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The electronic structure of the phenol molecule in the gas phase was studied by X-ray
emission spectroscopy (using the O-Ko and C-Ka spectra). MNDO calculations were
performed, which made it possible to construct theoretical spectra and interpret experimental
spectra. The structure of the molecular orbitals of phenol was compared with those of
benzene and water. The n-interaction of the phenyl fragment with the oxygen-containing
substituent was investigated. The contribution of the 2p atomic orbital of the oxygen atom to
the =-HOMO of phenol is considerably less than that to lower-lying orbitals.
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Previously,2 we have performed an X-ray spectral
study of conjugation between the phenyl ring and the
lone electron pair of the sulfur or phosphorus atom in
the Ph,S and Ph;P molecules. However, no clear idea of
its nature was formulated. As a simple model system,
phenol makes it possible to analyze the nature of this
conjugation in detail. Unlike the benzaldehyde mol-
ecule,3 the orbitals of the oxygen atom in the phenol
molecule directly interact with the orbitals of the ben-
zene ring. The experimental conditions and procedure
for constructing theoretical spectra from the results of
the MNDO calculations have been reported previously.3

Results and Discussion

Let us consider the structure of the molecular orbit-
als (MOs) of pheno! by comparing it with those of MOs
of the benzene and water molecules. The orbitals of the
first and second molecules are close in type to those of
the phenyl ring and the oxygen-containing substituent,
respectively. The electronic structure of the benzene
molecule (Dg, symmetry) obtained from data of photo-
electron spectroscopy and X-ray spectral studies has
been reported in many works (see, for instance, Ref. 4).
The photoelectron (PES) and X-ray spectra of the water
molecule (C,, symmetry) have also been reported (see
Refs. 5 and 6—10, respectively). The PES and X-ray
spectra of water in the gaseous state are shown in Fig. 1.

* For Part 3, see Ref. 1.

The spectrum obtained on a unique spectrometer with a
diffraction grating!? is reproduced for comparison. As in
Ref. 10, we used the electron impact (EI) technique to
excite the X-ray radiation of the molecules. At the same
time, the photoionization technique was also used. As
was already mentioned in Ref. 3, we used a spectro-
meter with an analyzer crystal as dispersive element in
our experiments. The resolution of the spectra reported
in this work is not poorer than that obtained by other
authors!® (see Fig. 1). The spectra of water in the
gaseous state were reduced to an energy scale of ioniza-
tion potentials (/) using the position of the inner Ols
energy level determined by X-ray electron spectroscopy.l!
The most intense line of the spectrum of water corre-
sponds to the 1by MO, which is an orbital of the lone
electron pair of the oxygen atom. The two orbitals (the
3a, and 1b, MOs} lying higher on an energy scale (or on
an ionization potentials scale) (see Fig. 1) correspond to
the orbitals of the o-bond between the oxygen and
hydrogen atoms. The high-energy region spectra is a
group of maxima due to transitions in doubly ionized
molecules.’® Along with these maxima, an intense S
satellite is present in the spectrum recorded on the
spectrometer with the analyzer crystal (EI). This satel-
lite is absent in the spectrum obtained by the authors of
Ref. 10 or in that we obtained using the photoionization
technique and reported in Ref. 3 (see Fig. 1). It can be
assumed that the S line is due to several effects: X-ray
transitions in doubly ionized molecules (multiple ion-
ization satellites}, whose intensities depend on the en-
ergy of excitation (an analogous problem we considered
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Fig. 1. The X-ray (a—c) and photoelectron (He(1)3 (d) spec-
tra of the water molecule in the gas phase: the O-Ko
spectrum (@) reported previously!? and those obtained in this
work by EI (b) and photoionization technique (c).

using the example of the F-Ka spectral), the intrinsic
fluorescence of the analyzer crystal, as well as the
anomalous (non-Bragg) reflection. This maximum is
present in all spectra of oxygen-containing compounds
studied in this series of works.

