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X-ray photoelectron spectra were measured of F1s, O 1s, Pb4f, and Si2p core levels for

lead fluorosilicate glasses of analysed compositions xPbF,- (69 — x)PbO - (27-29)Si0,

(x < 18 mol%). The observed binding energies were discussed in terms of atomic charges and
repulsion with taking the binding energy data of relevant compounds in the literature as the
reference. The 688 eV component of an F 1s doublet was attributed to fluorines of [O,_, SiF,]
units and the 684 eV component to free fluoride ions under ionic interaction with lead ions.
The fraction of the fluoride ions increased with x up to 51 %. The Si—F bonds were confirmed

in the glasses with 3 < x < 18 mol %.

1. Introduction

Fluorines can be introduced in oxide glasses as being
bonded to network-forming cations or as “free” fluor-
ide ions (“free” meaning not being bonded to network-

forming cations). The free fluoride ions are more

mobile and contribute to ionic conduction [1-4].
Several studies have been reported on fluorines in
oxide glasses [5]. A Raman band at 940 cm ™! for the
series of lead fluorosilicate glasses was deconvoluted
into four component peaks [6]. But the presence of
Si-F bonds could not be derived from the deconvolu-
tion of the Raman spectra, because an Si-F Raman
band appears in the same frequency region
(930-950cm ') as the Si-O Raman bands [6-9].
X-ray photoelectron spectroscopy (XPS) could dis-
tinguish bridging oxygens from non-bridging oxygens
in silicate [10-12], phosphate [13, 14] and germanate
[15] glasses. XPS technique was also applied to a few
series of oxyfluoride glasses. Iwamoto and Makino
[16] conducted an XPS study of the glasses of com-
positions xCaF, - (1 — x)CaO-SiO,. They proposed
from a chemical shift of the F 1s peak that the Si-F
bonds were formed in the glasses with < 7 mol %
CaF,. Hirao et al. [17] reported for the glasses in the
system MnF,-SiO, that a satellite F1s peak with
higher binding energy disappeared with increase in the
atomic ratio F/O. The results can be interpreted as
showing that the fluorines linked with silicons are
changed to be free fluoride ions with increasing fluor-
ine content. Kumar et al. [18] took the infrared (IR)
spectrum of Na,SiFg as a reference and assigned a
764 cm ™! IR peak found for fluorine-containing sili-
cate glasses to an Si-F band (the same assignment was
adopted later by Takusagawa [19]). From IR spectra
of the glasses in the system xNaF:yNa,O-SiO,,
Kumar et al. postulated [18] that the fluorines linked
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with silicons were present in a glass (x/y = 0.54/0.85;
Na,O = 36 mol %), whereas fluorines were present
largely as free fluoride ions in more basic glasses (x/y
= 0.65/1.25 and 0.73/1.5; Na,O = 43 and 46 mol %).
Wang et al. [20] indicated for the glasses of
batch composition xPbF,: (70 — x)PbO-30B,0,
{x < 25 mol %) that a larger fraction of fluorines be-
came free fluoride ions with increase in x.

Previous investigations therefore have indicated a
tendency of fluorines in glass to be bonded to the
network-forming cations in lower fluorine contents,
whilst they are predominantly present as free fluoride
ions in higher fluorine contents. However, the fraction
of the fluorines which is bonded to the network-
forming cations may depend on the component oxides
in glass. For example, a considerable fraction of fluor-
ines was still bonded to boron atoms in the lead
borate glass of PbO = 50 mol % [20] whilst the Si-F
IR band disappeared at Na,O = 43 mol % in the
sodium fluorosilicate system [ 19]. It is therefore worth
studying the behaviour of fluorine in lead silicate
glasses by the use of XPS technique.

2. Experimental details

The same glasses for conductivity and Raman spectra
measurements [4] were employed in this work. Start-
ing materials were reagent grade PbF,, PbO, and
silica. Batches for 30g glasses of compositions
xPbF, (70 — x)PbO - 30SiO, (mol %, x < 25) were
charged in a Pt crucible with a cover and were heated
in an electric furnace at about 800°C in air for
10-30 min. The quenched glasses were annealed for
30 min at appropriate temperatures below T, deter-
mined by DTA traces. Analysed compositions are
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shown in Table 1. Each glass is denoted hereafter by
batch parameter x for simplicity.

