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XPS study of ammonia-exposed Cy, films
both original and photopolymerized
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Surface of Cg, films (original and photopolymerized with UV radiation) exposed to
ammonia at different pressure was investigated by the method of X-ray photoelectron
spectroscopy. Effect of X-ray stimulated interaction between films and adsorbed water,
which resulted in bonds like C—O-H and enhanced by ammonia was detected. It was
shown that ammonia unreacted chemically with Cgq films, both original and photo-
polymerized.

MeTomoM pPEHTTEHOBCKOU (hOTO3IEKTPOHHOIN CIEKTPOCKOIMUM WKCCJIeIOoBaHA IOBEPXHOCTDH
(y1epeHOBBIX NIIEHOK (HE MOJMMEPU30BAHHBIX M MOJUMEPHU30BAHHBIX C IIOMOIIBIO YVJIBTPA-
(uoseToBoro 006syueHUS), BBHIAEPKAHHBIX B aMMHaKe [PU DPa3JMUYHBIX [JaBIeHUSIX Trasa.
O6uapy:xeH sGGeKT B3aMMOMAEHCTBUSA IIJIEHOK C aJcopOMpOBaHHOM BOAOIl ¢ obGpasoBaHUEM
ceaseir Tuna C—O-H, KoTopelil cTUMyJMpPyeTCA PEHTTeHOBCKUM O0JydYeHHeM M YCKOPAeTCS
amMmuakoMm. IlokasaHo, UTO aMMHAaK He B3aMMOJEHMCTBYET XMUMUUECKHU C (hyJIIepeHOBOH ILIEH-

KOUM KaK IIOJMMEPU30BAHHOM, TaK M He IIOJUMEPU30BaHHOM.

The potential application of fullerene
films as superhard coatings [1, 2] or build-
ing material to elaborate composite mem-
brane for gas separation [3, 4] rises to a
question concerning interaction between
fullerene and different gases. As it was
shown earlier [5-7], important industrial
gases such as nitrogen, oxygen, and meth-
ane chemically unreact with fullerene under
ambient conditions. But influence of such
reactive gas as ammonia on Cgy films does
not study up today.

An effect of NH; adsorption on the elec-
tronic and structural properties of fullerene
salts like A3Cgy, where A is alkali metal,
has been investigated earlier [8—10]. The
sorption of ammonia by these substances
leads to charge transfer and expanding or
distortion crystal lattice. No nucleophilic
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addition of ammonia to fullerene with for-
mation C-N and C-H bonds was reported.
Pure ammonia does not dissolve Cgg under
ambient conditions [11], but easy dissolve
fullerene in the presence of reduction
agents when solvated electron appeared
[12]. Therefore dissolution effects of fuller-
ene films have to pay attention too.

Cgo in ground state has a closed shell of
electrons and hence it is chemically stable
compound. Chemical properties of Cgy are
determined mainly by 20 conjugated double
carbon bonds. Photopolymerized fullerene
consists on chains of Cgy molecules fused by
cyclobutane rings [13]. Each fusing reduces
on 1 the number of double bonds in Cgj
molecule. In polymerized fullerene each Cg
molecule bonds with 2 adjacent molecules,
so the number of double bonds reduces to
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18, not disturbing conjugation of other
Ttelectrons. So polymerization must not
have a sufficient influence on chemical
properties of fullerene. In the same time,
polymerization brings together Cgy mole-
cules, what results in different diffusion
coefficient and gas solving in original and
polymerized crystals or films of fullerene,
so can be reason for difference in their
chemical activity.

In this study we report XPS investiga-
tion of original and photopolymerized
fullerene films after exposing to gas and
liquid ammonia at room temperature and
increased pressure.