The phenol molecule (the point symmetry group C)
has been studied by quantum-chemical methods,5-12—16
photoelectron spectroscopy,’1%13.17-22 X_may photo-
electron spectroscopy,!® and X-ray electron spectro-
scopy.11.15:16,23 The Ols satellite lines caused by
multielectron processes have been studied theoretically
and experimentally.15:16:23 Previously,*24 we have ob-
tained X-ray emission spectra of somewhat lower reso-
jution and lower intensity (they were not interpreted).

The X-ray emission spectra (EI) (Fig. 2) were com-
pared with one another taking into account the positions
of the inner levels on a unified scale of ionization poten-
tials and matched with the PES (see Ref. 5) and the
high-energy region of the X-ray photoelectron spectra
(XPES).1® The C-Kao spectrum was referenced to the
scale of ionization potentials using the C(1)1s level (solid
line in Fig. 2). Other Cls levels (C(2,6)1s, C(3,5)1s, and
C(4)1s) can also be used. In this case, the spectrum is
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Fig. 2. The X-ray spectra of the gas phase, photoelectron
spectrum (He(1)),% and the high-energy region of the XPES
(Al-Kay 1)16 of the PhOH molecule: experimental spectra are
shown as dots; solid and dashed lines correspond to smoothed
spectra (the C-Ka spectrum was corrected taking into account
the efficiency of the analyzer crystal).

shifted along the scale of ionization potentials. The ener-
gies of these levels have been determined previously.!!
(Since the data on the C(2,6)1s and C(4)ls levels are
identical, they will be denoted as C(2,4,6)1s levels.) The
C-Ku spectrum referenced using the C(2,4,6)1s level is
shown in Fig. 2 as a dotted line. The use of the C(3,5)1s
level for the reference. would result in an X-ray spectrum
of carbon which would be shifted only by 0.4 eV relative
to the preceding spectrum; for this reason, it is not shown
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Fig. 3. Theoretical X-ray spectra of PhOH constructed on the basis of the MNDO calculations (assignment of lines is given in

Table 1).

in Fig. 2. Theoretical spectra constructed using the re-
sults of the MNDO calculations are presented in Fig. 3.
They were assigned using the C{1)1s level as a reference.
The C-Ka spectrum was constructed using the experi-
mental X-ray electron spectra.

Before we begin interpreting the spectra, let us note
that MOs wih the a” symmetry belong to the =, -system

(the 2p atomic orbitals (AOs) are perpendicular to the
molecular plane), while MOs with the a’ symmetry
consist of the 2p AOs lying in the molecular plane.
These orbitals can also be divided into two types. The
first type (the my-system) includes such MOs of the
phenyl ring in which the C(1)2p AO is perpendicular to
the axis of the bond containing the first atom of the
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Table 1. Assignment of the lines of the theoretical C-Ka
spectrum of the phenol molecule (see Fig. 3)

Line Transition Line Transition

1 4a” - C(I)1s 24 172 - C(2.4,6)1s

2 4a” - C(3,9)1s 25 16a” — C(3,5)1s

3 43" = C(2,4,6)1s 26 16a” — C(2,4,6)1s

4 3a” - C(3,5)Is 27 152" - C(3,9)1s

5 33" - C(2,4,6)1s 28 142" = C(1)1s,

6 2la] = C(D1s 152 = C(2,4,6)1s

7 202" C(1)1s 29 142" = C(3,9)1s

& 22" — C(3,5)1s 30 142" — C(2,4,6)1s

9 2la” - C(3,5)1s 31 133" = C(Dls

10 2a” - C(2,4,6)1s 32 122" —» C(1)1s

11 19a” — C(1)1s, 33 132" — C(3,9)1s
212" — C(2,4,6)1s 34 132" — C(2,4,6)1s

12 1a” — C(1)ls, 35 122" — C(3,5)1s
202" - C(3,5)1s 36 122" — C(2,4,6)1s

13 182" — C(1)1s 37 11a” = C(Dls

14 202" — C(2,4,6)1s 38 11a’ - C(3,9)1s

15 72" = C(Dls 39 102’ - C(1)1s

16 19a° — C(3,5)1s 40 112" = C(2,4,6)1s

17 1a” — C(3,5)1s 41 102" — C(3,5)1s

18 182" — C(3,9)1s 42 10a” - C(2,4,6)1s

19 192" — C(2,4,6)1s 43 9a" = C(1)is

20 la” —» C(2,4,6)Is 44 93" — C(3,3)1s
21 182" — C(2,4,6)1s 45 9a° - C(2,4,6)1s
22 16a” — C(D)1s 46 83’ - C(3,5)1s
23 17a” - C(3,5)1s 47 82" - C(2,4,6)1s

fragment (the orbitals of the n-bond in the molecular
plane). The second type (the o-system) includes MOs,
in which the C(1)2p AO lies along the above bond axis.

