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O1s binding energy measured by X-ray photoelectron spectroscopy (XPS) is candidate as a new tool to deter-
mine a new scale of Lewis basicity of oxide ions in glass. Some mathematical expressions for the basicity or XPS
chemical shift, such as charge parameter and optical basicity, were compared with the experimental O1s binding
energy in binary alkali oxide glasses. The expressions so far in use needed some modification in parameters.
A new empirical expression introduced in this paper gives a new concept and universal scale of basicity.
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1. Introduction
1.1 Basicity of glass

ARIOUS concepts have been proposed for acid-base be-

haviors. Nowadays, a definition proposed by Lewis,! is
commonly used because of its simplicity and wide applicabili-
ty, where an acid is defined as an electron accepter and a base
is as an electron donor. According to the definition, basicity is
interpreted as a measure of electron donating ability. There-
fore, almost all properties which are concerned in electrons are
closely related to basicity; for example, chemical properties
such as reactivity and resistance, optical functions such as
photo-emission and absorption, and electrical and magnetic
properties.

The basicity of glass can be determined from the various ex-
periments, such as activity of oxide ion, optical absorption
and electron spin resonance.? Duffy and Ingram?® proposed a
basicity concept based on optical absorption, being named op-
tical basicity. They noticed that a UV absorption peak of a ca-
tion such as TI", Pb?" and Bi** with an ns® configuration
showed a chemical shift, and it was quite sensitive to the glass
composition. The chemical shift is caused by the change of
electron population in the outer most orbital of the probe
ions, which reflects the quantitative alteration of the electrons
transferred between the matrix glass and the probe ions. Based
on this point of view, they defined the chemical shift of the ab-
sorption peak as an optical basicity of the matrix glass. The
problem is that there are a number of glass systems in which
the UV absorption peak of probe ions is not measurable; in
the case of TeO, system, for instance, the optical absorption
edge of the matrix glasses is located at the region of UV
through visible lights, and hence the UV absorption peak of
the probe ions cannot be measured, that is, the optical basicity
cannot be determined in such glasses.

As described, the basicity of an oxide glass is expressed by
the ability in electron donation of oxide ions, that is, the basic-
ity of oxide ions. Then, what are the oxide ions with high bas-
icity? The electrons being donated are the electrons which are
excessively localized on oxide ions. The excess electrons bring
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about the expansion of electron cloud, and the oxide ions with
expanded electron cloud should be easily polarized, that is,
they should have higher polarizability. Furthermore, electrons
are transferred between the probe ions and the ligand oxide
ions through the molecular orbitals formed by these ions.
Hence, the excess electrons being donated must be the elec-
trons in valence band or outer-shell orbitals. It is consequently
suggested that the oxide ions with higher population of outer-
shell electrons and higher polarizability should have higher
basicity. Dimitrov and Komatsu® estimated the polarizability
of oxide ions in numerous oxide glass systems, being success-
fully related to the optical basicity.

The change in the states of outer-shell electrons, that is, the
change in the chemical bonding character exerts an influence
on the electrostatic interaction between nucleus and inner-shell
electrons, resulting in the change of binding energy of inner-
shell orbitals. The change in the binding energy can be qualita-
tively explained as follows; when the electron population of
outer-shells is reduced, the outer-shell electrons cannot screen
the positive charge of nucleus, and then the inner-electrons
move toward the nucleus to screen the electrostatic field of the
nucleus. As the result, the binding energies of inner-shell or-
bitals become larger. In the opposite case of larger electron
population, the inner-shell orbitals such as Ols orbital show a
chemical shift to the lower binding energy side. It is therefore
expected that the basicity of oxide ions is determined by the
O1ls binding energy.

1.2 XPS chemical shift and basicity

X-ray photoelectron spectroscopy (XPS) can determine the
binding energies of inner- and outer-shell orbitals simultane-
ously. Furthermore, there is no limitation in the material sys-
tem. As mentioned, the optical basicity of TeO,-based glasses
is not determined because the absorption peak of the probe
ions hides in the absorption of the matrix glass. XPS is there-
fore a promising experimental method to determine the basici-
ty.

