermediate crystal
field strength, % < Hcp/hv < 4, the ER spectrum is
focused on a smaller set of resonances with g > 2.0, as the
number of transitions that can occur between the Kramers
levels is reduced. In the strong crystal field category, Hcp/
hv > 4 (including the strong crystal field limit), the EPR
spectrum is entirely determined by those few resonances
resulting from transitions within the Kramers’ levels [11].
Clearly, the Gd(III) EPR spectra must vary strongly
with the microwave frequency within the range of
5.4-38.4 GHz. At the upper limit of the range, which is the
Q-band frequency, the widely dispersed resonances detec-
ted at X-band are observed to coalesce into a single
prominent g = 2.0 feature, because of the increase in /v by
a factor of 4 [11]. Furthermore, it was concluded that the
‘U-spectrum’ is expected to prevail only when the Gd(III)
ions can achieve a high coordination number (>6) within
the structurally disordered matrixes. Thus, the site sym-
metries of the Gd(III) ions are essentially low and disor-
dered which dictate their own environment in glasses and
are best characterized by a single low-symmetry-type site,
as was proposed by Griscom [8].

From the point of view of EPR spectroscopy, the silica
sol-gel process may be regarded as proceeding via a pro-
gression of steps as shown in Fig. 1 of Ref. [23]: (a) the initial
reaction mixture which is in the form of a fluid, water-like
solution; (b) the colloidal suspension (sol) which is in a
highly viscous liquid state; (¢) the sample in which rigid
boundaries of the solid state are visible, i.e., a wet gel (a
viscoelastic solid state); and (d) the gel after being dried (dry
gel), which is a rigid solid that can be powdered. In our
previous papers [23-25], we monitored the earlier stages of
the tetraethyl orthosilicate (TEOS)-based sol-gel process,
and we determined the changes in the properties of the sol—-
gel reaction mixture, as it passes from the liquid state to the
solid state, using EPR spectroscopy with the transition metal
ions, Mn(II), VO(I) and Cu(Il), as a spin probe. The object of
the present paper is to further determine the defined stages of
the TEOS-based sol-gel process, but using EPR spec-
troscopy with the rare-earth ion, Gd(III), as a spin probe.

2 Experimental
The commercially available chemicals, TEOS (Sigma-

Aldrich, 98.0 %), ethanol for UV (MicroChem), HCI
(MicroChem) and GdCl;-H,O (Sigma-Aldrich, 98.0 %),
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were used without further purification. The identical pro-
cedure for preparation of the sol-gel samples was
employed as described in our previous paper [23]. Very
briefly: In the present study, the Gd(III) ions (concentration
ca 1 mM) were incorporated in the form of the GdCl;-H,O
into the binary mixture (TEOS, ethanol) before hydrolysis
began. Then, re-distilled water containing HC] was added
dropwise to catalyze the hydrolysis. Under the following
conditions (in air at RT, and in closed containers with a
plastic cover with holes in it), the gelation was completed
after about 2 weeks giving a wet gel, which was then dried
(in air at 100 °C for 12 h) giving a dry gel. The EPR
spectra were measured during the evolution of the sol-gel
process at the times defined (immediately, then hourly, up
to 12 h, and then daily, up to 30 days), additionally, in the
dry gel sample, which was hydrated by storing them for
3 days in a container with an atmosphere saturated with
water vapor at RT, and for the sol-gel process as run in a
sealed quartz EPR capillary. As a brief summary, the
Gd(IIT) EPR spectra (with a central field of 4000 x 10747
and a sweep width of 8000 x 10~* T) were recorded using
an EMX series Bruker EPR spectrometer at room tem-
perature (RT) and at 77 K. Quartz EPR sample tubes were
precisely positioned in the microwave cavity using our
special procedure [26, 27]. The processing, simulation and
evaluation of the EPR spectra were performed as described
in our previous papers in this series [23-25, 28]. Again,
very briefly: The spin Hamiltonian parameter values were
determined from experimental Gd(III) EPR spectra using
original Bruker program WinEPR [29]. Then, these values
were further refined by computer simulations using original
Bruker program SimFonia [30], which allows the simula-
tion of the EPR spectra in the solutions, frozen solutions as
well as in the solid state using an efficient perturbation
theory (the second or the third order) algorithm. No EPR
signal was obtained from the control sample in which
Gd(III) ions were absent.