The 4a” MO is the highest occupied molecular or-
bital of phenol (Fig. 4). According to the data of the
MNDO calculations, the contribution of the 2p AO of
the oxygen atom to this orbital is small (see below). The
4a” MO is formed as a result of the interaction between
the orbital of the phenyl ring that correlates with the
le;;S MO of the benzene molecule and the orbital of
the oxygen-containing fragment with the a” symmetry
that is correlated with the 1b; MO of the water mol-
ecule.

The 3a” MO with the same structure as the legAs
MO of benzene (see Fig. 4) is the closest to the HOMO
on a scale of bonding energies (or [). The first broad
split band in the PES corresponds to the MOs consid-
ered (see Fig. 2). It is difficult to find a line analogous
to the 4a” MO in the O-Ka spectrum because of the
small contribution of the 2p-AQ of the oxygen atom to
this MO and the superposition of an intense .5 satellite.
The C-Ka spectrum of phenol uncorrected for the effi-
ciency of the analyzer crystal (see Fig. 2) also contains a
pronounced S’ line. Its nature is close to that consid-
ered above for the S line of the O-Ka spectrum. When
the C(1)1s level is used as a reference, the first PES
band matches the A4 "swelling” of the C-Ka spectrum
(see Fig. 2). Hence, this "swelling” can be assigned to
the highest-energy (the E scale) transition from the 4a”
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Fig. 4. Correlation of the n, molecular orbitals (using ioniza-
tion potentials reported previously,5 the structure of MOs was
obtained from the MNDO calculations).

MO to the C(1)1s level. The MNDO calculations make
it possible to give the same explanation for the structure
of the C-Ka spectrum (see Fig. 3). Referencing with
the use of other Cls levels matches the first line in the
PES (the 4a” and 3a” MOs) and the A maximum of the
C-Ka spectrum. The theory confirms that this maxi-
mum is composed of transitions from the 4a” and 3a”
MOs to these inner levels (see Fig. 3).

On the basis of the similarity between the photo-
electon and C-Ka spectra (see Ref. 3) of benzene and
those of phenol, one can expect that the 4a” and 3a”
MOs originate from removal of the degeneracy of the
leyg MO of benzene and the symmetry change (Dg, — Cy)
that occurs on going from benzene to phenol:
lej; = lejgS + lejAs — 4a” + 3a”. The first line in
the PES and that in the C-Ko spectrum of benzene
corresponds to the ley, MO. They have the same ener-
gies as the first lines of the corresponding spectra of
phenol. This fact enables us to conclude that the first
split band in the PES of phenol corresponds to the 43”
and 3a”-MOs, while the first band in the C-Ka spec-
trum (the A" "swelling” and the A line, see Fig. 2) is
composed of transitions from these orbitals to the inner
levels.