In principle, XPS has many advantages over the other spec-
trometries, and in the past, however, XPS has never been ap-
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plied to the basicity determination of glasses. Many of the
glasses are insulator, and hence the charge-up problem had
been unavoidable. During the XPS measurement, the sample
surface is positively and nonuniformly charged due to the pho-
toelectron emission from the surface, and hence the surface
potential is modulated to be difficult to obtain the correct
binding energy. The dissolution of the charge-up problem has
been waited for so long. Matsumoto et al.¥ developed a
charge control method, where an electrically grounded Ni-
metal mesh screen is mounted about 1 mm above the sample
surface and a low energy electron flux is irradiated to the sam-
ple. It is quite simple but highly effective to remove the poten-
tial modulation. The charge control method allowed us to de-
velop a novel determination method of basicity for the insulat-
ing materials such as glasses.

The accumulation of the spectral data and the compilation
as a database are worth doing in themselves. Furthermore, if
the basicity or chemical shift of XPS signals is estimated from
some computational expressions, the application will be
remarkably expanded. If basicity of a glass is evaluated from
the glass composition and if basicity of a structural group or
an individual atom is estimated from the local structure, we
can also utilize the basicity for checking the validity of a spec-
trum measured or giving an assignment of a spectral compo-
nent in a peak separation. Moreover, if the basicity of a novel
glass can be predicted, it will also serve as a guideline in the
material design.

Then, in the present study, computational expressions in
describing the basicity of oxide ions have been explored. Vari-
ous theoretical and empirical expressions for the XPS chemi-
cal shift and basicity have so far been proposed. The best ex-
pression was inquired by investigating the correlations be-
tween the computational quantities and the experimental Ols
binding energies in various glass systems. The authors research
group has applied the novel charge control method® to the
XPS measurements for a wide variety of glass systems, ac-
cumulating highly reliable spectral data. In the present paper,
alkali binary oxide glass systems, R,0-B,0;,% R,0-Si0,,”
R,0-P,0s, R,0-Ge0,,¥ R,0-Te0,,” and R,0-Bi,0; (R=
Li, Na, K) were chosen to examine the correlations.

2. Computational expressions for XPS chemical shift and
basicity of glasses
2.1 Theoretical expressions for XPS chemical shift
Various attempts have been done to describe the chemical
shifts of XPS signals. Among them, the charge potential
model proposed by Siegbahn!® has been most widely applied.

AEi=kqi+Vi+1 (1)

where AE; is the chemical shift of the atom i. The first term in
the right side of the equation represents the inner potential of
the atom i, k is the conversion constant corresponding to the
repulsion between the electrons of inner- and outer-shells, and
q;is the net charge. The second term V; represents the potential
due to the atomic interactions, and the third term / is the con-
stant corresponding to the energy criterion. Under the point
charge approximation, V;is given by

N9
Vi J; R; (2)
which is associated with a Madelung potential in the case of
solids. In Eq. (2), Ry is the atomic distance between the
atoms, i and j. These equations suggest that the chemical shift
is affected by the electronic states of atoms and molecular
structures of materials.

Applying these equations, it is required to know the struc-
ture of the object substance. In the case of solids, they are ap-
plicable to the crystals of known structures and inapplicable to
the non-crystalline materials, such as glasses, because it is hard
to give a strict definition of their atomic arrangement. Then,
several approximations have been introduced to expand the
applicability. By using the electroneutrality condition,

G=—-2q 3)

J#i

Egs. (1) and (2) can be rewritten as follows.!V

AE;= -3, <k—RL“)qj+l (4)
J#i i

In most cases, furthermore, even when the interactions from
the second and farther neighbors are ignored, the chemical
shifts can be roughly reproduced. Then, taking into account
only the nearest neighboring atoms and assuming R;; to be not
so much different, the value in parentheses in Eq. (4) can be
regarded as constant, obtaining a simplified equation.

AE;= —const. Y, g;+I=const. g;+1 (5)
J#i
Equation 5 means that the chemical shift is proportional to the
charge g; of the atom i under investigation.

What comes next is the estimation of the atomic charge g;.
Nordberg et al.'? considered that g; was given by the summa-
tion over the charge g;; transferred between the atoms i and j,
and they defined g;; as an ionicity proposed by Pauling.!¥

qi= Z qij
J#i
gj=1—exp {—0.25(x;i—x;)*} (6)
where y; is the Pauling electronegativity. The charge g; given in
this way is called charge parameter or Pauling charge, which is
commonly expressed by g,.