3 Interpretation and simulation of Gd(III) EPR
spectra

The Gd(IIT) ion has an electronic configuration of 4f’, a
ground-state term of %S;, and a spin quantum number,
S = 7/2 [31]. In accordance with Abragam and Bleaney
[32], we have described the EPR spectrum of Gd(IIl) in the
solid state using a spin Hamiltonian, which contains only
those terms which correspond to the electronic Zeeman
interaction (H) and the crystal field interaction (Hcg). It is
assumed that the hyperfine interaction term (with an orbital
angular momentum, L = 0) and other smaller terms can be
neglected [6], in which case,
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H = Hz + Hcr (1)

The operators can generally be written for Gd(III) ions
in the following way [33],

1
H:goﬁBS+D{S§—§S(s+1)}+E(s§—s§) (2)

where g, is equal to the isotropic, free electron g value, [ is
the Bohr magneton, B is the applied external magnetic field
intensity, S is the spin angular momentum, and D and E are
the zero-field splitting parameters.

As mentioned in Sect. 1, Brodbeck and Iton [11] con-
cluded that the X-band EPR spectra of S-state Gd(III) ions,
as are present at low concentrations in glassy materials,
show three main features with effective g factor values of
~20, ~2.8 and ~6.0 and are referred to as the ‘U-
spectrum’ because of the ‘ubiquity’ of this spectral form in
various disordered materials [6]. The features of such ‘U-
spectrum’ are highly sensitive to changes in the zero-field
splitting parameter D and E/D-ratio [2, 6, 7, 11]. We have
computer-simulated Gd(IIT) EPR ‘U-spectra,” which were
calculated for various D values in the range of
0.020-0.070 cm ™! (Fig. 1a) and various E/D-ratios in the
range of 0.00-0.30 (Fig. 1b). It is clear that the position of
the central resonance with mg = +1/2 on the magnetic
field strength axis is practically independent of an increase
in the D value. In contrast, those resonance lines with
mg = —3/2 and —5/2 and especially with mg = —7/2 are
progressively shifted toward lower magnetic field
strengths. This is true also for those resonance lines with
mg = 3/2 and 5/2 and particularly with mg = 7/2, but they
are progressively shifted toward higher magnetic field
values. However, the resonance positions of the corre-
sponding lines on the magnetic field strength axis are
practically independent of the E/D-ratio (except for that of
0.30) for all values of mg. Additionally, the shape of a
pronounced ‘valley’ exhibited in the region of mg = —3/2
and mg = +1/2 of the ‘U-spectrum’ changes appreciably
as the D value and E/D-ratio increases.

4 Results and discussion

Figure 2 shows the representative, experimental (A) first-
derivative and (B) absorption Gd(III) EPR spectra mea-
sured at liquid nitrogen temperature (77 K) for the various
stages (a—d) of the sol—gel process, hydrated dry gel (/) and
sol-gel processed in the sealed capillary (z). The first-
derivative EPR spectra are plotted versus external magnetic
field strength, B, but the absorption spectra are plotted
versus the go/g-ratio. The effective g factor values, o, B3, ¥
resonance lines and o/f-ratio are indicated for better rep-
resentation in the spectra. Then, Fig. 3 illustrates the



