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Characterisation and Properties of Amorphous Nonstoichiometric Ge;_,C,:H
Compounds Obtained from X-Ray Radiolysis of Germane/Ethylene Mixtures
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Compounds of amorphous hydrogenated nonstoichiometric
germanium carbide were obtained from the radiolysis of
GeH,/C,H, mixtures containing 3-30% ethylene. The com-
position of the materials varied depending on the ethylene
percentage in the irradiated mixture. The bonding and the

structure of the compounds so obtained were investigated by
infrared spectroscopy, and their optical gap values deter-
mined by the Tauc procedure. The variation of optical gap
values as a function of carbon content is discussed.

Introduction

In the past two decades, there has been a growth in inter-
est in amorphous alloys (i.e. SiC, SiGe, GeC) due to their
possible electronic and photovoltaic applications. A variety
of different techniques are used to obtain these materials,
some of which involve the decomposition of gaseous
reactants.l! =1 Heat or electromagnetic quanta can provide
the energy for the decomposition of the reactants. In par-
ticular, the use of high-energy quanta (i.e. X or y) allows
one to overcome the problem related with the differential
activation of compounds having very different bond ener-
gies.

In our laboratory, high-energy radiation has been used
to decompose gaseous mixtures with the aim of obtaining
amorphous materials, particularly a-GeC:H. In fact, al-
though the properties of germanium carbide are not well
known, probably due to a lack of a simple preparation
method, the theoretical conversion-yield values obtained
from the plot proposed by Prince!'® using the optical gaps
calculated from the Davis and Mott equation!!!l suggest
that the amorphous Ge—C alloys can have good photovol-
taic properties depending on the Ge/C ratio.l'”!

In previous work, the solids obtained from the radiolysis
of mixtures of GeH, and saturated hydrocarbons have been
studied,>~ 181 but the carbon content of the solid is gener-
ally low, even when a mixture that is rich in hydrocarbons
is used.

The materials prepared from mixtures of GeH, and un-
saturated hydrocarbons are now under examination, with
the aim of increasing the carbon content. In fact, mass
spectrometry studies!'>!4 have also suggested that the pres-
ence of the more reactive unsaturated bond can lead to an
increase of carbon content in the solid. In this work we
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report on the characterisation of materials obtained by ra-
diolysis of GeH4/C,H, mixtures at room temperature.

Results and Discussion

From the irradiation of germane/ethylene mixtures both
volatile and condensed products are obtained, which were
analysed using different techniques. The analysis of the re-
sidual gas phase (after irradiation) was performed by gas
chromatography/mass spectrometry: besides unchanged
ethylene and germane, di- and trigermane were revealed;
traces of volatile hydrocarbons formed by condensation of
two or three ethylene molecules were seldom observed. Sev-
eral more interesting mixed compounds, containing from
one to three germanium atoms and from one to six carbon
atoms, were also detected.

In Figure 1 (a, b) variations in yields of gaseous products
as a function of the ethylene percentage in the reaction mix-
ture are shown.

The liquid or solid products obtained from radiolysis
were deposited on the bottom of the irradiated vials. The
colour, consistency, and physical state of these compounds
depend on the ethylene percentage in the mixtures. A
brown-orange dusty solid is obtained from the mixture con-
taining 3% ethylene. If the ethylene percentage is increased
the solid becomes clearer, and at around 15% ethylene con-
tent it becomes waxy. When the ethylene percentage exceeds
15% an orange liquid is formed, but when the ethylene
amount reaches 30% the liquid becomes colourless.

In Table 1 the quantity, the average empirical formula
and other properties of the condensed phases obtained
from irradiation of germane/ethylene mixtures with ethyl-
ene ranging from 3 to 30% are reported.

The presence of hydrocarbons in the condensed phase
has been excluded by solvent extraction of the products fol-
lowed by gas chromatography/mass spectrometry analysis.
This result is in agreement with the finding of only trace
amounts of gaseous hydrocarbons in the residual gas mix-
ture after irradiation. Moreover, the prevailing presence of
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Figure 1. Gaseous products yield obtained after irradiation of ger-
mane/ethylene mixtures with different composition as a function of
the ethylene percentage in the reaction mixture (the solid lines are
to guide the eye); the adsorbed energy is the same for all the mix-
tures; NB the pmol values are affected by an error of 20%

species containing both germanium and carbon in the gas
phase and the results of elemental analysis suggest that the
materials obtained from irradiation of GeH,/C,H, consist
of polymeric chains containing Ge—C bonds. The X-ray
diffraction spectra of the compounds do not show any crys-
tallinity i.e. the materials are in the amorphous state.

