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The transmission method using characteristic x-ray lines was used to measure the spectral
dependence of the absorption cross section of the nitromethane molecule CH;NO, over a wide
range of quantum energies, 270-780 eV. In the region of the K absorption edges of carbon,
nitrogen and oxygen atoms, the cross-section measurements were made with high energy reso-
lution, AE=0.2-0.7 €V, using continuous bremsstrahlung. The near fine structure of the NX
and OK absorption spectra of the nitromethane molecule was interpreted on the basis of a
comparative analysis of the spectra in CH3;NO, with NO,: the fundamental absorption bands
A, B, and C-C’ are associated with transitions of the inner electrons to free molecular states
(form resonances), which are described by the antibonding MOs of the CNO, fragment by
(N-0), a,0 (N-C), and a;, b,0 (N-O). These MOs have significant contributions from
atomic 2p states. The determining role (from the standpoint of the strength of the absorption
bands) of atomic 2p states is confirmed by a quantitative comparison of the experimentally
obtained oscillator strengths for transitions to 7 and o states. On the basis of an analysis of
the total oscillator strengths of the x-ray transitions to molecular states having contributions
of the 2p states of the nitrogen atoms for the N, and CH;NO, molecules, the 2p partial effec-
tive charge of the nitrogen atom in CH3;NO, was estimated (0.6 for N, in the presence of O).

Previous studies of the x-ray absorption spectra
(XAS) of a series of simple molecular compounds of at-
oms of the second period of the periodic table'® demon-
strated a high information content of the near fine struc-
ture (NFS) of these spectra in terms of the study of the
electronic and atomic structure of these molecules. This is
largely due to the fact that the molecular form resonances
that are dominant in the NFS result from the trapping,
during photoabsorption, of X electrons in free molecular
orbitals (MOs), built up mainly of atomic 2p states,57%10
In the case of linear or planar molecules, the sharp aniso-
tropy of the molecular potential causes a marked energy
splitting of the atomic 1s—2p resonance into o and 7 com-
ponents (molecular form resonances), oriented along the
bond line (02p) and at right angles to it (m2p).%>1° The
energy splitting of the atomic resonance, AE(7—o), which
characterizes the anisotropy of the molecular potential, is
largely determined by the interatomic distance,%!>"1 and
hence can be used to determine the latter experimentally.
In turn, the absolute energy positions and intensities (os-
cillator strengths) of the resonance absorption bands are
related to the chemical state (effective charges) of the at-
oms in the molecular compounds.®*>13161° The main pur-
pose of this paper is to extend the methods of analyzing the
resonance characteristics that were developed for the spec-
tra of simple molecules to the more complex molecule of
nitromethane CH;NO,,'> whose carbon, nitrogen and ox-
ygen atoms are known to be coplanar.??

The spectral dependences of the photoabsorption cross
sections o of the nitromethane molecule were studied by
transmission with the aid of an RSM-500 x-ray
monochromator—spectrometer.?* The absorption cross sec-
tions were measured over a wide range of quantum ener-
gies (270-780 eV) at the characteristic x-ray lines, while,
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in the region of the ionization K thresholds of carbon,
nitrogen, and oxygen atoms, the bremsstrahlung cross sec-
tions were measured with energy resolution AE=0.2 eV
(CK spectrum), AE=0.4 eV (NK spectrum), and AE
~0.7 eV (OK spectrum). The energies of the NFS ele-
ments of the resulting XAS were referenced to the charac-
teristic x-ray lines: CrL, (21.64 A; second order), FelL,
(20.15 A; second order), TiL,; (31.36 A), TiL, (27.42 A);
CrL, (21.64 A)** and OK, in MgO (23.599 A).” The gas
pressure in the cell was measured with a VDG-1 gas-
discharge deformation vacuum gauge, previously cali-
brated with a mercury and oil manometer to within 5%.
The total error in determining o at the characteristic x-ray
lines was 10%, and, for the bremsstrahlung, 20%. The
remaining details of the method for obtaining the spectra
are described in previous papers.1‘5’10’12

Figure 1 shows the spectral dependence, obtained for
this paper, of the photoabsorption cross section o of the
CH;NO, molecule in the quantum energy range #iw=270-
780 eV; arrows indicate the positions of the CK (293.04
eV), NK (411.16 V), and OK (539.12 eV) absorption
edges of the nitromethane molecule.?® The measured re-
sults of the cross sections for photoabsorption at the char-
acteristic x-ray lines (Table I), shown by circles in Fig. 1,
are quite consistent with measurements using continuous
bremsstrahlung (solid lines). It should also be noted that
the experimentally measured photoabsorption cross sec-
tions of the CH3;NO, molecule far from the absorption
edges are in good agreement with the cross sections calcu-
lated as the sum of the atomic photoabsorption cross sec-
tions*’ (Table I).