The second broad band in the PES corresponds to
the next group of MOs (the 2a”, and 2la’ and 20a°
orbitals) close to the group of MOs discussed above and
corresponding to a higher bonding energy (see Fig. 2).
It might be considered that they appear as follows on
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going from benzene to phenol: la,, — 2a”, and
Jegy — 3€p,As + 3e5,8 — 21a” + 20a’. The 2a” or-
bital should be considered as an antibonding orbital. It
appears as a result of the interaction between the MO of
the phenyl fragment that correlates with the 1a,; MO of
benzene and the orbital of the substituent corresponding
to the 1b; MO of water. In the case of interaction of
such a type, the la” MO is a bonding orbital, while the
2a” MO is an antibonding orbital (see Fig. 4). Accord-
ing to the published data,5 the 21a” MO belonging to
the mj-system of the molecule corresponds to the 3eyAS
MO of benzene. The 262" MO analogous to the 3e,,S
AO of benzene belongs to the ¢-system of the molecule
of phenol and one would expect mixing of the orbitals of
the C(1) and oxygen atoms; however, the wave function
of the 20a” MO has a node on the C(1) atom. The
MNDO calculation also shows that the electron density
on this atom is low. Referencing matches the second
broad band in the PES corresponding to these orbitals
and the high-energy (the FE scale) "swelling" of the
O-Ka spectrum {see Fig. 2). The corresponding theo-
retical spectrum shows that the contributions of the 2ia’
and 20a° MOs to this "swelling” are low because of Jow
populations of the O2p levels and a line that can be
assigned to the 2a” MO plays a key role (see Fig. 3).

The orbitals of the substituent that correlate with the
3a, and 1b; MOs of the water molecule correspond to
all orbitals of phenol with the a’ symmetry. For this
reason, it is impossible to determine which of them
makes the predominant contribution to any of the MOs
of this molecule.

Mutual referencing of the spectra shows that the
second broad band in the PES corresponding to the 2a”,
21a’, and 20° MOs matches mainly the B band of the
C-Ka spectrum. Hence, the latter is mainly composed
of lines that appear as a result of transitions from these
MOs, which is also confirmed by theoretical investiga-
tions (see Fig. 3).

The second broad band in the PES and the second
line of the C-Ka spectrum of benzene corresponds to
the 3e,, and la,, MOs (see Ref. 4). Their energies are
equal to those of the second broad band in the PES of
phenol and the second band of the C-Ka spectrum (line
B, see Fig. 2). Taking into account the correlation of
the orbitals on going from benzene to phenol, it should
be expected that this band in the PES of phenol is
composed of the 2a”, 21a’, and 20a” MOs. The second
band of the C-Ka spectrum is formed by transitions
from these orbitals to the inner levels.

The next orbital, close in its energy to those consid-
ered above, is the 19a” MO. According to the data of
MNDQO calculations, the contribution of the 2p AO of
oxygen to this orbital is ~30%. It is considered as an
orbital of the lone electron pair of the oxygen atom.!3
Most likely, the portion of this MO of phenol corre-
sponding to the carbon atoms is a combination of sev-
eral orbitals of the phenyl fragment corresponding to
different MOs of benzene. Additionally, this MO is a

combination of orbitals corresponding to the 3a; and b,
MOs of water. The structure of the 19a° MO is such that
no mixing of the AOs of the phenyl fragment and those
of the substituent occurs due to the presence of the node
of the wave function on the C(1) atom.5 Matching of
the PES and O-Ka spectrum shows that the 19a’ MO
corresponds to the line of maximum intensity (see
Fig. 2); according to the data of MNDO calculations
(see Fig. 3), this line is a superposition of the lines
corresponding to the 19a” and la” MOs. In this case,
the contribution of the 2p AO of the oxygen atom to the
la” MO is approximately twice as large as that to the
19a” MO. Referencing the PES and the C-Ka spectrum
using the C(1)Is level matches the line in the PES
corresponding to the 19a° MO and the B line of the
C-Ka spectrum. When other Cls levels are used as
references, the above line in the PES matches the C
line. The data of calculations show also that the transi-
tion from the 19a” MO to the C(1)1s level participates
in the formation of the B line along with other transi-
tions, while those to the C(2,4,6)1s and C(3,5) levels
participate in the formation of the C line of the C-Ka
spectrum.

The bonding 1a” MO is a combination of the orbital
of the phenyl ring that correlates with the la;, MO of
benzene and the orbital of the substituent corresponding
to the 1b; MO of water. A comparison of the PES and
C-Ka spectrum suggests that the line corresponding to
the la” — C(1)ls transition participates in the forma-
tion of the B maximum of the C-Ka spectrum, while
lines composed of transitions to other inner levels of the
ring participate in the formation of the C maximum (see
Fig. 3).