Jolly'¥ proposed the idea that the chemical shift was ex-
pressed by the sum of parameters p; which were specific to
each bonded atom j. The atom i/ is unchanged under investiga-
tion, and hence x; in Eq. (6) is regarded as constant. In the
case of Cls chemical shift, for example, yc=2.5, thus obtain-
ing an approximation, g;;=0.27 x;—0.67 for 1.0<y;<4.0. It
was indicated that the Cls chemical shift was given by AE-=
7.04 gc —0.83 when assuming the Pauling charge of carbon as
qc=1x(0.27 x;—0.67). He has finally proposed a generalized
expression, determining the parameter p; for some atoms.

AE;=Yp;+1 (7)

2.2 Empirical and theoretical expressions for basicity

Duffy and Ingram® considered that the optical basicity of
oxide ion, /A was dependent on the sort and quantity of atoms
interacting, and proposed the following equation.

Zili
A _; 2y;
yi=1.36(x;—0.26) (8)

where z; is the oxidation number of the cation i, and r; is the
ionic ratio with respect to the total number of oxides. y; is the
basicity moderating parameter and is empirically given by us-
ing the Pauling electronegativity y;.

Duffy'S also found a relation between the optical basicity
and polarizability of oxide ion, «(O).

Aa) =1.67 <1—$> 9)
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Furthermore, Dimitrov and Sakka'® derived the following

equation.
_[(Vm\ (=1 _
«(0) = [ <2.52> (nit2) CMaM)
—c(R)a(R):| ﬁ (10)

where V,, is the molar volume, n, is the refractive index, and ¢
is the atomic ratio in an alkali (R) metal (M) oxide, R ()
MC(M)OC(O)~

Recently, Dimitrov and Komatsu'” introduced the interac-
tion parameter 4, which is a quantitative measure of interion-
ic interaction and is derived from the polarizabilities of con-
stituent ions of a material.

A=1{a(0f) —a(0)}/2{aM) +a(Of) } {a(M) +a(0) }
(11)

where (M) and «(O) are the polarizabilities of cation and
oxide ion, respectively, and a(Oy) is the polarizability of free
oxide ion (3.921 A3). A linear correlation was found between
A and A(a) calculated from Eqgs. (9) and (10) in various
glass systems,'® suggesting that the interaction parameter 4
was available as a measure of basicity of glass.

Morinaga et al.!® assumed that the basicity was inversely
proportional to the Coulomb force between cation and oxide
ion, proposing the basicity parameter B as follows.

, ziX2 !
o]
(r,+1.40)?

B’ — Bs.

Bi=——— (12)
BCao—BSio2

B:Z n,»B,-

where z; is the charge of cation i, r;is the ionic radius in A, and
n; is the cationic ratio.

3. Results and discussion

3.1 Basicity and XPS chemical shift estimated

In the estimation of XPS chemical shift by using the equa-
tions introduced in the Section 2.1, the number of atomic
pairs, that is, the structure should be given. The glass structure
is inherently obscure, and hence the equations are not applica-
ble to glass without modification. However, the properties of
glass are often approximated by the linear combination of the
properties of each glass constituent (additivity rule). Then,
the charge of oxide ion was estimated from Eq. (6), assuming
that the charge of oxide ions in an alkali binary glass was given
by averaging the charge of oxide ions introduced from the
alkali oxide, g,(O in NWM) and the network-forming oxide,
¢,(O in NWF). The charge ¢,(O in NWF) can be estimated
from Eq. (6) without modification, and in the estimation of
the charge g,(O in NWM), however, some modifications are
required because the local structure around oxide ions in R,O
is far from the structure in glass. In general, the charge of
alkali ions is regarded as + 1, and even in the estimation of the
charge parameter, it is assumed that a unit charge — le is
transferred from an alkali atom to the adjacent atom.'? Ac-
cording to the XPS measurements,” however, the binding
energies of core-orbitals of alkali ions are not invariable, and
they shifts chemically as well as Ols signals, suggesting that
the interactions between alkali and oxide ions are not fully
ionic but partially covalent. However, the charges ¢,(O in
NWM) estimated from Eq. (6) assuming the crystal struc-

tures of R,O become unrealistic values less than —2. It was
therefore supposed that oxide ions in an alkali oxide possessed
a fully ionic charge multiplied by the rate of ionicity. Finally,
the charge of oxide ions in a glass was evaluated as follows.

4,(0) =¢,(0 in NWM) + ¢, (O in NWF)
q,(O in NWM) =2z X g;, o= —2
q,(O in NWF) = —Nx g;; (13)
qi;=1—exp{—0.25(x;—x)*

where NWM and NWF represent network modifier and net-
work former, respectively. z, is the fully ionic charge of oxide
ions, and N is the number of NWF atoms such as Si and B
bound to an oxide ion. For NBO, N=1, and for BO and
doubly-bonded oxygen such as O in P=0 bond, N=2.