Disc samples were polished on one side to optical
flatness by the use of kerosene and fine-grain emery
papers, and were rinsed in an ethanol bath for several
minutes prior to XPS measurements. XPS spectra of
F 1s, O s, Si2p, and Pb4f core levels were recorded
-with a Shimadzu ESCA-750 spectrometer with Mg K,
radiation. Drift of the electron binding energy due to a
surface charging effect was calibrated by assuming
C1s = 285.0¢eV. The binding energy is expressed in
eV (leV =9648 kImol™!). Experimental uncer-
tainty of XPS binding energy was about + 0.1-2¢V.

3. Results
3.1. XPS spectra of each element

in the glasses
Fig. la—c show XPS spectra of O 1s, Si2p, and Pb4f
core levels, respectively, for a glass with x = 15 mol %.
Similar spectra have been observed for the other
glasses. The spectrum of the Pb4f consists of a
4f,,~4;,, doublet. The peaks in Fig. 1 are very sharp
without any apparent shoulders on either side. Fig. 2
shows XPS spectra of F Is core level for the present
glasses. It is evident that such spectrum, except for
that of x = 5 mol %, has a doublet with component
peaks at about 688 and 684 ¢V and that the 684 eV
component grows greatly with increase in x with
respect to the 688 eV peak. Because the spectral
intensity is normalized to the strongest peak, Fig. 2
indicates that the fraction of the fluorines correspond-
ing to the 684 ¢V peak increases with increasing fluor-
‘ine content. The 684 eV peak, however, is affected by
the . background noise as is indicated -by the peak
profiles for x = 5 and 10 with a background vibration
and a vague maximum. For elimination of the back-
ground effect and precise determination of the binding
energy, the spectra imr Fig. 2 have been deconvoluted
by the use of three Gaussian peaks. Deconvolution of
the F s spectrum of a glass of x = 15, for example, is
shown in Fig. 3. Difference between the measured
profile and the Gaussian approximation is seen on
both sides of the peak at 688 ¢V. This is also a
background effect. The assignment of the peaks will be
discussed in Section 4.2.

3.2. Binding energy data
The observed binding energies of the core levels of
O 1s, Pb4f, and Si2p as well as those of the compon-

TABLE I Analysed compositions of the lead fluorosilicate glasses
of batch compositions xPbF, - (70 — x)PbO - 30Si0,

x Analysed composition (mol %)
PbF, PbO Sio,
5 32 68.7 28.1
10 9.0 63.7 273
15 12.7 58.2 29.1
20 15.6 56.0 284
25 17.2 543 28.5
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Figure 1 XPS spectra of (a) O 1s, (b) Si2p, and (c) Pb4f core levels
for a glass of batch composition 30810, 55PbO - 15PbF,. The
binding energies were calibrated by the use of C 1s as the reference
(=285.0¢eV).

ent peaks of the F1s level have been tabulated in
Table I together with their full width at half max-
imum (FWHM). Table I1I shows the binding energies
of reference compounds cited from the literatures [12,
15, 16, 20-22]. In Table II the variation of the binding
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Figure 2 XPS spectra of the F 1s level for glasses of batch composi-
tion xPbF, * (70 — x)PbO * 308i0,. The binding energy was calibra-
ted with that of the C 1s level (= 285.0 ¢V) as the reference.
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Figure 3 Deconvolution of (——) the observed F 1s profiles for a
glass of batch composition 308iO,-55PbO-15PbF, into
(-—-, ---) three Gaussian peaks.

energy for each element is within an experimental
uncertainty of 4 0.2eV. The area ratio of Pb4f,,:
Pb 4f;, is predicted to be 4:3 or 1:0.75 from a simple
free-atom model. The present ratio of 1:0.78 in Table
II agrees fairly well with the prediction. The Pb4f
doublet has a constant energy separation of 4.8 +
0.1 eV for all the glasses which is much the same as
that for PbF, and PbO reported by Morgan and van
Wazer [21]. The O1s spectra indicate a larger
FWHM than the F 1s, Pb4f, and Si2p spectra. The
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TABLE II The binding energy (BE) data of (a) F1s and Ols,
(b) Si2p, and Pb4f;,, and 4f,,, core levels for the glasses of batch
compositions xPbF, + (70 — x)PbO - 30SiO,. BE and FWHM ineV.

