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Core Binding Energy Difference between Bridging and

Nonbridging Oxygen Atoms in a Silicate Chain

Abstract. The x-ray photoelectron spectra of the oxygen Is level of olivines
contain a single component whereas those of pyroxenes contain two components
with an intensity ratio of 2 : 1 and an energy separation of about 1 electron voli.
We interpret these two components to be the result of the binding energy differ-
ences between nonbridging and bridging oxygen atoms within a silicate chain in

the pyroxene structure.

There have been many photoelectron
spectroscopic studies of the shift in the
binding energy of core electrons -due to
various chemical effects such as valence
states, bond character, and spin-ex-
change splitting (/). In the second
(2) of a series of three articles en-
titled ‘“Molecular Spectroscopy = by
Means of ESCA” (Electron Spectros-
copy for Chemical Analysis) (2, 3)
Lindberg and his co-workers presented
specific correlations between the bind-
ing energy of the core electrons of sul-
fur and the structure of sulfur com-
pounds. We have now observed shifts
in the binding energy of the 1s level of
oxygen atoms caused by the differ-
ences in the local environment of oxy-
gen atoms within a silicate chain in the
pyroxene structure.

The photoelectron spectra were ob-
tained in a newly designed electrostatic
analyzer situated in an oil-free vacuum
system with operating pressure in the

1 X 10—8 torr region. Although the
spectrometer system is capable of pro-
ducing 1.35 ev half-width for the pho-
toelectron peak from the 4f;,, level of
gold with AlKe, , excitation, its resolu-
tion was degraded to 2.2 ev for the
experiment reported here in order to
enhance the signal-to-noise ratio. The
samples were in the form of fine pow-
ders (< 400 mesh). An extremely thin
layer of the powdered sample was
brushed onto an aluminum foil sub-
strate, one side of which was covered
with several monolayers of adhesive.
Because of the presence of surface con-
taminants each sample was sputter-
cleaned with Ar+-bombardment at 1.5
kev and 20 pm pressure in an ante-
chamber immediately before measure-
ments. The time interval between the
end of Ar+-bombardment and the be-
ginning of measurements in the high
10—8 torr range was approximately 6
minutes.
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Fig. 1. Oxygen ls photoelectron spectra:
(A) Fe.0s;; (B) Fe-Mg-olivine; (C) ortho-
pyroxene; (D) computer-resolved ortho-
pyroxene.

In the study reported here sets of three
samples were mounted on a rotatable
sample holder to ensure an identical
experimental environment for each set.
The effect of charging on insulating
samples was investigated at length but
none was observed with our method of
sample preparation.

The oxygen ls photoelectron spectra
of Fey,03, Fe-Mg-oiivine, [(Feg 40~
Mg 60)25104], and  orthopyroxene
[(Feg goMgo.90) 29106] are shown in
Fig. 1. The Fe,O4 spectrum serves as
a standard for line shape and also as a
position reference. A similar set of
spectra was also collected for Fe,Os,
Ca-Fe-olivine (CaFeSiO,), and Ca-py-
roxene [(Cayg 20Fep 40Mg0.40) 2512041
We note the following features in the
spectra of Fig. 1:

1) The width of the oxygen ls line
from Fe,O, (Fig. 1A) is identical to
that of the Fe-Mg-olivine (Fig. 1B);
and both are narrower than that of
orthopyroxene (Fig. 1C).

2) The binding energy of the oxy-
gen ls electrons is lowest for Fe,Og
and highest for orthopyroxene, with the
value for Fe-Mg-olivine intermediate
between those for Fe,O; and orthopy-
roxene (see also Fig. 2).

3) The orthopyroxene oxygen curve
(Fig. 1C) can be resolved into two
components with an intensity ratio of
about 2:1 and a separation of
(1.35=0.15) ev (Fig. 1D) when
either Fig. 1A or Fig. 1B is used as a
standard. The deconvolution was per-
formed by means of a generalized
curve-fitting computer program (4)
compiled for this purpose.