The atomic charges of oxide ions ¢, (O) calculated from Eq.
(13) are listed in Table 1, and the parameters used in the cal-
culations are also listed in Table 2. The correlation between
the g,(O) determined in this way and the experimental Ols
binding energy, Eg(O1s) is shown in Fig. 1(a). In the case of
N=2, the data for TeO, and Bi,O; systems are located at
different regions from those for the other glass systems.
However, if assuming N = 3, that is, oxide ions are surrounded
by 3 Te or Bi ions, the data shift to the region on the extension
of the other data for the normal coordination number, N=2.
The reason is unclear, but the lone-pair electrons on Te and Bi
ions may be responsible for the irregular coordination num-
ber. At any rate, a roughly-linear correlation is confirmed in
the systems, B,O3, SiO,, P,Os and GeO,; as expected, the Ols
binding energy decreases as the charge of oxide ions becomes
more negative.

Next, the optical basicity derived from electronegativity, A
(x) was calculated from Eq. (8), and the correlation with Ej
(O1s) is plotted in Fig. 1(b). A () can be directly calculated
from the glass composition, as is also the case for basicity
parameter B. As similar to the case in g,(O), the data for
TeO, and Bi,O; systems deviate from the others. In each glass
system, however, a favorable linear relationship is found. Ex-
cept for Bi,O; system, Eg(Ols) shifts to lower side with in-
creasing the basicity A (y).

Figure 1(c) shows another correlation between optical bas-
icity and O1s binding energy, where A () was estimated from
Eqgs. (9) and (10). According to Eq. (10), the molar volume
Vi and refractive index ny are necessary in obtaining the polar-
izability of oxide ion «(O), and V, is derived from the density
d. Prior to the o(O) calculation, the values of d and np (Na
D-line, 1=589.3nm) are estimated as follows. The ex-
perimental data of d and np were extracted from the
handbooks,? and the data were plotted against R,O content,
performing polynomial regressions (maximum order 4). In
extracting the data, the data for the glasses whose analytical
compositions were specified were collected except for TeO,
system. Moreover, the data with large deviation from the ap-
proximation curve were excluded from the regressions.
The values of d and np listed in Table 1 were calculated by us-
ing the regressions obtained in this way. In Fig. 1(c), a
decreasing tendency of Ez(Ols) with the increase in A («) is
commonly observed in each glass system. However, the mag-
nitude of the change in A («) in each system is quite small as
compared with the difference in A () between the glass sys-
tems.

Dimitrov et al. have examined the correlations among the
polarizability, basicity, interaction parameter, and XPS chem-
ical shift for a number of glass systems (see references in Ref.
18). A linear correlation was observed between the interaction
parameter A and the optical basicity A () .1”>182D) When A4 is
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Table 1. Glass Composition, Estimated Density d and Refractive Index np, Experimental Ols Binding Energy E5(Ols), Pauling Charge of
Oxide Ion ¢,(0O) and Optical Basicity A (x) Calculated from Electronegativity x, Polarizability of Oxide Ion «(O), Optical Basicity A () Cal-
culated from «(O), Basicity Parameter B Calculated from Atomic Charge z, and Chemical Shift Parameter CSP, Where ¢,(0), A(x), «(0), B,
and CSP are Calculated from the Parameters Listed in Table 2