(@) Flsand Ols

x Fls Ols
BE (FWHM, arca®) BE (FWHM)
5 6884 531.4
(2.3,100) (2.85)
10 6883 684.9 683.75 5314
(19,78.1) (1.4,11.2) (L.5,10.7) (2.75)
15 6885 6852 683.8 531.2
(2.0,71.3) (1.5,8.5)  (1.5,203) (2.70)
20 6887  685.0 683.8 531.4
(2.1,60.8) (14,11.7) (1.5,27.4) (2.95)
25 6885 6852 683.8 531.3
(1.9,46.0) (1.6,9.5) (1.5, 44.5) (2.95)
2Area in %
{b) Si2p and Pb4f
x  Pb4fy, Pb4f,, A® Si2p
BE (FWHM, area®) BE
(FWHM) BE (FWHM)
5 1434 1386 48 1018
(1.7,0.77) (1.7 (1.95)
10 1434 1386 48 101.7
(1.7,0.78) (1.7 (2.0)
15 1435 1387 4.8 101.8
(1.7,0.76) (1.7) (1.70)
20 1437 1389 4.9 102.0
(1.8,0.79) (1.8) (2.0)
25 1436 138.7 49 101.7
(1.5,0.79) (1.55)

(1.90)

* Normalized to the 4f,,, peak area.
® BE(4fs,,)-BE (4f,,,) separation.

O 1s spectra were employed to evaluate the fractions
of the bridging and non-bridging oxygens [10-15]
where an apparent shoulder was seen on the lower
binding energy side. In this study, however, deconvo-
lution of the O 1s spectra has not been conducted, but
the binding energy of the O 1s level will be employed
in the discussion below.

4. Discussion

4.1. Bonding states of Si

Bond distance, coordination number, adjacent atoms
or bond energy [20] are predominant factors in con-
trolling charges of atoms in an atomic unit, on which
the XPS binding energy of the atoms is dependent.
This is the reason for the past attempts to quantita-
tively evaluate the charges of the relevant elements
[16, 22]. For qualitative discussion, however, a simple
scheme may be useful as a first-order approximation
in which we assume an inductive effect of cations and
anions, and take residual charges on atomic units into
consideration. Because fluorine has the greatest elec-
tron withdrawing ability, the positive charge on Si of
silicon tetrahalides supposedly increases in the order
SiBr, < SiCl, < SiF,. This is the exact order of in-
crease in the Si2p binding energy [22]. Thus the fact
that, as shown in Table I1I, the [SiF4]*>~ units have



TABLE III Reference XPS binding energy (BE) data of the elements in relevant compounds. BE (FWHM) in eV

Fls Ols Pb 4, Pb4f,, Si2p
Mg,SiO, [12] 530.9
Si0, 532.4 [12]* (2.0) 103.9 [217°
103.5 [15]°
PbO, [21] 142.6 1378
Pb,0, [21] 142.9 1382
PbO 529.4 [12] 143.5 [21] 138.6 [21]
PbF, 684.1 [20] (2.2) 144.0 [21] 139.1 [21]
CaF, [16] 684.2
AlF, [20] 686.9 (3.1)
CaSiF [16] 684.4 (3.19 104.9 (3.29)
K,SiF, [21] 104.8
SiF, [22] 694.56 111.79

# No difference was observed between silica glass, quartz and cristobalite.

b Being vitreous or crystalline was not specified.
¢ Read by the present authors from the reported spectra [15].

larger Si2p binding energies than SiO,, is attributed
to the larger positive charge on Si of the hexafluoride
units. A greater difference (about 7eV) in the Si2p
binding energy between SiF, and the [SiF¢]*~ units is
explained by the effect of the formal negative charge of
— 2 which reduces the positive charge on the Si of the
hexafluorosilicate units.

On the basis of above discussion, the fact that the
present glasses have very low Si 2p binding energies of
about 102 eV can be interpreted as indicating the
presence of a smaller positive charge on the Si. It is
hence suggested that the Si atoms are surrounded by
the most basic oxygens. This is supported by the fact
that the O Is binding energy for the present glasses,
about 531 eV, is as small as that for Mg,SiO, (Table
III) or other orthosilicates (531-532 eV [12]). When
the inverted compositions for the present glasses are
taken into consideration, too, it is concluded that the
Si atoms are in the form of orthosilicate anions.
Moreover, the presence of Si—-F bonds, as discussed
below, indicates the formation of [SiO, _, F,] tetra-
hedra in the glasses of such low silica contents
(< 30 mol %) and high PbO contents (up to about
64 mol %) although the Si—F bonds have been postu-
lated in high-silica glasses [5]. It should be noted here
that not all of the Si atoms in those glasses are in
discrete orthosilicate anions, but a few of them are in
polymerized silicate anions such as a pyrosilicate an-
ion [6, 23].