All the species formed from the various mixtures are in-
soluble in common organic and inorganic solvents, but are
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Figure 2. Ge/C atomic ratio in the condensed products obtained
from irradiation as a function of Ge/C atomic ratio in the reacting
gas mixture (the solid line are to guide the eye)

rapidly oxidised by strong oxidising agents (such hydrogen
peroxide or nitric acid). They are not very stable to the air
and when exposed for a few days to the laboratory atmo-
sphere they slowly undergo oxidation and become white.
For this reason all the analyses on condensed phases were
performed soon after opening the vials.

Figure 2 shows the variation of the Ge/C atomic ratio in
the condensed phase obtained from irradiation as a func-
tion of the Ge/C ratio in the initial gas mixture.

As the ethylene concentration was increased in the re-
acting mixture, both the carbon content and the total
amount of the condensed phase increased (Table 1). On the
contrary, using saturated hydrocarbons,['>~!81 the carbon
content in the solid products increased, although the total
solid yield decreased as the hydrocarbon content in the
starting mixture was increased. These findings indicate that
in the presence of saturated hydrocarbons, the initiation and
propagation process of the polymerisation reaction leading
to the solid is due to GeH, (n = 1-—3) species, whereas
in the present experiment the ethylene molecules start and
sustain the polymerisation process.

During irradiation both ionic and radical species may be
involved in the formation of volatile and condensed prod-
ucts. From Fourier transform and high pressure mass spec-
trometric experiments!!3 the main ionic reactions are:

GeH;* + GeHy — Ge,H;* + 2H,

GCH3Jr + GeH4 — GezH5+ + H2

GeH;" + C,Hy; — Ge,Hs™ + H,

Nevertheless, as reported in a previous paper,'] the rad-
ical reactions should give the major contribution to the

Table 1. Composition, weight, and characteristics of the condensed products obtained from irradiation of GeH,/C>H, mixtures

Condensed products

Ethylene % in the mixture Weight (mg) characteristics Ge,_,C, % carbon!® % hydrogen!®!
3% 5.0 0.8 brown-orange dusty solid Geg.532Co 468 20.6 56.0
5% 70 =14 dark orange dusty solid G604503C0,497 20.9 57.9
8% 10.0 = 2.0 orange dusty solid Geg g0 Co 531 21.4 59.5
15% 150 =12 orange waxy solid Gey376Co.624 23.3 62.6
30% 20.0 = 2.0 viscous colourless liquid Gey307Co 693 24.6 64.5

[al Percentage of carbon atoms in the condensed phase. — [ Percentage of hydrogen atoms in the condensed phase.
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products formation. In the same paper, from experimental
data and ab initio theoretical calculations, we have hypo-
thesised the germane radicals with one or no hydrogen
atoms to be the most probable initiators of the polymeric
chain:

GeH,, + C;Hy —» GeC,H,.py (=0, 1)

GeH,, + GeH; — Ge,H,,.y (n=0,1)

The species produced from the above reactions are still
reactive and may react further with ethylene or germane
molecules, leading to chain propagation up to solid prod-
ucts. Alternatively, they may also react with light radicals
(mostly hydrogen) terminating the chain propagation and
leading to volatile products.

Figure 3 shows the fraction of decomposed germane as a
function of the amount of ethylene in the mixture. It in-
creases from around 0.5 to 2% of germane when the ethyl-
ene percentage ranges from 3 to 30%.
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Figure 3. Percentage of decomposed germane (gaseous and con-
densed products are considered) with respect to the amount ini-
tially present in the mixture as a function of ethylene percentage in
the irradiated mixture (the solid line is the fit of the experimental
data)

This behaviour indicates that the ethylene competes effec-
tively with hydrogen radicals in the reactions with primary
and secondary radical species, promoting the chain propa-
gation and inhibiting the radical recombination reactions.
This hypothesis is also supported by the decreasing yield of
di- and trigermane together with the general increase of
Ge—C containing gaseous species observed when the ethyl-
ene percentage is increased. Furthermore, the ratio between
the yields of condensed and gaseous products is much
higher than in the GeHy/saturated hydrocarbons system
(Figure 1 and Table 1).