The 18a° MO correlates with the orbital of the
phenyl ring analogous to the 3e;,As MO of benzene.
According to the ab initio® and MNDO calculations
performed in this work, this orbital must not appear in
the O-Ka spectrum because of the small contribution of
the 2p AO of oxygen (see Fig. 3). It follows from the
above calculations that the contributions of the C(1)2p
and C(4)2p AOs to the 18a” MO are close to zero. The
fact that this orbital correlates with the 3e;, As MO of
the benzene molecule, which has nodes of the wave
function on the same atoms, makes it possible to draw
the same conclusion. Referencing with the use of the
C(2.4,6)Is and C(3,5)1s levels matches the analog of the
182" MO in the PES and the C line of the C-Ka
spectrum. A theoretical spectrum constructed on the
basis of results of MNDO calculations confirms the
participation of the 18a’” —» C(2,4,6)1s and
18a° — C(3,5)1s transitions in the formation of the C
line (see Fig. 3).

The next (considering the [ scale), the 172" MO,
correlates with an orbital of the phenyl fragment similar
to the 3e;,S MO of benzene and can be considered as an
orbital of the o-bond between the fragments (see, for
instance, Ref. 5). According to the MNDO calcula-
tions, the contribution of the 2p AQO of oxygen to this



Electronic structure of monosubstituted benzenes

Russ.Chem.Buil., Vol. 46, No. 12, December, 1997

2079

orbital is relatively small (see Fig. 2). Referencing PES
and the C-Ka spectrum with the use of the C(1)1s level
makes it possible to determine the position of the transi-
tion from the 17a” MO to the C(1)1s level that matches
the minimum between the B and C lines on the energy
scale. The line obtained from the MNDO calculations
has the same position (see Fig. 3). When other inner
levels are used as reference, the line in the PES corre-
sponding to the 17a” MO matches the C line of the
X-ray spectrum of the carbon atom. Hence, transitions
from the 17a’ MO to the C(2,4,6)1s and C(3,5)1s levels
participate in the formation of the C maximum along
with other transitions, as is predicted by theory.

According to calculations (see, for instance, Ref. 5),
the 16a” MO close to the MOs discussed above belongs
to the system of mj-orbitals and correlates with the 1by,
MO of the benzene molecule. Referencing the PES and
the O-Ka spectrum makes it possible to argue that the
low-energy "swelling” (the E scale) of the dominant line
of the X-ray spectrum of oxygen is an analog of the 16a’
MO (see Figs. 2 and 3), while referencing the PES and
the C-Ka spectrum shows that the 16a” — C(1)1s transi-
tion participates in the formation of the C line of the
latter. This is confirmed by the theoretical spectrum (see
Figs. 2 and 3). Both experimental and theoretical data
show that along with other transitions, those from the
16a° MO to other inner levels of the phenyl fragment
are responsible for the appearance of the C and D lines
of the C-Ka spectrum.

The 15a” MO that correlates with the orbital of the
phenyl fragment, which in turn coresponds to the 2b;,
MO of the benzene molecule, makes a small contribu-
tion to the O-Ka spectrum of phenol (see Fig. 3). Both
the experiment and theory show unambigucusly that the
152° MO has a lower energy as compared to the 16a’
MO and that in this spectrum it lies in the low-energy
region (the £ scale) relative to the line corresponding to
the 162’ MO (see Figs. 2 and 3). According to the
ab initio calculation,3 the wave function of the orbital in
question has a node on the C(1) atom. Based on the
experimental and theoretical data, one can conclude
that transitions from the 15a° MO to the C(2,4,6)1s and
C(3,5)1s levels also participate in the formation of the D
line and that the first transition makes the dominant
contribution.

The third band in the benzene PES is composed of
transitions from the 3e;,, 1by,, and 2by, MOs. A com-
parison of the PES of benzene and that of phenol shows
that this band corresponds to several lines. Taking into
account the correlation of orbitals on going from ben-
zene to phenol, they can be identified as lines due to
transitions from the 18a’, 17a’, 16a’, and 15a” MOs.
The third band of the C-Ka spectrum of benzene is
identical to the C band of the corresponding spectrum of
phenol (see Fig. 2) and is composed of transitions from
these MOs.