The Cgzy films ~500 nm thick were de-
posed onto Si substrate in vacuum. Cgy pow-
der (purity 99.5 mass. %, purchased from
Fullerene Technology Co, St. Petersburg,
Russia) was evaporated from a graphite
Knudsen cell at temperatures 450-500°C.
Photopolymerized Cgy films were grown
using simultaneous deposition and irradia-
tion with ultraviolet light. Obtained films
were polycrystalline or amorphous. Details
of films preparation have been reported in
[14, 15]. The degree of photopolymerization
was estimated as ~90 % after 20 h of irra-
diation [15]. Original and polymerized Cgg
films were exposed for 5-10 days to ammo-
nia atmosphere at 300 K and pressure:
5 atm., 7.5 atm., 11 atm. It is should be
noted that the latest ammonia pressure
equals to pressure of its saturated vapor at
this temperature, so ammonia vapor could
condense on the film surface. Between
preparation and XPS investigations films
were on air. There were no any special con-
ditions to defense films against air humidity.

XPS study was conducted on a spectrome-
ter XPS-800 Kratos. The vacuum in the
chamber was 10~7 Torr. Photoelectrons were
excited by MgKy giation (7Y = 1253.6 V). X-ray
gun power was 15 kVx20 mA. The hemi-
spherical electrostatic analyzer analyzed
photoelectron kinetic energy. Instrument
resolution was about 1 eV; accuracy of
binding energy determination was 0.3 eV.
The spectra were treated on computer:
smoothing, subtraction of a constant and
variable background (Shirley’s method), re-
moving expanding effect of the X-ray line
(iterative deconvolution) and decomposition
of complex line on its Gaussian component
were made. The sample surface composition
was determined using ratio of areas of pho-
toelectron lines in spectra of C1s, O7s, N1s
core levels taking into account their sensi-
tivity factors.
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Fig. 1. XPS spectra of CIs core level of the

original Cg film (sample No.1). Solid line —

the first 30 min of measurement, dashed line —
after 4 h of X-ray irradiation.

Fig. 1 shows XPS spectra of CIs core
level for the original Cgq film measured for
the first 30 min. (solid line) and for
30 min. after 4 h of measurement (dashed
line). The ClIs-spectrum of Cgy consists
from a main line (binding energy E, =
285 eV, full width at half maximum FWHM
AE, = 1.3 eV) and a “"shake-up” satellite
peak (E, = 287-291 eV). This satellite
structure characterizes Cgy and appears due
to the Trelectron transition from occupied
to unoccupied valence molecular orbitals as-
sociated with the CIs core hole generation.
The treatment of this spectra shows the
same satellite structure and intensity as re-
ported in [16]. During measurement at
X-ray irradiation some small shoulder on
main peak appeared at the higher binding
energy side (E,= 286 eV). Intensity of this
shoulder increased and saturated at meas-
urement time about 4 h.

The CIs spectrum of photopolymerized
fullerene is very similar to one for original
fullerene with small (about 5 %) decrease
of the intensity of the shake-up satellite
due to the reduction of Trelectrons on a Cg
molecule in the polimerization [17]. Shoul-
der at the higher binding energy also ap-
peared in CIs-spectra of photopolymerized
fullerene during measurement, but it was
smaller and not for all samples. The inten-
sity of this shoulder for different samples
correlated with the intensity of Ols core
level peak (Table).