(@} xR0+ 100-v)B04

N X d o EnOIs) glO) g (O)
mol%) _(gfem™ P (V) fromy  trom y,

W0 aO)_ B B
i

A AR A Ay MO @) o fromez

0 1837 1459 53331 08G0_ 0901 0423 0433 136 0424 0430 2266 002 1.0%
T 81950 1486 53207 0880 0916 0438 0450 1363 0445 0445 2081 0156 1342
122010 1500 53302 0892 -0925 0447 0460 1360 0459 0442 1972 0229 1484
19 2109 1521 53234 0913 -0941 0464 0478 1353 0481 0436 -1805 0348 1712
23 2068 1S3 53252 0027 0952 0475 0490 1350 0496 0433 -1695 0420 1850
272206 1545 5396 0940 0962 046 0502 1349 0514 0432 1579 0485 1970
332270 1560 5385 0960 -0.977 0502 0519 1357 0550 0440 1367 0576 2139
372290 1573 33135 L0079 0992 0517 0536 1379 0598 0459 1122 0656 2284
41 2280 1383 53123 0095 -1004 0530 0SS0 1412 0654 0487 0885 0718 2396
442247 1592 53095 -1O11 -1017 0542 0564 1460 0724 0526 -0.63% 0776 2497
52 53062 1051 1047 0574 05% 0005 2717
Na 6 1977 1A% 53262 0876 0914 043 0447 1366 0450 0497 2043 0dol 1322
10 2040 1491 53289 0886 -0923 0447 0457 1364 0467 0446 1903 0247 1470
12 2073 1494 53250 0893 0928 0453 0463 1363 0478 0445 -1824 0205 1555
16 2142 1499 33192 0908 0940 0467 0477 1362 0504 043 -led2 0407 1745
26 2285 LSIL 5381 -0941 0968 0499 0508 1368 0572 0449 1249 0630 2116
32346 1517 5317 -0960  -0.983 0516 0525 1379 0617 0459 -1036 0739 229
37238 1515 5301 008 1005 0541 0549 1405 0692 0481 0744 0881 2516
412339 1500 53069 -1007  -1022 0361 0569 143 0760 0505 0528 0085 2677
[3 51976 1482 53276 08T 0016 0438 0449 1362 0448 0444 2062 0190 1310
112054 1488 33273 0891 0. 0458 0469 1364 0487 0446 1758 0378 13561
17 2012 1488 53223 0011 -0056 0481 0492 1369 0536 0450 1448 0S83 1826
22067 1480 53106 -0928 0075 0301 0512 1372 0576 0453 -1227 0740 2028
24 2202 1492 5321 -0038 0986 0S12 0523 1375 0601 0455 -1109 083 2135
322200 1502 534S -0072 41022 0550 0562 1400 0700 0477 0707 1103 2456
34 2308 1502 53050 0981 1032 0562 0574 1415 0736 0490 0598 1177 2540
+ analy Geal compositions determined by an inductively coupled plasma method
() R0+ (100-1)8i0;
v a ExOI9) g0 g0y NG B B
(ol (glem "D V) fromy  fromy, B Aw ¢ (A A M A e fromg
0 2203 1% 532066 -1.020 0910 0477 0463 1455 0435 0522 2171 0000 1035
T 33 233 153 33119 -L138 <1017 0579 0382 1357 0748 03597 0562 0853 2723
Na 20 2387 149 53163 -1.096 0980 0552 0540 1547 0694 0391 0736 0783 2441
25 2420 1497 53167 1115 -1000 0573 0362
30 1502 53087 1135 1021 0596 0585 159 084 0.6 0316 L0sd 2932
3 1505 53096 1148 1034 0610 0599 1612 0889 063 0209 1166 3058
40 L5110 53032 -L179 -1067 0645 0635 1656 LOII 0661 0018 1342 3318
5 TSI 52003 41204 1092 0672 0663
50 1517 52080 1230 1119 0701 0692 173 1214 0707 0295 1566 3615
X 20 1494 53125 110l -1007 0576 0566 1560 0748 0599 0563 1127 2577
33 1508 53044 1157 1083 0652 0052 1635 0985 0649 0025 1678 3.207
" hominal compositions
() 3RO+ (100-0P10;
= d FOT) g0 i) w0 @O B B CSP
R mol%)  (glem® P V) fomy fromy, MO AR A A A M) s fromz €V
0 53265 0775 0698 0400 0350 0005 015 5308
Na 30 0926 0846 0459 0413 0633 0974 53350
2 0886 0807 0442 0393 0461 0785 53382
35 0956 0876 0472 0428 0755 L1l 533.26
34 0950 0870 0470 0425 0731 1084 53331
37 0969 0889 0478 043 0804 1167 53316
2 Q002 0921 0494 0451 0927 1309 53289
46 53276 41030 0940 0500 0466 1025 1424 33266
52 53217 107 0993 0533 0.492 1172 1603 53229
58 53145 1124 L0l 0562 0.523 1319 1790 53187
“analy tieal compositions determined by XPS
(@) R0 +(100-x)GeO)y
= d Ol O g0y TOEG) B B
ol (greomy " V) fromy  fomy, A0 A ¢ Gy LEy MO A s ong