The 14a” MO of the phenol molecule correlates with
an orbital of the phenyl! ring analogous to the 3a;; MO

of benzene. This is an orbita] of the s-bond between the
fragments (see Ref. 5). Its unambiguous analog in the
O-Ka spectrum matches the corresponding line in the
PES when referencing the spectra (see Figs. 2 and 3).
When the PES and the C-Ka spectrum are referenced,
transitions from this MO appear to participate in the
formation of the D line. This conclusion agrees with
theory (see Figs. 2 and 3).

The 13a” MO that correlates with the orbital of the
pheny! fragment similar to the 25,8 MO of the benzene
molecule is the next orbital close in bonding energy.
Correspondingly, the 12a” MO correlates with the 2e,
MO. Transitions from these two orbitais of PhOH form
one band in the XPES (see Fig. 2). The 2s AOs of the
oxygen and carbon atoms make considerable contribu-
tions to these orbitals; therefore, since transitions from
the 2p AOs make small contributions to the correspond-
ing X-ray spectra, analogs of the 13a” and 12a° orbitals
have low intensities (see Figs. 2 and 3). Referencing the
XPES and the X-ray spectrum of oxygen suggests that
lines corresponding to the 13a’ and 122" MOs form a
small low-energy "swelling” (the E scale) of the intense
line corresponding to the 14a’ MO. These MOs have
not been investigated in the experimental C-Ka spec-
trum since attempts at recording a spectral region with a
transition energy lower that ~270 eV failed (see Fig. 2)
because of low reflectivity of the analyzer crystal in this
region. (Previously,5 this issue has been covered in the
literature.) The E line in the theoretical X-ray emission
spectrum of carbon corresponds to analogs of the 13a°
and 12a” MOs (see Fig. 3).

One can establish the following correlation for the
11a” and 10a’” MOs on going from benzene to phenol:
2e, = 2e;,S + 2¢,,As — 11a” + 10a’. These MOs,
as well as the 13a” and 12a’ orbitals discussed above, are
mainly composed of the 2s AOs of the oxygen and
carbon atoms. According to the MNDO data, one would
expect them to be manifested in the X-ray spectra
because of the small contributions of the 2p AOs of
oxygen and carbon (see Fig. 3). Referencing the XPES
and the O-Ka spectrum shows that the low-energy
structure of the last line corresponding to the 142" MO
in the O-Ka spectrum can be considered as an analog of
the 11a” MO. It is hardy probable to reveal the 10a” MO
in this spectrum, since the MNDO calculations show
that the populations of the 2p levels of the oxygen atom
are close to zero. It is also impossible to record transi-
tions from the 1la” and 10a” MOs in the C-Ka spec-
trum because of the low efficiency of reflection of the
analyzer crystal in the low-energy region. The degree of
their participation in the formation of this spectrum can
only be judged from the theoretical pattern (see Fig. 3).
The 2s AOs of carbon atoms also make a considerable
contribution to the orbital of benzene that correlates
with the 11a’ and 10a” MOs of phenol.5 On the other
hand, these orbitals also correlate with the 2a; MO of
the water molecule with a large contribution of the 2s
AQs of oxygen.
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The 9a” and 8a’ MOs are the lowest-lying valence
orbitals of the phenol molecule. The 9a° orbital is an
antibonding orbital while the 82" MO is a bonding
orbital with respect to the combination of the orbital of
the phenyl fragment corresponding to the 22;, MO of
benzene and the orbital of the substituent correlated
with the 2a; MO of the water molecule. They participate
in the o-bond between the phenyl ring and the substitu-
ent and are mainly composed of the 2s AOs of the
oxygen and carbon atoms, as well as their analogs in the
benzene and water molecules. The 9a” and 8a" MOs
almost do-not participate in the formation of X-ray
spectra because of the low contribution of the 2p AOs of
the oxygen and carbon atoms (see Figs. 2 and 3). It was
possible to record analogs of transitions from these
subvalent MOs composed mainly of the 2s AOs of
oxygen, for instance, in the O-Ka spectra of ice? and
Li;P0O,28, due to the presence of a small contribution of
the 2p AO of oxygen in these MOs.