We also observed these same general

(Fe,Mg),Si,0, NB

NB

1 1 1 1 1

{Fe,Mg),Si04
Fe,0,
B (Ca,Fe,Mg),Si,0,
CaFeSiO,
| 1 i - 1 1
0 0.2 0.4 0.6 0.8

1.0 1.2 14 16 18 20

Relative binding energy (ev)

Fig. 2. Relative binding energy shifts of the oxygen 1s level in olivines and pyroxenes
with reference to Fe.O. Positions indicate the center of the background-subtracted
peaks; NB and B indicate, respectively, the computer-resolved peak positions of the
nonbridging oxygen atoms. The higher binding energy in Fig. 2 corresponds to the

lower kinetic energy in Fig. 1.
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features in the other set of samples
consisting of Fe,O3, Ca-Fe-olivine, and
Ca-pyroxene.

In Fig. 2 we indicate the relative
shifts in binding energy of the oxygen
1s level in the four silicate samples
with reference to that of Fe,O3 The
uncertainties in the energy values are ==
0.15 ev. Our interpretations of these
shifts are as follows:

1) Fe,O; has a close-packed hex-
agonal structure with only one type of
Fe—O bond. Hence one expects a sin-
gle-component oxygen 1s photoelectron
line whose shape and width can be
used as a standard to resolve multiple-
component lines from other samples.
Since the relative binding energy shift
is of interest here, its position is used
as a reference for t-e other samples.

2) The isolated SiO, tetrahedron as
it occurs in the structures of Fe-Mg-
olivine and Ca-Fe-olivine is shown in
Fig. 3A. The Si-O bond length for
both olivines has been established by
x-ray diffraction studies (5). Since
there is only one type of Si-O bond
in this structure, one again expects a
single-component oxygen 1s line. This
is indeed the case when one compares
the shape and width of Fig. 1B (Fe-
Mg-olivine) with those of Fig. 1A
(Fe,03). The oxygen 1s binding en-
ergies in the olivines are higher than
that in Fe,O4, an indication of a more
covalent bonding character for the
Si—O bond in olivine.

3) The single silicate (Si,O¢) chain
as it occurs in the structures of ortho-
pyroxene and Ca-pyroxene is shown in
Fig. 3B. There are two types of Si-O
bonds in this case, namely, those in-

Fig. 3. Isolated silicate structures in oli-
vines and pyroxenes: (A) SiO; tetrahedron
in olivines; (B) Si:Os chain in pyroxenes;
(solid circles) bridging oxygen atoms;
(open circles) nonbridging oxygen atoms.

SCIENCE, VOL. 173



volving the bridging and the nonbridg-
ing oxygens. The average bond lengths,
as established by x-ray diffraction stud-
ies, are, for the bridging oxygens, 1.67
and 1.65 A for chains A and B in
orthopyroxene (6), and 1.68 A in Ca-
pyroxene (7). For the nonbridging
oxygens the average bond lengths. are
1.60 A for both chains A and B in
orthopyroxene (6), and 1.59° A in
pyroxene (CaMgSi,O4) (7). Thus the
Si-O bond lengths for the bridging
oxygens are roughly 0.07 A longer than
those for the nonbridging oxygens. The
population ratio of the nonbridging to
bridging oxygens is 2 : 1. As can be
seen from Fig. 1D, the oxygen 1s spec-
trum of orthopyroxene does indeed
consist of two components with an in-
tensity ratio of about 2 : 1. The same
intensity ratio was also observed in the
deconvoluted oxygen spectrum from
Ca-pyroxene. Furthermore, since long-
er bond lengths indicate in general a
more ionic bonding character, one ex-
pects the bridging oxygens to have
lower binding energy than the non-
bridging oxygens. This result is also
clearly demonstrated in Figs. 1D and 2.