0 3646 1608 33202 -1029 -0.964 0477 0516 1.900 0534 0791 -1.456 0045 1.575
Li 7 3.908 1663 331.77  -1.049  -0.982 0.496 0.535 1.870 0.555 0777 -1.337 0264 2.046
11 4.021 1687 53238  -L061 -0.992 0.508 0547 1.851 0.567 0768 -1.274 0377 2280
13 4.088 1.705 33112 -1.074  -1.003 0319 0.560 1.837 0.586 0.761 -1.179 0.482 2,490
20 4.084 L716 33217 -1.090  -1.018 0.535 0.576 1.837 0.629 0.761 -0.987 0.603 2724
23

3.935 1.714 160 -1.108  -1.033 0.551 0.594 1.867 0.703 0775 0706 0715 2929
0 3.673 1696 3
Na 7 3.960 1.663

v

3
3158 -1126 1030 0369 0612 1945 0829 0811 -0345 0818 3108
386 -1.051 -0.985 0502 0539 1.872 0573 0778 -1245 0346 2159
3

v

15 4.043 1683 33141 -1.010 0.332 0.567 1874 0.658 0779 -0.869 0.646 2,705

25 3.802 1662 33052 -1.046 0.573 0.606 1915 0.813 0798 -0385 0.967 3238

30 3702 1.641 .37 -1.065 0.596 0.627 1,946 0.906 0812 0173 L1108 3452

K 6 3.848 1631 33178 . -0.98% 0.505 0.543 1.890 0.592 0786 -1.149 0423 2145
9 3883 1659 33171 -1039  -1.003 0319 0.557 1885 0.624 0784 -1.007 0396 2304

11 3890 1661 531.68 -1.067 -1.012 0529 0.566 1.883 0.647 0.783 -0.912 0.706 2,347

14 2870 1639 33081 -1.078  -1.026 0.544 0581 1.884 0.685 0784 0767 0.864 2759

13 3798 1650 33049 -1093 1045 0.565 0.602 1.893 0.746 0788 -0.368 1.063 3013

24 3615 1629 33029 -1L117  -1.076 0.598 0.634 1.931 0867 0805  -0255 1336 3335

% anuly tical compositions determined by an induetively coupled plusmu method

() xR0-{100-x) ey

= q EiOl) (O g Y] B 7 5P
RO ol (glom®y (V) fromy fromy, A0 AW (A M AME) hns Roma, (V)
0 5604 318753032 1162 -1.056 04000609 L0064 0961 0006 0078 3150 53069
I TS5 5178 2078 53015 -LI% -LOSS 0448 0.646 1076 0048 0018 0506 3759 53052
20 5017 2.041 32998 -1.209 -1.100 0.466 0.639 106 0.944 0160 0.623 3898
35 4847 2002 52995 1222 L3 0484 0673 L1399 0941 0203 073 4011
30 4667 1964 5298 1236 -1126 0504 0689 LI75 0937 0248 0835 40l
Na 10 3258 2095 330.07 -1.187 -1.082 0.439 0.637 1.123 0.967 0,183 0,491 3760
13 3.074 2044 532996 -1.200 -1.095 0.460 (.633 1.179 0.969 .254 0.670 2991
20 1883 1990 52976 -1214  -LII0  0AS3 0669 1231 0968 0303 0835 418
25 4685 1932 52076 -1229 -L125 0507  0.686 1278 0964 0363 098 4340
30 4480 1870 52953 1235 L1l 0532 0704 1316 0957 0401 1126 4465
35 4267 1805 52934 1262 LI5S 0559 0724 L34 0946 0428 1256 4562
I3 0 5062 2060 5200 LIS -L095 0450  0.630 1194 0982 0271 0679 3843
15 4810 2002 32974 -1.204 -1.115 0478 0.672 1278 0).988 .363 0.940 4.096
20 4.372 1940 32955 -1.219 -1.137 0.507 0.695 1.352 0.991 0.435 1.179 4.298
25 4347 1878 52953 1236 -L160 0537 0720 L413 098% 0488 1399 4456 52946
* nominal compositions
(0 1RO+ (100-9Bi,0;
= d Ol 4l0) i) - W o B B [
R ol (glemd ™ V) fomy  fomy, O AW W A MO M o troma V)
14 20 527.97 -1.436 -1.218 (1,490 0.784 0.753 5496 32817
25 500 L4l -1227 0503 0791 0814 5465 52823
275 52823 L4 <123 0510 0795 0844 5446 5286
30 32819 -1.447 -1.235 (1517 0.799 0.874 3426 32829
3235 328 -1.450 -1.240 (1,524 0.803 .904 5.402 52832
35 52855 1453 1245 0531 0807 0934 5379 51835