J Sol-Gel Sci Technol (2016) 79:220-227

223

Fig. 1 Simulated first- (A)
derivative Gd(III) EPR spectra
computed for a various values
of the zero-field splitting
parameter, D (0.020-0.070)
cm~! and b various values of
the E/D-ratio (0.00-0.30). The
mg values (£7/2, £5/2, +£3/2,
+1/2) are indicated
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Fig. 2 Experimental, A first- (A) (B)

derivative and B absorption
Gd(1I) EPR spectra measured
at 77 K for the various stages of
the sol-gel process: (a) reaction
mixture (solution of low
viscosity), (b) sol (colloidal (h)
suspension, solution of high

viscosity), (c) wet gel

(viscoelastic solid), (d) dry gel
(powder solid state), (@)
(h) hydrated dry gel and

(z) process occurring in a sealed
capillary. Absorption EPR (c)
spectra are plotted versus go/g-

ratio. Effective g-factors, o, B, v

lines and o/B-ratio are indicated
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details of (A) the low field part (mg = —7/2, —5/2), (B) the
middle field part (mg = —3/2, £1/2) and (C) the high field
part (mg = 3/2, 5/2, 7/2) of the first-derivative Gd(III) EPR
spectra, which are shown in Fig. 2A.
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All the observed first-derivative X-band Gd(III) EPR
spectra exhibit three prominent resonance signals at
effective g values of 1.99 £ 0.01 (B-line), 2.78 £ 0.01 (o~
line) and 5.99 £ 0.01 (y-line), superimposed on a broad
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Fig. 3 Expansion of A low (ms = —7/2, —5/2), B middle (ms = —3/2, £1/2) and C high (mg = 3/2, 5/2, 7/2) field part of experimental first-

derivative Gd(III) EPR spectra (shown in Fig. 2A)

resonance line shape that encompasses the prominent
g ~ 2.0 resonance signal, which is a characteristic signa-
ture of the typical ‘U-spectrum’ of Gd(III) ions contained
in the glassy hosts. There is also a pronounced valley in the
line shape beginning at g = 2.78 and extending out to
g = 1.99. Additionally, two weak broad signals at effective
g values of 346 +0.01 and g = 4.33 £ 0.01 were
observed. Significant resonance signals are also present at
effective g values of 10.49 £ 0.01, 14.45 £+ 0.01 and
29.99 £ 0.01. The small, sharp line that is present in the
spectra of Figs. 2A and 3A (*-marked) at g = 4.29 £+
0.01, and superimposed on the broad line in the
g = 4.33 £ 0.01 region, is due to a low concentration of
Fe(IIl) ions, present as an impurity, and is not connected
with the Gd(III) EPR spectra. However, this sharp reso-
nance served to provide an internal g value marker for a
preliminary determination of the effective g values in the
latter, which were further refined by subsequent computer
simulation. At the low concentrations of Gd(III) ions (ca
1 mM) used, no EPR spectral shape was observed which
would indicate the presence of gadolinium clusters, and
hence, we may conclude that the Gd(III) ions are present as
isolated species randomly distributed in the sol-gel prod-
ucts [1-3, 7, 11-20, 38, 39].