Ol1s core level spectra for all samples
(original and polymerized) presented a
single peak with E, = 533.0%£0.4 eV, and
AE, = 2.240.2 eV. The origin of this line
was discussed in [18] and it was attributed
to oxygen in H,O molecules adsorbed on the
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Cgo film. Authors of [18, 19] considered
that adsorbed O, mostly desorbed from the
film at 300 K and high vacuum condition.
This line also can be attributed to C-O-H
groups, which have binding energy of Ols
core level in the same region [20]. The shoul-
der at E, = 286 eV (see Fig. 1) also can be
also connected with C—O-H groups [21].
During XPS measurement under X-ray
irradiation a lot of secondary electrons ap-
pear in fullerene film. It was shown in [19]
that secondary low energy electrons, which
appear in the system: solid O,/Cge/GaAs
substrate during photon irradiation at
T =20 K, can be captured by oxygen.
Authors of [19] pay no attention to process
of electron capturing by a Cgy molecule. In
our opinion such process plays an important
role in the fullerene oxidation reaction, be-
cause electron affinities of O, and Cgq equal
to 0.45 eV [22] u 2.65 eV [23], respectively,
hence fullerene can capture electron easier
than oxygen. The decay of carbanion Cgy at
the presence of adsorbed H,O molecules
leads to partly fullerene oxidation with re-
action products containing hydroxyl groups.
So, the fullerene oxidation reaction with
reaction products containing hydroxyl
groups can occur on the surface of Cg
films not exposed to ammonia under X-ray
irradiation during XPS measurement. This
process leads to increasing of the OIs peak
intensity in XPS spectra during measure-

ment. Element atomic concentrations in
analyzed layer (which thickness was esti-
mated in [18] as 18 A) and content of oxy-
gen and nitrogen atoms per one Cgy mole-
cule are shown in Table.

The mean van der Waals diameter of
water has been reported as 2.82 A [24]. The
diameters of tetrahedral and octahedral
cavities for the lattice parameter of fuller-
ene are 2.24 A and 4.15 A, respectively
[25]. So, H,O molecule can occupy only oc-
tahedral cavities of fullerene lattice and
only one H,O molecule can be in one cavity,
hence the ratio between oxygen and Cgy can
not be more than 1. But it was 2.5 for
original film (Table, sample No.1l, the first
30 min. of measurement). Apparently, the
most amount of water was adsorbed on the
surface edges of crystallites forming fuller-
ene films. Further X-ray irradiation leads
to increasing of oxygen content and its
saturation on the level of about 3 oxygen
atoms per one Cgy molecule.

This increasing suggests that, at first,
water adsorbed on the crystallite surface re-
acts with fullerene, then water, adsorbed
deeper in film. Low diffusion coefficient for
water in fullerene lattice limits this proc-
ess.

Polymerized films contented sufficiently
less amount of oxygen (see Table, sample
No.2) and were more stable to X-ray irra-
diation during XPS measurement. This can

Table. Atomic concentration of elements and their ratio to Cgy molecule (estimation of stochastic

error shown)

Sample Condition C, at % | O, at % | N, at % |Cgy, mol.| O, mol. | N, mol.
+0.3 0.2 +0.2 +0.1
No.1 (original.) 30 min X-ray 96.2 3.6 0.2 1 2.5 0.1
No.1 (original.) 4 h X-ray 95.1 4.6 0.3 1 2.9 0.2
No.2 (polymer) 30 min. X-ray 98.9 1.1 0 1 0.7 0
No.3 (original) NH; 7.5 atm., 96.5 2.1 1.4 1 1.3 0.9
30 min. X-ray
No.4 (original) NH; 11 atm., 96.6 2.3 1.1 1 1.4 0.7
30 min. X-ray
No.4 (original) NH; 11 atm., 94.0 5.0 1.0 1 3.1 0.6
4 h X-ray
No.5 (polymer) NH; 5 atm., 97.1 1.8 1.1 1 1.1 0.7
30 min. X-ray
No.6 (polymer) NH; 7.5 atm., 96.4 2.0 1.6 1 1.2 1.0
30 min. X-ray
No.7 (polymer) NH; 11 atm., 94.1 4.3 1.6 1 2.7 1.0
30 min. X-ray
No.7 (polymer) NH; 11 atm., 93.0 5.4 1.6 1 3.5 1.0
4 h X-ray
Functional materials, 11, 4, 2004 757
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Fig. 2. XPS spectra of CIs core level of the
polymerized Cgj film before exposition to am-

monia (sample No.2 — solid line) and after
exposition at 11 atm. (sample No.7, dashed
line — the first 30 min. of measurement,

dashed-dotted line — after 4 h of X-ray irra-
diation).

be explained by difference in morphology
and structure between original and polymer-
ized films.