* nominal compositions
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Table 2. Original and Optimum Parameters Used in the Calcula-
tions; Electronegativity y, Polarizability o, lonic Charge z, and Chem-
ical Shift Parameter p. The Parameters, x;, x», o and z; are Op-
timized for the Charge Parameter ¢,(O), the Optical Basicities A (x)
and A («), and the Basicity Parameter B, respectively

x/- /- yai- ofAX Az ozl zxg, - plev
B 20 1.95 196  0.002 1.419 3 1.96 1.29 517.40
Si 1.8 1.94 1.85 0033 2.073 4 2.50 2.06 512.08
P 2.1 2.19 2.36 5 6.35 1.94 513.79
Ge 18 1.88 169 0137 2869 4 217 206 509.97
Te 2.1 2.18 1.47 1.595  4.2% 4 1.89 1.55 50524
Bi 19 2.08 1.23 3 1.23 1.42 504.79
Li 10 123 095 0024 0.000 1 0.79 0.79 52261
Na 0.9 1.08 090 0240  0.000 1 0.84 0.82 519.19
K 0.8 0.51 079 1.000 0.574 1 1.00 0.84 517.07
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Fig. 1. Correlation between experimentally obtained Ols binding
energy E3(Ols) and the quantities numerically estimated; (a) charge
parameter, ¢,(0), (b) optical basicity estimated from electronegativi-
ty A(x), (c) optical basicity estimated from polarizability A («), and
(d) basicity parameter B.

plotted against 1/a(O) at constant (M), almost linear
relationship is obtained, and especially at small «(M), such as
B, Si, Li, and Na, the contribution of «(M) is neglected and
the regression becomes a straight line. As is obvious from Eq.
(9), A(w) is also proportional to 1/a(O), and hence A ()
and A should be proportional to each other if calculated from
the same «(O). It is therefore expected that the similar corre-
lations shown in Fig. 1(c) would be obtained if E5(O1s) were
plotted against A.

Figure 1(d) shows the correlation between the basicity
parameter B and Ez(Ols). A similar correlation is seen be-
tween Figs. 1(b) and 1(d), and the data in Fig. 1(d) are more
widely scattered as compared with Fig. 1(b).

Bi,O; system shows the opposite correlation to the other
glass systems; excepting Bi,O; system, Ols binding energy
commonly decreases with increasing the basicity. It is also the
case in the Ols chemical shift against the glass composition;
except for Bi,O; system, Ols binding energy commonly
decreases with increasing R,O content. The positive electron
holes in bismuthate glass? may be responsible for the
anomalous Ols chemical shift.

Among Figs. 1(a)-(d), a linear correlation is seen only be-
tween the charge parameter ¢,(O) and Ols binding energy Ep
(O1s), while an unusual assumption is required in the local
structure around oxide ions in TeO, and Bi,O; systems.
Excluding these systems, the basicity estimated from elec-
tronegativity A (x) gives the smallest deviation.

3.2 Optimization of parameters in computational expres-

sions

It is well known and is clearly seen from Eq. (6) that the ef-
fective charge on oxide ions varies according to the chemical
environment. It is naturally expected that cations also vary in
charge as well as oxide ions. As shown in Eq. (12), the basici-
ty parameter B includes the charge of cations z, where fully-
ionic charges are used in the calculation of the basicity
parameter. It is expected that the better correlation with Ols
binding energy is obtained when modifying the charge into a
realistic value. It is also known that electronegativity y differs
according to the chemical bonding states.??’ Te and Bi ions
might have possessed different electronegativities in the
glasses. Moreover, different values have been reported for the
polarizability o of cations, and hence there is no reason not to
modify the cation polarizabilities. Then, the parameters,
charge z, electronegativity x and polarizability « for the ca-
tions were optimized by a non-linear least square method so as
to establish linear correlations with Ols binding energy.