An examination of the NFS of the absorption spectra
of the nitromethane molecule (Fig. 2, Table II) clearly
shows that, in the NK and OK spectra, two intense 4 and
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FIG. 1. Spectral dependence of the photoabsorption cross section of the
nitromethane molecule CH3;NO, in the range of quantum energies 7o
=270-780 eV. Circles denote absorption cross sections measured from
the characteristic x-ray lines; the solid curve shows the values measured
from bremsstrahlung; the dashed line shows interpolated o values. Ar-
rows indicate the positions of the CK, NK, and OK ionization thresholds
in CH;NO, from the data of Ref. 26.

C bands dominate, the latter being located above the ion-
ization threshold, i.e., in the continuum. Significantly, the
energy absorptions of these bands relative to the ionization
thresholds practically coincide in the two spectra. In turn,
the NFS of the CK spectrum is characterized by narrower
and less intense peaks (relative to the continuous absorp-
tion level), located only before the ionization threshold in
its immediate vicinity and having no obvious analogues in
the NFS of the nitrogen and oxygen spectra. In addition, in
general form and in the energy positions of the structural
details relative to the ionization threshold, this spectrum of
the CH3;NO, molecule correlates well with the CK spectra
of the methyl groups CHj in other CH;X molecules, where
X=H, F, Cl, Br, I, OH, or NH,;>*3 (CH;),Si>
(CH;)+P,* and (CHj;),S0.%

Based on these experimental facts, it is natural to re-
gard the CH3;NO, molecule as a combination of two sim-
pler atomic groups (quasimolecules, or fragments), i.e.,
the ions CH; and NOj;, whose interaction does not ap-

TABLE I. Photoabsorption cross sections (Mb) for the ni-
tromethane molecule CH;NO,, measured from the charac-
teristic x-ray lines (o) and calculated as the sum of the
atomic absorption cross sections (2;0;) (Ref. 27).

Quantum
Line energy #ie o (Mb) 2 ags i

(eV)(Ref. 24) !
CK, 277.4 0.41 0.308
Cal, 302.7 1.93 —
Cal, 341.3 1.14 —
TiL; 395.2 0.64 0.672
Tilg 452.4 0.98 1.029
Crl, 500.3 0.83 —
0K, 525:5 0.74 0.713
Crl, 572.9 1.54 1.516
Fel; 615.3 1.32 —
CoL; 677.8 1.04 -
Fel, 704.8 0.83 0.987
Col, 776.2 0.75 0.712
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FIG. 2. Near fine structure of the K absorption spectra of atoms of carbon
(1), nitrogen (2), and oxygen (3) in the nitromethane molecule
CH;NO,. The spectra coincide in energy with the positions of the corre-
sponding ionization thresholds.?

preciably alter the spectral distribution of the oscillator
strengths of the x-ray transitions in the atoms belonging to
each of the groups. This approach is also supported by our
study of the K absorption spectrum of the nitroethane mol-
ecule C,H;NO, (Fig. 3). The structure of this spectrum
differs little from the NFS of the corresponding spectrum
of the CH3NO, molecule: the replacement of methyl
groups CH; by ethyl groups C,Hj is associated with only a
small decrease of the strength of the 4 and B absorption
bands. Thus, the structure of the nitrogen and oxygen spec-
tra in the CH;NO, and C,HsNO, molecules is chiefly de-
termined by the system of excited states of the NO; anion.

Let us compare the resulting NK absorption spectra of
the nitromethane and nitroethane molecules with the K
spectrum of the nitrogen in the free NO, molecule®® (Fig.
3). Despite the correlation of the principal details of the
structure (the 4 and C bands), there are appreciable dif-
ferences: the presence in the NO, spectrum of an additional
intense band 4’ and of low-intensity narrow peaks a—c
before the NK ionization threshold, as well as the absence
of any obvious analogue of the B band from the spectrum
of nitrogen dioxide. A similar situation is found when the
OK absorption spectra of CH;NO, and NO, are compared
(Fig. 4).

The NO, molecule in the ground state has C,, symme-
try. The ground state is described by means of single-
electron MOs as follows:**® 153 (Ol1s) 14? (Ols) 24}
(N1s) 3a} 263 4a? 543 3b} 162 145 4b3 6al, %4,. The first
absorption band 4’ in the NO, spectra is attributed to
dipole-allowed transitions of NK and OK electrons to the
half-filled MO 64, and the 4 and C bands are attributed to
transitions to the lower free 2b; MO (antibonding, 7 type)
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TABLE II. Energy positions £ (eV) and oscillator strengths f of the absorption hands in

the K spectra of the CH;NO, and C,H;NO, molecules.