4) The 1s level of the oxygen atoms
in Ca-pyroxene and Ca-olivine have
lower binding energies than those in
the Fe-Mg set. This effect is most like-

ly due to the influence of the cations in
the crystal structure.

The results presented here show that
photoelectron spectroscopy is a useful
technique for the systematic study of
the correlation between bond lengths
and core binding energies among given
pairs of atoms, such as Si—O in the
silicate chains.
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Follicle-Stimulating Hormone and the Regulation of

Testosterone Secretion in Rabbit Testes

Abstract. Regulation of testosterone secretion is presumably mediated by inter-
stitial cell-stimulating hormone (ICSH). However, there is little information on
the actions of other chemical messengers in regulating testosterone secretion. We
have shown that follicle-stimulating hormone augments testosterone secretion
stimuated by ICSH in rabbit testes perfused in vitro with an artificial medium.

Alterations in testosterone secretion
are presumably mediated by intersti-
tial cell-stimulating hormone (ICSH),
and testosterone is thought to act on the
hypothalamo-hypophyseal complex to
regulate ICSH release. The fact that
testosterone is influenced by a wide
variety of signals (/) suggests that this
mechanism cannot be the sole regulator
of testosterone secretion. Similarly,
mechanisms discovered in other organ
systems imply by extension a multiplici-
ty of controls for regulation of testos-
terone.

For instance, insulin, hydrocortisone,
and prolactin are required to stimulate
synthesis of milk protein in mouse
mammary glands (2); and prolactin,
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luteinizing hormone, and follicle-stimu-
lating hormone (FSH) are needed to
maintain functional corpora lutea in
pregnant hamsters (3).

Determination of the hormonal fac-
tors that regulate testosterone secretion
in mammals has been hampered by the
lack of a suitable experimental prepa-
ration that could be used in examining
the effects of chemical messengers on
testosterone secretion. without inter-
ference from extrinsic signals. The con-
tinued development of the perfused
rabbit testis in vitro (4, 5) suggests that
this may be the best experimental sys-
tem in which to examine the effects of
a variety of hormones on testosterone
secretion. Secretion of testosterone by

testes perfused with defibrinated rabbit
blood is approximately 500 ng per gram
of testis per hour throughout a 6-hour
perfusion (5). In contrast, secretion by
testes perfused with an artificial me-
dium declines during the first 2 hours
of perfusion to a basal amount of 50
ng of testosterone per gram of testis per
hour (6). Addition of ICSH to the arti-
ficial medium restores secretion. These
observations demonstrate that an arti-
ficial medium lacks factors responsible
for maintaining testosterone secretion in
rabbit testes.

It has been suggested that FSH aug-
ments testosterone secretion (7), but
quantitative measures of such an effect
on secretion stimulated by ICSH have
not been described. Such studies have
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Fig. 1. (A) Effect of varying the concen-
tration of ICSH in artificial medium on
hourly rate of testosterone secretion (n =
4). The concentrations at successive
hours were: 1 hour, 0.0 ug/ml; 2 hours,
0.01 wg/ml; 3 hours, 0.025 ug/ml; 4
hours, 0.05 ug/ml; 5 hours, 0.1 wug/ml;
and 6 hours, 1.0 wg/ml. (B) Effect of
varying the concentration of FSH in
artificial medium on hourly rate of
testosterone secretion (n =4). The con-
centrations at successive hours were: 1
hour, 0.0 wg/ml; 2 hours, 0.01 wug/ml;
3 hours, 0.025 ug/ml; 4 hours, 0.05
ug/ml; 5 hours, 0.1 ug/ml; and 6 hours,
1.0 wg/ml. Gonadotrophins (GTH) were
infused directly into the arterial cannula
by means of a Sage Micro Pump equipped
with a 500-ul Hamilton gas-tight syringe.
The concentration of GTH in the
syringe was altered at the end of each
hour of perfusion. Thus, the same volume
of GTH solution was perfused each hour.
The volume of fluid added to the arterial
cannula never exceeded 120 wul/hour.
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