Shape and relative intensity of XPS spec-
tra of Cls, Ols and N1s-core levels were
analyzed also for samples exposed to ammo-
nia. Fig. 2 shows CIs spectra of polymer-
ized fullerene before (1 — solid line) and
after (2 — dashed line) exposition to ammo-
nia at pressure 11 atm. for 10 days. Spec-
trum 2 measured for the first 30 min.,
spectrum 3 (dashed-dotted line) — for
30 min. after 4 h of X-ray irradiation. C1s-
spectra for original fullerene exposed to
ammonia had the same form. No dependence
of Cls-spectra shape on exposition time and
pressure was detected. The high-energy
shoulder in C1s spectra was observed for all
samples exposed to ammonia (even in the
first 5 min. of measurement). This shoulder
also increased during X-ray irradiation (see
Fig. 2).

Cls spectra treated on computer (Fig. 3)
show, that this shoulder can be attrib-
uted to small peak at binding energy
E, =286.2 eV. Maximum of its intensity
was about 7 % from intensity of main peak
at E, =285 eV. Literature data analysis
[21, 26] shows that peak at 286.2 eV can be
attributed as to a bond between carbon and
oxygen (like —-C—O-C- or C-O-H), as to an
imine bond between carbon and nitrogen
(—N=C<). Possibility of the latest bond will
be discussed later on the base of an ele-
ments concentration analysis.

The OI1s core level spectrum for exposed
to ammonia films was the same as one for

original films and has E, = 533.0+0.4 eV.
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Fig. 3. Treated on computer XPS spectra of
Cls core level of the polymerized Cgy film
before exposition to ammonia (a — sample
No.2) and after exposition at 11 atm. pres-
sure, the first 30 min. measurement (b —
sample No.7).

The OIs signal indicates the presence of
adsorbed water or hydroxyl groups in the
analyzed layer of ammonia-exposed films.
Increasing of oxygen atoms amount dur-
ing X-ray irradiation also observed for all
types of films (see Table). The shape of N1s
core level spectra depended on ammonia
pressure. Fig. 4 shows N1s-spectra for po-
lymerized fullerene exposed to ammonia at
pressure 5 atm. (a) and 11 atm. (b). The
spectrum on Fig. 4b consists from the main
peak at binding energy 399.4 eV and a
peak at E, =401.0 eV, which appeared at
pressure 7.5 atm. The main peak can be
connected with ammonia molecule NH,
adsorbed by fullerene film. The peak at
E, =401.0 eV can be attributed to ion
NH,*. This peak also was observed in [27]
during investigation of interaction between
Cep and nitrogen containing polymers and
was attributed to protonited nitrogen atom.
The nitrogen concentration showed weak de-
pendence on ammonia pressure and did not
change during X-ray irradiation (see Table).
Its maximum was about 1 atom per one Cg
molecule. We assumed that this nitrogen is
connected with adsorbed ammonia, so its
concentration depends on film adsorption
ability, i.e. film structure and morphology.
As we discussed above, low energy elec-
trons, which appears at X-ray irradiation
during XPS measurement influence on the
Cgo™ oxidation process. Ammonia liquates in

Functional materials, 11, 4, 2004
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Fig. 4. Treated on computer XPS spectra of
N1s core level of the polymerized Cgy film
exposed to ammonia at pressure 5 atm.(a —
sample No.5) and 11 atm. (b — sample No.7).

film pores at high pressure. Secondary elec-
trons can be solvated by liquid ammonia;
hence their lifetime and concentration in
film increase. Solvated electrons interact
with a Cgy molecule producing a carbanion
Cgg> which decay leads to fullerene oxida-
tion with reaction products containing hy-
droxyl groups.