Bonding and Structure

IR spectroscopy was used to study the bonding config-
uration and structure of the o-GeC:H materials obtained.
In fact the IR spectra can detect the presence and the relat-
ive abundance of CH,, GeH,,, and GeC groups. A typical
IR absorption spectrum in the 3200 to 400 cm ™! wave-num-
ber region, for a sample obtained from the irradiation of a
15:85 mixture of ethylene/germane, is shown in Figure 4a.
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Figure 4. Infrared absorption spectrum in the 3300 to 400 cm™!
wave-number region of (a) a sample obtained from irradiation of
the mixture with 15% ethylene, and (b) a sample obtained from
irradiation of pure monogermane; the former is shifted on the y
axis

In Figure 4b the spectrum of the solid obtained from irradi-
ation of pure monogermane is shown for comparison.

The IR spectra of samples prepared from gas mixtures
containing 3%, 15%, and 30% ethylene have been superim-
posed and divided into three regions, as depicted in Fig-
ure 5.

In the 3050 to 2800 cm™! range (Figure 5a) the absorp-
tion of the CH,,, (m = 1—3) stretching modes take place.
Considering the position of the stretching bands of the
CH,,, (m = 1-3) grouping in hydrocarbons and the results
reported about analogous bands in a-GeC:H and a-
SiC:H,°24 we can assign the signals around 2955 and
2872 cm ! to CHj; groups, the signals around 2934 and
2824 cm ™! to CH, groups, and the band at 2905 cm™! can
be attributed to CH groups. Figure 5a shows that the in-
tensity of the above signals increases with ethylene percent-
age in the reaction mixture. In particular, the normalised
integrated absorption I of deconvoluted signals, defined
byl21-25]

1= Ia(m)a)/da)

where o(w) is the absorption coefficient at wave-number ®],
indicates that the peak around 2955 cm™!, attributed to the
stretching of CH3 groups, increases sevenfold, whereas the
carbon content of the sample increases only 2.5 times (Tab-
le 1). This finding indicates that, as observed for a-SiC:H
alloys,[?324 the increase of carbon content causes the solid
to incorporate a larger number of CH; groups. The CHj;
bonding configuration leads to a less dense material with
inner surfaces or voids,”*! which allows oxygen penetration
into the sample if exposed to air. This is in agreement with
the above-mentioned oxidation process undergone by our
samples, which becomes faster as the carbon content is
higher.

Figure 5b shows the IR spectrum between 2125 and 1925
cm ™!, The signal is an envelope of bands whose deconvolu-
tion exhibits two partially overlapped bands at 2013 and
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Figure 5. The IR absorption bands of samples obtained from irra-
diation of mixtures with 3%, 15%, and 30% ethylene: a:
(3050—2800 cm™ 1), b: (2125—1925 cm™ '), ¢: (1500—400 cm ™ '); in
parts a and b the spectra of the samples obtained from mixtures
with 3 and 15% of ethylene are shifted on the y axis; in part ¢ the
spectra of the samples obtained from mixtures with 15 and 30%
ethylene are shifted on the y axis; the deconvoluted signals for the
sample obtained from mixtures with 30 and 15% of ethylene, re-
spectively, are also depicted in parts a and b

2051 cm ™! (the deconvoluted signals are not reported in
Figure 5b for clarity) and three bands at 1994, 2025, and
2058 cm ™! for the samples obtained from mixtures with 3
and 15% ethylene, respectively. The sample obtained from
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the mixture containing 30% ethylene does not exhibit any
signals in this range. The observed bands can be assigned
unambiguously to the Ge—H stretching mode, but the in-
terpretation of the substructure of these bands involves
various degrees of uncertainty.?> 281 In a-Ge:H com-
pounds, a band at 1970 cm™! was observed and attributed
both to the stretching of GeH groups inside cavities much
larger than that corresponding to a monovacancy,?>2° or
to GeH, group stretching. Bands at 2000 and 2060 cm ™!
were attributed to (GeH,), polygermane and GeHjs groups,
respectively. On the other hand, as observed in a-SiC:H for
the bands of Si—H bond stretching,>3?¢! in a-GeC:H the
bands due to Ge—H bond stretching can shift as the envir-
onment of the oscillatory species changes due to the pres-
ence of carbon atoms bound to germanium atoms.*!l In
fact, the stretching bonds are strengthened by attaching car-
bon atoms to Si or Ge atoms due to the higher electronega-
tivity of carbon with respect to Si or Ge.