CH3NO2 C2H5NO2
Absatphion OK spectrum NK spectrum | CK spectrum NK spectrum
bands . 9
E £10° E £10? E E 710
A 531.7 | 5.6x 0.8 | 403.9 | 6.8+ 0.9 288.7 403.7 6.5= 0.9
B - — 409.15 | 2.0= 0.4 289.6 | 409.3 1.4+ 0.3
C 542.2 13+ 3 | 41445 | 102 290.4 | 413.6 11+ 2
c’ —_ —_ 415.9 2.1 0.4 — 415.0 3.0+ 0.5
D — — — — 291.5 — —

and to the energetically higher antibonding ¢ MO 5b,.%
According to calculations made in the work cited, in the
spectrum of free molecular states of the NO, molecule,
there is one more state, described by the antibonding 7a,
MO, which, like the semifree bonding 6a; MO, is oriented
in the plane of the molecule along the twofold symmetry
axis C,. Transitions of the inner electrons to this state are
associated with the production in the spectra of NO, of the
weak band B, energetically located in the region of the a—c
Rydberg states of the molecule. In view of the above, it is
natural to attribute the absence of the 4’ band from the
spectra of the CH;NO, and C,HsNO, molecules to the fact
that the NO, group in the nitromethane and nitroethane
molecules attracts an additional electron from the methyl
or ethyl group; this leads to occupation of the 6a; MO, and

~ hence, to the impossibility of transitions of K electrons to

this MO in CH3NO, and C,Hs;NO,. That the NO, group
in these molecules carries a negative charge is indicated by
the simultaneous shift of the binding energies of the NXK
and OK electrons in the CH;NO, molecule toward lower
values (411.16, 539.12 eV) in comparison with the neutral
NO, molecule (412.6, 541.3 €V).2® The presence of an
excess electron on the NO, group in the CH;NO, molecule
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FIG. 3. NK absorption spectra of the CH;NO,, C,HsNO,, and NO,
molecules.*® The arrows indicate the positions of the NK ionization
thresholds in the CH;NO, and NO, molecules.?®
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gives rise to a positive charge of almost unity on the methyl
group, and this in turn is in good agreement with the ex-
perimental fact that the K ionization thresholds of the car-
bon atom are similar in the CH3;NO, (293.04 ¢V) and
CH,F (293.6 eV) molecules.?

In the quasimolecular NO, approach used here, the
first absorption band 4 in the CH;NO, spectra should be
attributed to transitions of the K electrons of the nitrogen
and oxygen atoms to a free molecular state of 7b; symme-
try. Indeed, adding the carbon atom of the methyl group to
the NO, molecule along the direction of the C, symmetry
axis (in the molecular plane) will not result in any appre-
ciable change of the b, state, which is oriented perpen-
dicular to the molecular plane in the NO, molecule. This
qualitative consideration is consistent with the experimen-
tal fact that the energy of the N (O) K— b, transitions
changes only slightly in the series NO,—CH;NO,
—C,H;sNO,. Since the molecular potential of CH;NO, is
chiefly determined by the CNO, fragment, which, like the
NO, molecule, has C,, symmetry, the symmetry of the
states in this approximation is preserved when going from
NO, to CH;NO,.

At the same time, the presence of the CH; group in the
nitromethane molecule, having no major effect on the 7b,
state, causes appreciable changes in the system of o MOs
oriented in the molecular plane of the CNO, fragment. In
the NO, molecule, the two o bonds between the nitrogen

540 550 560
#iw (eV)
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FIG. 4. OK absorption spectra of the CH;NO, and NO, molecules.*® The
arrows indicate the positions of the OK ionization thresholds in the
CH;NO, and NO, molecules.?
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and oxygen atoms are formed by two bonding MOs of g,
and b, symmetry. As a consequence, the absorption spectra
of NO, exhibit two bands, B and C, associated with elec-
tronic transitions to free molecular states, which are de-
scribed by the antibonding partners of these bonding MOs.
In the case of CH3;NO,, one more ¢ bond is added, between
the nitrogen and carbon atoms and is oriented along the C,
symmetry axis. This in turn leads to the inclusion in the o
bonding of one more MO of @; symmetry, and hence, to
the possibility that the CH;NO, spectra will have one more
dipole-allowed transition, to the antibonding state of g,
symmetry. From the appearance of the NO, and CH;NO,
spectra (Figs. 3 and 4), it is natural to assume that the B
band in the CH;NO, and C,HsNO, spectra is due to this
transition, while the C and C’ bands are due to transitions
to the states that describe the o bonds between the nitrogen
and oxygen atoms.