4.2. Bonding states of F

Fluorines are incorporated in oxide glasses by being
bonded to network-forming cations and as free
fluoride ions under ionic interaction with modifying
cations. The observation of a doublet for the F 1s core
level in Figs 2 and 3 strongly supports such a model. Tt
is evident in Table III that simple oxides or fluorides
of the cations of higher valence give higher core level
binding energies. The high binding energy component
of the F 1s doublet for the present glasses can thus be
ascribed to the fluorines of Si—F bonds, and the low
binding energy component to the free fluoride ions. A
similar assignment of an F 1s doublet in fluoroborate

glasses has already been proposed [20]. In Fig. 3,
however, we have observed the third component
around 685¢V in the F1s spectrum which is con-
sidered to be a background effect in the previous
section.

One can propose three probable bonding states of
fluorines, each of which might correspond to each
component peak. They are (a) Si-F-Pb, (b) Pb—F-Pb,
and (c) Si-F-Si. Among the three fluorines above,
fluorine (c) has the least negative charge and the
greatest rests on fluorine (b). Thus it is confirmed the
683.8 eV component of the F 1s doublet is assigned to
fluorine (b). And the 685 and 688 eV components
might correspond to either of fluorines (a) and (c).

The presence of bridging fluorines, Zr-F-Zr, is
assumed to explain the"vitrification of heavy metal
fluoride systems. It is favoured by a long Zr-F dis-
tance (about 0.21 nm [24, 257) and larger coordination
number of Zr (CN = 7-8 [24, 25]). These factors
reduce the charge density in a Zr-F coordination
sphere, as shown below. It can be assumed that the
formal charge — 2 of a ZrF unit is distributed in a
sphere of radius 0.32 nm which is evaluated by taking
a sum of the radius of Zr** ions (r (Zr**) = 0.086 nm
for CN =6) and the diameter of a fluoride ion
(0.229 nm  derived from r(F~)=0.1145nm for
CN = 2). The ionic radius data are adopted from
Shannon [25]. In the present silicate glasses most of
the silicons are in [SiO,]*~ units, as discussed above.
The formal charges of — 4 are then considered to be
distributed in the spherical space of radius 0.28 nm
where r(Si**)=0.04nm (CN =4) and r(QO?7) =
0.121 nm (CN = 2) [26] are employed for evaluation.
The assumed charge density values are — 15.3 and
—42.6 nm~? for the ZrF¢ and SiO, units, respect-
ively. Suppose that two [(~0-);Si] units are combined
by an Si-F-Si bond after introduction of fluorines
yielding assumed silicate groups [O;Si-F-SiO5]¢ 7. A
much stronger repulsion will be expected than the
repulsion for the combination of two [FsZr] units by
a Zr-F-Zr bond. The reason is that larger negative
charges of higher density are faced together via the
shorter distance of the Si-F-Si bond. The repulsion in
the assumed silicate group is even higher than in a
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pyrosilicate anion, [Si,0,1° ", hence the group invol-
ving an Si-F-Si bond will be unstable. The possibility
that six-coordinated silicons are bonded together
through an Si-F-Si bond is very scarce because such
bonding induces far greater repulsion due to large
formal charges on [Og4_q SiF,] units. Formation of
the [SiF4]? ™ units can be denied in the present glasses
from the absence of a Raman peak at about 750 cm ~*
found for hexafluorosilicates [27]. Thus the Si-F-Si
bond bridging two six-coordinated silicate units is
ruled out of the discussion. .

On this basis we have assigned the F 1s peaks at
about 688 and 684¢V to fluorines (a) and (b),
respectively. From the peak area data in Table II the
fractions of fluorines (a) ranges from 100%-51%.

5. Conclusions

X-ray photoelectron spectra were measured of
Fls, Ols, Pb4f, and Si2p core levels for lead
fluorosilicate glasses of analysed compositions
xPbF, - (69 — x)PbO-(27-29)Si0, (x < 18 mol %).
The component peaks of an F1s doublet were ob-
served for the glasses at about 688 and 684 ¢V. Contri-
bution of background noise to the 684 eV peak was
eliminated by deconvolution. The observed binding
energies were varied within experimental error: O 1s at
531.3+0.1eV, Fls at 6885+ 02 and 683.8¢V,
Pb4fs,, at 143.5 + 02 eV and 4f,, at 138.7 £ 0.2 eV,
and Si2p at 101.8 + 0.2 eV. They were compared with
the values reported for the reference compounds and
discussed in terms of atomic charges and repulsion
between the structure units. The Si atoms were tetra-
hedrally coordinated by oxygens and fluorine. The
688 eV component of the F 1s doublet was attributed
to the fluorines of [O,_, SiF,] units and the 684 eV
component to the free fluoride ions under ionic inter-
action with lead ions. The fraction of the fluoride ions
increased with x up to 49% (at x = 17.2 mol %). The
Si-F bonds were confirmed in all the glasses with
3 < x < 18 mol %.
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