In order to estimate the influence of neighbouring atoms
on the frequencies of GeH and GeH, attached to one, two,
or three carbon atoms, we have plotted, as proposed by Lu-
kovsky for SiH and SiH,,!*’! the molecular GeH and GeH,
vibrational frequencies (obtained from literature datal3°—3%)
as a function of XSR(R;), where ZSR(R;) is the group-
stability-ratio sum for substituting groups. The results are
shown in Figures 6a and 6b.

The fits of the points give the following Equations for
GeH and GeH, frequencies, respectively:

3
V(GeH) = 1740 +27.0 3 1SR(RJ') +13
j:

2
V(GeHy) = 1800 +34.0 2 1SR(RJ') +11
J:

The frequencies for GeH and GeH, attached to one, two,
or three carbon atoms calculated with Equation (1) and
Equation (2), respectively, are summarised in Table 2.

With these indications, the band at 2013 cm ™! from the
sample obtained in the presence of 3% ethylene could be
attributed to GeH or GeH, attached to two or one carbon
atoms, respectively, whereas the band at 2053 cm ™! could
be assigned to GeH or GeH, bound to three or two carbon
atoms, respectively. Considering the Ge/C ratio (see Table 1)
we suggest that these bands are more probably due to GeH
and GeH, modes, respectively.

Analogous considerations suggest that the three bands at
1995, 2025, and 2059 cm ™! of the sample with 15% ethylene
must be attributed to GeH connected to one carbon atom
and to GeH, attached to one or two carbon atoms, respect-
ively. However it must be considered that the band position
can also be affected by the presence of internal surfaces
analogously to a:Ge—H,[>>?°] therefore the suggested band
attribution suffers from some extent of uncertainty.

It is noteworthy that as the carbon content of the sample
increases, the band’s intensity in the 1950—2150 cm ™! range
decreases and no band is present for a sample obtained
from a 30% ethylene mixture. This behaviour seems to in-
dicate that hydrogen bound to germanium is substituted by

Eur. J. Inorg. Chem. 2001, 1235—1242
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Figure 6. Frequency of GeH (a) and GeH, (b) stretching versus
electronegativity for substituted germane molecules; the points are
the experimental frequencies and the solid lines are the fits to the
molecular data for the di- and trisubstituted molecules

Table 2. Stretching frequencies calculated for GeH and GeH,
groups

GeH GeH,

Ge;GeH 1952 cm™! Ge,GeH, 1978 cm™!
Ge,CGeH 1983 cm ™! GeCGeH, 2018 cm™!
GeC,GeH 2014 cm™! C,GeH, 2058 cm ™!
C;GeH 2047 cm™!

carbon even if overall the hydrogen content in the con-
densed products increases. In fact, it must be considered
that Eponq(C—H) > Eponqa(Ge—H)B9 and, as observed in
the a-SiC:H system,**! the more probable bonding sites for
hydrogen atoms are those having the largest bond energy.
This is in agreement with both the above-mentioned in-
crease of the band intensity attributable to CH; groups and
the observed increase (calculated from the integral of de-
convoluted signals) of the CH3/CH, ratio.

Figure 5c shows the spectra in the 1500 and 400 cm™
wavenumber region. In this range many bands are present,

1
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and the interpretation is difficult due to the presence of
broad bands (which are envelopes of modes) and by the
overlapping of Ge—C stretching with Ge—H wagging
modes or with Ge—CH,, and GeH, bending modes.?!-22:3]
Moreover, in this region the deformation modes of
(CH,),C/Ge (m = 1-3; n = 1-3) groups are ex-
pected.l21:241