Within experimental error, the corresponding effective
g factor values were found to be identical for all the cases (a—
d, h, 7), albeit that the relative amplitudes of the two central
lines (o and ) do depend on the stage that the sol-gel process
is at. For example, in the reaction mixture (a), the a-line is
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more intense, while in the wet gel (¢) and dry gel (d), the B-
line is dominant (see Fig. 2A). Accordingly, the o/p-ratio
was varied significantly as the sol-gel process advanced,
with a maximal value of 1.88 £ 0.03 being obtained in the
reaction mixture (a), 0.67 £ 0.03 in the sol (b), 0.38 & 0.03
in the wet gel (¢) and a minimal value of 0.15 % 0.03 in the
dry gel (d). The o/B-ratio value of 0.38 £ 0.03, which was
obtained in the hydrated dry gel sample (%), is identical with
that observed in the wet gel (¢): The value of 0.29 £ 0.03
obtained for sol-gel process as carried out in the sealed
capillary (z) is very similar. The same trend was seen for the
v/B-ratio with a maximal value of 0.76 + 0.03 in the reaction
mixture (a), 0.28 & 0.03 in the sol (b), 0.17 £ 0.03 in the
wet gel (¢) and a minimal value of 0.06 £ 0.03 in the dry gel
(d). Once more, the values obtained for the hydrated dry gel
(h),0.19 £ 0.03, and sol—gel process occurring in the sealed
capillary (z), 0.13 =£ 0.03, are very similar to those observed
for the wet gel (¢). Thus, changes in the sol-gel mixture may
be monitored successfully using either the o/B-ratio or the y/
[B-ratio; in contrast, within experimental error, the y/o-ratio
value of 0.43 £ 0.03 was found to be identical for all cases
(a—d, h, 7). This is the first report that the silica sol-to-gel
transition from the low viscosity, starting reaction mixture
(a), to the high viscosity, colloid suspension (b), up to the
viscoelastic gel (c) and finally to the dry gel (d), can be
successfully monitored using Gd(III) EPR spectroscopy. In
near future, the silica xerogels calcined at various tempera-
tures will be analyzed by EPR spectroscopy using Gd(III)
ions as a spin probe.
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We may conclude that the Gd(IIT) EPR spectra mea-
sured in this work fulfilled all the points which were
ascribed by Brodbeck and Iton [11] for ‘U-spectra’: (i) The
g = 2.78 (o-line) and 5.99 (y-line) features always appear
jointly, exhibiting approximately the same amplitudes and
shape relative to each other (see Fig. 2A); (ii) the feature at
g = 1.99 (B-line) has a first-derivative amplitude and shape
that varies from stage to stage of the sol-gel process, as can
be seen by comparing the relative amplitudes of the
g = 1.99, 2.78 and 5.99 features in Fig. 2A; and (iii) the
‘U-spectrum’ adsorption curve has significant absorptions
dispersed throughout the low field region 1.99 < g <
(see Figs. 2A, B).

A comparison of the selected experimental first-deriva-
tive Gd(IIT) EPR spectrum versus calculated EPR spectrum
separately for (A) the low field part (800-2000) x 1074 T,
(B) the middle field part (2000—4000) x 10T and (C) the
high field part (4000-8000) x 10~* T, is shown in Fig. 4,
where the corresponding mg values (£7/2, £5/2, +£3/2, £1/
2) are again indicated. As was confirmed by computer sim-
ulation (see Fig. 1), the features of the Gd(IIl) EPR ‘U-
spectrum’ are highly sensitive to changes in the values of the
zero-field splitting parameter D and the E/D-ratio. The best
agreement between the computed and experimental Gd(III)
EPR spectra was obtained by using D = 0.051 cm ™' and
E/D = 0.069 with a line width, AB = 250 G, which are in
accord with those reported in the literature [2, 6-8, 11, 19,
34-37] glassy systems doped with Gd(III) ions.

The first-derivative Gd(III) EPR spectra, which were
measured at ambient temperature (RT), exhibited identical
features in all cases (a—d, h, z). The typical line shape of
such Gd(III) EPR spectra together with the computer-
simulated EPR spectrum is illustrated in Fig. 5, and the
corresponding effective g factor values and o, B, v reso-
nance lines are indicated in both spectra. The overall shape
of the Gd(III) EPR spectrum was found to change dra-
matically for all the given samples when they were mea-
sured at RT, from that recorded at 77 K. Nonetheless, the
experimental Gd(III) EPR spectrum in Fig. 5 still presents
the three characteristic and prominent resonance signals at
effective g values of 1.99 (B-line), 2.78 (o-line) and 5.99
(v-line), which are superimposed on a broad resonance line
shape at g ~ 2.0, although the additional signals at
effective g values of 3.46 and 4.33 were not resolved. It is
noteworthy that the EPR spectral lines at RT are much
broader than those recorded at 77 K. The good fit of the
calculated-to-experimental RT EPR spectrum was obtained
by increasing the line width to AB = 380 G. This result is
in accord with those of Iton and Turkevich [6], in which at
RT virtually all of the resonance intensity is present in a
broad (AB = 350 G), and fairly symmetric feature centered
at g = 1.99; additional lines were detected at low field, but
these comprise only very minor features of the overall
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Fig. 4 Illustration of experimental versus simulated a low
(800-2000) x 10™* T, b middle (2000-4000) x 10~* T and ¢ high
(4000-8000) x 107* T field part of the first-derivative Gd(III) EPR
spectrum. The mg values (£7/2, £5/2, +3/2, +1/2) are indicated