The parameters before and after the optimization are listed
in Table 2, and the resultant quantities and correlations are
shown in Table 1 and Figs. 2(a)-(d). In the optimization, the
data for pure P,Os glass and part of the glasses in Li,O-GeO,
system were excluded, otherwise optimum solutions could not
be obtained. As seen from Fig. 2, the better correlations are
achieved after the optimization. However, only the basicity
parameter B successfully reproduces the inverse Ols chemical
shift in Bi,O3 system. Among the parameters, the optimal elec-
tronegativity x; used in the calculation of ¢,(O) shows the
smallest difference from the original value. The optical basici-
ty A () is also derived from electronegativity, and the optimal
parameters x, of Te and Bi are significantly reduced from the
original values, suggesting that the chemical bonding charac-
ter of Te-O and Bi-O bonds is not so covalent but more ionic
as compared with B-O and Si-O bonds. As for polarizability
a, it is unexpected that the network forming cations have
changed drastically as compared with modifiers. As for the ca-
tion charge z in basicity parameter B, the optimal charge of P,
z:(P) is 6.35, which exceeds the full charge, z(P) =5+. The
electronegativity x (P) is 2.1, which is highest among the con-
ventional network formers, suggesting the highest covalency
of P-O bond. In practice, the apparent charge z(P) X gpo (=
full charge X ionicity) is 1.94, in which the difference from z;
(P) is largest among the investigated cations.

3.3 Chemical shift parameter —a novel expression

As mentioned, Jolly'¥ proposed Eq. (7) based on the idea
that the XPS chemical shift was expressed by the sum of the
parameters p; which were characteristic of each atom j bonded
to a specific atom under investigation. As also described, it is
hard to determine the sort and number of atoms adjacent to a
specific atom in glass. It is therefore convenient for glass to
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Fig. 2. Correlation between experimentally obtained Ols binding
energy Ez(Ols) and the quantities numerically estimated from the op-
timal parameters; (a) charge parameter ¢,(O), (b) optical basicity es-
timated from electronegativity A (x), (c) optical basicity estimated
from polarizability A (o), (d) basicity parameter B, and (e) chemical
shift parameter CSP.

adopt a quantity which directly reflects the chemical composi-
tion of a material rather than the structure. Then, we modified
the Jolly’s idea as Ols binding energy was expressed by the
sum of the parameters p; which were characteristic of each
atom j constituent of a material, and we devised the following
equation.

Ex(Ols) = £c;p;+const.= CSP (14)

where ¢; is the atomic ratio of the constituent atom j. We did
not adopt p; for the constituent compound j, because if doing
so, the chemical shift of a structural group would not be esti-
mated. Defining a p; for each atom j, it is able to estimate the
XPS chemical shift for the individual structural fragments,
such as BO, NBO, SiO, tetrahedron, BO; triangle, and so on.
We will name the parameter p; including the sum of p; “chemi-
cal shift parameter, CSP.”

Then, the parameters p; were empirically determined so as
to achieve a linear correlation between CSP and the ex-
perimental E(Ols). The resultant correlation and the op-
timal parameter p; are shown in Fig. 2(e) and Table 2, respec-

tively. It is noted that the chemical shift parameter for oxygen
is ca. 543 eV, which is approximately consistent with the ac-
tual observation for oxygen molecule.?” The parameters in
CSP should be determined empirically according to the actual
observations, and CSP however has great advantage as com-
pared with the other empirical expressions. In the present
paper, the Ols chemical shift has been discussed. In XPS spec-
tra, however, the signals for cations, such as Bls, Si2p, Nals,
and so on, also shift chemically. Little has been proposed for
the computational expression of the XPS chemical shifts of
cation signals. It is quite easy for CSP to express the chemical
shifts of cation signals. Accumulating the spectral data, CSP
will be the best expression for the XPS chemical shifts as well
as the basicity of glasses.

4. Conclusion

It has so far been expected that Ols binding energy deter-
mined from XPS measurements was applicable as a measure
of basicity of oxide glasses. Correlations between Ols binding
energy and the quantities estimated from various computa-
tional expressions were examined to explore the best expres-
sion for the Ols chemical shift and the basicity of oxide
glasses. The obtained results are summarized as follows.

(1) In the glasses of TeO, and Bi,O; systems, the correla-
tions different from the other conventional glasses in the sys-
tems, B,03;, SiO,, P,Os and GeO,, were found. In the conven-
tional glasses, however, the correlations with linear and small
deviations were confirmed in the expressions for the Pauling
charge ¢, (O) and the electronegativity-derived optical basicity
A(x).

(2) Linear correlations covering the whole glasses could
not be obtained without the modification of the parameters
required in the computations, such as electronegativity and
polarizability of cations.

(3) A novel expression named chemical shift parameter,
CSP was devised. Despite the simple expression, a linear cor-
relation covering the whole glasses could be successfully ob-
tained. It was expected that CSP became the best expression
for the XPS chemical shifts as well as the basicity of glasses by
accumulating the experimental data.
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