The signals at 1385 cm ! and 1458 cm ! are attributable
to the symmetrical and asymmetrical deformation modes of
the (CH;),C groups (n = 1—3).2%24371 The weak band
around 1424 cm™!, whose intensity increases with increas-
ing carbon and hydrogen content in the condensed phase,
is probably due to the deformation mode of the CH;Ge
groups.?*371 Two signals around 1210 and 1225 cm™! are
also present. Considering (i) that the intensity of the band
at 1225 cm™! increases while that of the band at 1210 cm™!
decreases with the carbon and hydrogen content, and (ii) -
that Rubel et al.?¥ attribute the two bands around 1230
and 1245 cm™! to a bending mode of (CH,,,),C/Si (m, n =
1—3) and to a symmetric deformation mode of the CH;Si
group, respectively, the bands at 1210 and 1225 cm ™! have
been assigned to analogous vibrational modes of CH;Ge
and (CH,,,),,C/Ge groups. The signal around 1024 cm~! and
the shoulder at 965 cm ™! are attributable to CH,, rocking
and/or wagging modes*®3°1 and to C—C stretching modes,
respectively. The broad band between 950 and 750 cm™!
can be due to both GeH, and to GeH; bending modes and
to Ge—CH,, wagging mode.[>"->>1 The above attribution of
the signal between 2150 and 1950 cm™! and the presence
of a strong signal around 850 cm™! for the sample from
30% ethylene (which exhibits no signal attributable to
Ge—H stretching modes) support this hypothesis. The peak
at 700 cm~!, which exhibits an increasing intensity with
ethylene percentage in the gaseous mixture, can be attrib-
uted to a rocking vibration of the CH, groups in the
—(CH,),— chains with n > 4.4% In the 500—650 cm~! re-
gion three peaks are observed in the spectra, although other
authors refer to one, two, or even four peaks, attributable
both to Ge—C stretching and GeH wagging
modes.[?!1-27:36411 The observation of these signals even for
the sample obtained from the mixture with 30% ethylene
indicates that the bands between 500 and 650 cm™! can be
attributed to a Ge—C bond even if a contribution from the
GeH group (if present) cannot be excluded.

To sum up, all the results indicate that the materials ob-
tained from irradiation of GeH,/C,H, mixtures are
amorphous nonstoichiometric Ge;_ ,C,:H compounds with
chains forming a network in which the Ge atoms are less
hydrogenated than the C atoms, which present many net-
work-terminating configurations.

Optical Properties

The light absorption measurements of the samples were
performed at photon energies between 0.5 and 6.25 ¢V. The
optical gap values (E,) have been obtained from the inter-
cept with the x axis of the extrapolated linear part of the
curves calculated following the usual Tauc procedure.[*? It
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cording to:

vs. the photon energy, /v, ac-

(ahv)!? = B(hv — Eop)

where o is the absorption coefficient from spectrophoto-
metric measurements,  Planck’s constant, v the photon fre-
quency, B a constant, and E,, the optical band gap.

The values of E,, as a function of carbon molar fraction
in the condensed phase are shown in Figure 7a.
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Figure 7. (a) Values of E, as a function of carbon molar fraction
in the condensed phase of a few samples with different composi-

tion; (b) increasing data of part a and 2.53 eV are used to extrapol-
atetox =1

The E,p values are between 1.2 and 1.7 eV, which is in
good agreement with previously reported data.[”-17-21:22] In
particular, the sample with composition Geg49Cqsi:H
shows an E,, of 1.49 eV, which is very close to the value
(1.45eV) reported by Shinar®? for a sample with a very
similar composition. Figure 7a shows that E,, increases
with increasing carbon content, reaching a maximum for a
sample with composition Gej 45Cy 55:H, and then decreases,
as reported for a-SiC:H alloys.l”! The variation of optical
properties depending on film composition is related to the

1240

local bonding. In a binary alloy, such as germanium carb-
ide, Ge—Ge, Ge—C, and C—C bonds are possible, and their
relative proportions may change with increasing carbon
content. If sp>-bonded alloys are hypothesised, E,,, should
continuously increase with the carbon content because
Ge—Ge bonds are replaced by stronger Ge—CPf bonds.
When the carbon molar fraction, x, is higher than 0.5,
Ge—C bonds are replaced by even stronger C—C
bonds.F®#4 Nevertheless, we observe a maximum in the
plot of E, vs. carbon content at around x = 0.55. To ex-
plain this trend, a C sp*-bonding configuration must be
considered.[7#443] It is reasonable to suppose that in our
Ge—C alloys with x > 0.5 the carbon atoms exceeding the
stoichiometric composition show a tendency to form zones
in which several carbon atoms are bonded together, forming
a threefold coordinated graphite-type local environment, as
proposed for Si—C alloys.[”! The occurrence probability of
these regions is enhanced if the carbon content increases.
The decrease of E,,, observed when the carbon content in-
creases over a critical value both in a-GeC:H and o-
SiC:H,[744431 ig attributed to the presence of this graphit-
type carbon. This is in agreement with the approach of con-
duction and valence band edges shown by Robertson*¥ for
a-SiC:H alloys when the amount of sp?>-bonded carbon in-
creases. Therefore, we think that the observed trend of E,
for our a-Ge;_,C:H sample, in which a maximum is pre-
sent, is related to gap narrowing in carbon rich compounds
due to the considerable presence of C sp? bonding.