spectrum. In the water solutions, the Gd(III) ions are pre-
sent in the form of [Gd(H20)8]3+ complexes [40], and at
RT these solvated gadolinium ions undergo free tumbling.
The line broadening at RT may thus be a result of spin
relaxation effects induced by a rapid tumbling motion of
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experimetal

simulation

g~60 g~28 g~20

T T
0 2000 4000

B[107T]

Fig. 5 Identical line shape of experimental first-derivative Gd(III)
EPR spectra as obtained at RT for all the stages of the sol-gel process
and corresponding simulated first-derivative Gd(III) EPR spectrum.
Effective g-factors and o, B, v lines are indicated

the ions, to yield a single, uninformative resonance near
g ~ 2.0 [33].

In 1980, Griscom [8] proposed that the Gd(III) ions tend to
dictate their own environments when present in glass sys-
tems as impurities and hence should be described by single
low-symmetry glassy-type sites characterized by a quite
broad distribution of crystal fields. This hypothesis was lar-
gely confirmed in 1985 by Iton and Brodback [11] and fur-
ther supported by the very similar spectral features, which
are found in the EPR spectra of Gd(III) ions in the different
glasses[1,3, 12-20, 34-39]. It is the majority view [3, 1217,
38, 39] that the lines of ‘U-spectrum’ with effective g values
of ~2.0, ~2.8and ~ 6.0 can be assigned to Gd(III) ions with
coordination numbers greater than six, while those lines with
g values of ~3.3 to ~3.6 and/or ~4.3 to ~4.8 might be
associated with some Gd(III) ions with coordination num-
bers of less than six. Resonances corresponding to the above-
listed g values are typically found in both vitreous materials
and disordered polycrystalline materials [1, 3, 12-20, 34—
39]. In tetrahedral network glasses such as silicates, the
Gd(IIT) ions can function as network modifying ions.

While it is the general view that Gd(III) ions can dictate
their own environments and occupy sites surrounded by
polyhedra of more or less irregularly distributed ligands
with high coordination numbers higher than six, in glassy
systems, contrastingly, transition metal ions [e.g., Ti(IIl),
Co(II), Ni(Il), Fe(Ill), Mnd{I), VO{I) and Cu(I)] are
generally localized in sites with octahedral coordination
geometries in such media [2, 3, 7, 13, 23-25].

5 Conclusions
Very similar 77 K Gd(IIT) EPR spectra (‘U-spectrum’ type)

were recorded at the various defined stages of the TEOS-
based sol-gel process. Analysis of the experimental EPR
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spectra showed that as the sol-gel transformation
proceeded, the spin Hamiltonian parameters remained
unchanged (within experimental error), but the relative
amplitudes of the B-line (at g ~ 2.0) and the o-line (at
g ~ 2.8) changed significantly, such that the o/B-ratio
decreased progressively throughout the process. Accord-
ingly, those changes that occurred in the sol-gel reaction
mixture during its liquid-state to solid-state transformation
could be monitored on the basis of the changing o/B-ratio.
This is the first report of the sol-to-gel transformation, in
the silica sol-gel process, being successfully monitored
using EPR spectroscopy with Gd(III) ions as a spin probe.
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