Water and ammonia, adsorbed by the
film surface, are in the ion-molecular equi-
librium (reaction: NH3 + H,O = NH,* +
OH™). A carbanion Cgy~ can be stabilized by
forming ion salt Cgy"NH,* with ammonia
ion, which can penetrate to crystal octahe-
dral cavities at high ammonia pressure. So,
a carbanion bonds an ammonia ion, i.e. re-
moves it from the equilibrium shown above,
making for increasing of an amount of hy-
droxyl ions in the film. So ammonia ion
concentration depends on carbanion Cgg~
concentration and can not be more then
amount of Cgy molecules, because the proc-
ess of two electrons capturing by a fullerene
molecule has low probability. This explains
saturation of N1s signal in XPS spectra for
ammonia-exposed films. If imine bonds like
—N=C< formed during interaction, the satu-
ration would not observe, because in this
case forming more then one nitrogen bond
per one Cgy molecule would be possible. So,
evidently, ammonia unreacts chemically
with fullerene, both during exposition, and
at further X-ray irradiation.

Hydroxyl ions reacts with Cgy by mecha-
nism of nucleophile attachment and the re-
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action results in fulleroles Cgy(OH),, n
mainly depends on amount of adsorbed
water, which is a source of hydroxyl ions,
and does not depend on amount of Cgy mole-
cules. Therefore the intensity of the OlIs
signal and the peak at E, = 286.2 eV in CIs
spectra of the films increased during X-ray
irradiation.

To eliminate effects connected with possi-
ble hydrocarbons contamination of the
fullerene film surface, samples of Si sub-
strate were investigated before and after
exposition to ammonia. No changing in
atomic concentration of elements and shape
of the Cl1s spectrum for hydrocarbons con-
tamination on the Si surface during exposi-
tion and X-ray irradiation observed. We ob-
serve no sufficient difference in XPS spec-
tra for original and polymerized fullerene
films exposed to ammonia. No chemical in-
teraction Cgy with ammonia for both types
of films was observed.

So, this study shows, that ammonia does
not interact chemically with the fullerene
film, both original and polymerized. This
result expands the range of practical appli-
cation of fullerene films, which are chemi-
cally stable to active gases. However, air
humidity can lead to accessory effects, con-
nected with appearance of ammonia ions
and formation of hydroxyl ions, which can
enhance film photooxidation.

This work was supported by Science and
Technology Center in Ukraine (project
No.1934).
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PentreniBcrka (poTOCIEKTPOHHA CIIEKTPOCKOIILS
BHXiTHNX Ta (oronmosiMepusoBaHux mmBok Cg,
nmo OyJM eKCIOHOBAaHiI B aMiakry

M.B.[lobpomeéopcvrka, B.O.Kapauesyes, O.M.Boex, A.M.Pao

MeTtomom peHTTeHiBChKOI (hOTOEJIEKTPOHHOI CIeKTPOCKOMil JocaimkeHO IMOBEPXHIO QyJie-
PEeHOBUX ILIiBOK (HEe IIOJiMepM30BaHUX 1 MOJiMepmM30BAaHUX 3a AOIOMOTOI0 YJIbTpadiosieToBo-

To ONPOMiHEHH:),

BUTPMMAaHUX B aMiaky NOpH pi3HMX THUCKaX rasy. BusaBieHo edeKT

B3aeMogii mIiBOK 3 amcopboOBaHOIO BOLOIO 3 yTBOopeHHsAM 3B aAs3kiB Tumy C-O-H, mo crumy-
JI0ETHCS PEHTTeHiBCHbKUM OIIPOMiHEHHAM 1 IIPHCKOPIOEThCS amiakom. Ilokasano, 1o amiak
He B3aeMoOji€ XiMiuHO 3 ()yJIepEeHOBOIO ILTiBKOIO AK MHOJIiMEepPM30BAaHOIO TAK i He II0JIiMepuso-

BaHOIO.
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