An E,, value of 2.53 eV has also been obtained for a
sample with composition GeC,-4sHso9, (Figure 7b). This
high value, which is in apparent contradiction with the
above trend, is attributable to the high hydrogen content of
the sample. In fact, hydrogen is found to broaden the band
gap both for sp3- and sp?>-bonded alloys.[*+43] Moreover, hy-
drogen promotes formation of sp3-hybridised C atoms over
sp?, terminating any dangling bonds and thus reducing the
size of the graphite-type cluster and increasing the gap. This
is in agreement with the IR results that indicate that if the
carbon and hydrogen content of the samples is increased,
the CHs-groups increase is considerably higher than the rel-
ative increase of carbon content. Moreover, it is interesting
to note that if only the increasing E,, values of Figure 7a
and 2.53 eV are considered, the extrapolation for x = 1 of
the line in Figure 7b, gives a value close to that of dia-
mond (5.45 eV).[*]

Conclusions

The results obtained above indicate that amorphous non-
stoichiometric Ge;_,—C,:H compounds can be obtained
from X-ray radiolysis of germane/ethylene mixtures over a
wide range of compositions by varying the ethylene percent-
age in the mixture. When the ethylene percentage is in-
creased, the carbon and hydrogen content also increases. In
the IR spectra, the vibrational modes of CH,, (n = 1-3)
and GeH,, (n = 1—2) groups are evident. Vibrational modes
of GeCH,, (n = 1-3) groups and Ge—C bonds are also

Eur. J. Inorg. Chem. 2001, 1235—1242
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present. The hydrogen atoms bond preferably to carbon
atoms; in fact, when the carbon and hydrogen content in-
creases the carbon hydrogenation degree increases, whereas
the hydrogenation of germanium decreases indicating that
the Ge—H bonds are substituted by Ge—C bonds.

The optical gaps of the compounds depend on the car-
bon content: values between 1.2 and 1.7eV have been
found. The E,, increases with increasing carbon molar
fraction until it reaches a critical value around 0.55, and
then decreases giving a maximum in E,,. This trend is at-
tributed to the presence of sp?-hybridised C atoms forming
n-bonded clusters when the carbon molar fraction exceeds
0.55.

Experimental Section

Monogermane was prepared according to a literature procedure, ¢

and purified by bulb-to-bulb distillation. Ethylene was high purity
SIAD (Societa Italiana Acetilene e Derivati) gas and was used
without further purification.

Samples of GeH,/C,H, mixtures of different composition were ir-
radiated with 250 keV X-rays in 365-mL Pyrex vessels at a total
pressure of 700 Torr. During irradiation, performed under static
conditions, the irradiated mixture composition did not vary mark-
edly. Moreover, as the condensed products were deposited on the
bottom of the vials, out of the main X-ray trajectory, the dose
absorbed by the products was negligible.

Standard vacuum techniques were used to handle both reactants
and gaseous products.

The X-ray source was a CPXT-320 tube (Gilardoni) with a max-
imum output of 320 keV. The dose absorbed by each sample was
5.0 X 10* Gy at a rate of 1.0 X 10* Gy/h. During the irradiation
the temperature did not exceed 320 K.

Gas phase products were analysed by gas chromatography-mass
spectrometry (GC-MS) on a Varian 3400-Finnigan ITD instrument
equipped with an Alltech AT-1 chromatographic column (polydi-
methylsiloxane, length 30 m, I.D. 0.25 mm, film thickness 1.0 pm).
The temperature ranged from 243 K to 523 K at 10 K/min. A He
carrier head pressure of 10 psi was used. lonisation in the trap was
achieved by 70 eV EI and ion acquisition was recorded in the
20—650 u mass range. Quantitative determination of volatile com-
pounds was accomplished calibrating the gas chromatograph with
GeH,. The values reported are the average of at least four experi-
ments.

The composition of the solids was determined by elemental (C and
H) analysis.

The X-ray powder-analyses were performed on a Siemens D 500
diffractometer, using Cu-K,, radiation (graphite monochromator on
the secondary beam).

The condensed phases were examined by IR spectroscopy (KBr
pellets) with an FTIR Bruker Equinox 55 instrument equipped
with a program for the deconvolution of overlapped peaks. The
resolution was 2 cm~'. All spectra were gathered at room temper-
ature.
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The UV/Vis spectrum was obtained with a Perkin—Elmer Lambda
15 spectrophotometer from the material deposited on the quartz
disk, using a clean quartz disk irradiated at the same dose as a ref-
erence.
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