In general, the above examination of the o states of
CH;NO, represents going beyond the scope of the quasi-
molecular NO, approximation, since it considers the inter-
action of the NO, molecule with the carbon atom of the
methyl group, i.e., the CNO, fragment is considered. Thus,
on the basis of the expanded quasimolecular (fragmen-
tary) approach, one can completely identify the structure
of the NK and OK absorption spectra of the CH,;NO,
molecule, attributing the 4, B, C, and C’ bands to dipole-
allowed electronic transitions to the free antibonding MOs
b (N-0), a;0(N-C), b;0(N-0O), and a;0(N-O). The
high intensity of these transitions, as in the spectra of other
compounds of the atoms of the second period of the peri-
odic table, is determined by the sizable contributions to the
final MOs of the atomic 2p states, which are strongly lo-
calized in the molecular region.

As noted above, the CK absorption spectrum of the
nitromethane molecule CH;NO, resembles in structure the
CK spectra of the methyl group CHj; in other molecules.
Using the results of Refs. 5, 28-35, and 39, the A-C bands
in the carbon spectrum can be attributed to transitions to
excited states similar in nature to the Rydberg 3s, 3p, and
4p states of the united atom. At the same time, the values
obtained for the absorption cross sections in the region of
the CK edge (Figs. 1 and 2) give ~0.12 for the total
oscillator strength of the discrete CK absorption in
CH;NO,, which is substantially higher than the oscillator
strength (~0.01) of the discrete Rydberg transitions in the
Ne atom and the N, molecule.'? On this basis, it can be
stated '? that the excited states manifested in the CK spec-
trum of nitromethane contain appreciable contributions of
atomic 2p states, and hence are similar in properties to
molecular resonances. As for the D band in the CK spec-
trum, its correlation in energy position with the B band in
the NK spectrum makes it possible to postulate that it has
a similar origin, i.e., that it is associated with the antibond-
ing MO a,0 (C-N).

As is well known,®>13 1 the energy splitting AE(r
—o) of the components of atomic 2p states is directly
related to the interatomic distance, and, in this case, to the
distance d(N-O) between the nitrogen and oxygen atoms.
It is clear (Fig. 3) that the transition from the free NO,
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molecule to the NO, anion in the CH;NO, and C,HsNO,
molecules is accompanied by an appreciable decrease of the
energy spacing AE(m—o) between the 7 and o form res-
onances (bands 4 and C-C"). Indeed, in the NX spectrum
of CH;NO,, AE(7m—0)=(10.64+12.0)/2=11.3 eV (Ta-
ble IT), whereas, in the spectrum of the NO, molecule, it is
12.9 eV.*° Such a change in AE(7—0) indicates an appre-
ciable increase of the interatomic distance d (N-O) in
going from the NO, molecule to the CH;NO, molecule, as
is actually the case: for NO,, d(N-O)=1.193 A, and, for
CH,NO,, d(N-0) =1.23 A 22

Finally, we analyze the results for the absolute absorp-
tion cross sections o for the CH;NO, molecule in the re-
gion of the NK and OK absorption edges. The oscillator
strengths for the transitions of K electrons to excited mo-
lecular states (the form resonances), obtained by graphi-
cally integrating the experimental dependences o (%w),"
are listed in Table II. The ratio of oscillator strengths of the
ls—»m2p and ls—o2p transitions (the 4 and B-C-C’
bands) is 1:2 within experimental error. This is in agree-
ment with the ratio of the statistical weights of the free

atomic 2p, and 2p,, states, which play a determining role -

in the approach employed here in forming the 7 and o
form resonances in the spectra of planar molecules.

In turn, the total sum of the oscillator strengths of
transitions to the 7 and o states, ffg”, is determined by the
number of free 2p states of the atom in the chemical com-
pound, and hence characterizes the occupancy by electrons
of the 2p shell of the atom when the latter enters into a
chemical bond. Thus, the changes observed in the total
oscillator strength f% in going from one chemical com-
pound to another can be used in quantitatively character-
izing the 2p charge state (determining the 2p partial effec-
tive charge) of the absorbing atom.'?

In the nitrogen atom, the 2p orbital contains three
electrons, and the total oscillator strength f% in the N,
molecule in terms of one nitrogen atom is 0.15.!° For the
nitromethane and nitroethane molecules, f %{zO.IS. Using
this value, and assuming that f% is proportional to the

number of free 2p states of the nitrogen atom, we find for ™

the 2p partial effective charge of the nitrogen atom in
CH;NO, and C,HsNO, the value gy(2p)~-+0.6 [the
value of g,(2p) in the N, molecule is taken as zero]. We
note for comparison that the value gy(2p) = — 1.8 was pre-
viously obtained in a similar way for the ammonia mole-
cule.’?

DThe o resonance in the CH;NO, spectra was distinguished from the
background of the continuous spectrum by the method used previously
for the NO, spectrum.'?
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