The last three lines in the XPES of benzene (see
Ref. 16) comespond to the 2e,, 2ey,, and 2a;, MOs.
Their energies are close to those of the three lines of the
analogous spectrum of phenol.!6 This makes it possible
to assign them in accordance with the following correla-
tion: 28y, — 2¢2,8 + 2e5As — 13a” + 1227, 2e)y >
2e.,S + 2¢,,As — 11a” + 10a’, and 2a,; — 9a". The
last line in the XPES of phenol corresponds to transi-
tions from the 8a° MO (see Fig. 2) that also correlates
with the 2a;, MO of benzene.

The lower-lying orbitals are atomic orbitals, and
their energies were determined by X-ray electron spec-
troscopy: 7a’, (C(4)ls); 6a’, 5a’(C(3,5)ls); 4a’,
3a°(C(2,6)1s); 2a°(C(1)1s), and la’(Ols). The energy
of the C(4)1s level is equal to that of the C(2,6)1s level
and is less than that of the C(3,5)1s level.

Let us consider an interaction over the =, -system
consisting of four MOs with the a” symmetry (see Fig. 4).
It is composed of three MOs of the phenyl ring that
correlate with the e, and lay, MOs of benzene and the
1b; MO of water. The 3a” MO of phenol correlates with
the le As MO of benzene and is occupied only by the
electrons of carbon atoms. Its energy is 0.14 eV higher
than that of the corresponding MO of benzene (accord-
ing to PES data5), which is associated with the transfer
of the electron density over the o-system from the
benzene ring to the electronegative oxygen atom (the
inductive effect).? Thus, only three orbitals forming the
42", 2a", and la” MOs of phenol participate in the
covalent interaction. The contribution of the 2p AO of
oxygen to the antibonding 4a” MO is ~14% (according
to the MNDO calculations). The interaction occurs
mainly between orbitals of the 1a,, MO type of benzene
and those of the 1b; MO of water with the formation of
the antibonding 2a” and the bonding la” MOs. The
contribution of the 2p AO of oxygen to these orbitals is
~25% and ~56%, respectively.

Let us consider the theoretical conclusions from the
viewpoint of the X-ray spectral experiment. Let us com-

pare the O-Ka spectra of the water and phenol mol-
ecules (see Figs. 1 and 2). The high-energy line is the
most intense in the spectrum of water (the E scale, the
nature of the maxima of higher energies was considered
above). Hence, it is due to transitions from the HOMO.
Transitions from the 2p-AQO of the oxygen atom make
the largest contribution to this line as compared to other
AOQOs. Analysis of the spectrum showed that the intense
line should be correlated with the 1b; MO, which is an
orbital of the lone electron pair of the O atom. A
transformation of the spectrum on going from the water
molecule to the phenol molecule occurs in such a way
that the most intense lines are not composed of transi-
tions from the higher occupied MOs, but of those from
the lower-lying orbitals (see Fig. 2). Matching of the
X-ray spectra of phenol with eah other and with the
PES leads to the conclusion that the 2p, AOs of oxygen
make the largest contribution to the 2a” and la’ MOs
(see Fig. 2). Decomposition of the experimental O-Ka
spectrum into individual components (Lorentzian lines)
shows that the ratio of the contributions of the O2p, AO
to the l1a” and 2a” MOs is ~2.8, whereas the MNDO
calculations lead to a value of ~2.2. According to X-ray
spectral data, PES,5 and ab initio® and MNDO calcula-
tions, the difference in the energies of these orbitals is
~1.6 eV, ~2.6 eV, ~2.9 eV, and ~2.2 eV, respectively.

A comparison of the O-Ka spectra of the water and
phenol molecules shows that three orbitals (the 4a”, 2a”,
and la” orbitals) are mainly responsible for the contribu-
tion of the electron density of oxygen to the 1b; MO if
the hydrogen atom in the water molecule is replaced by
a phenyl substituent. This is just the reason for decreas-
ing the relative intensity of the line in the spectrum of
the phenol molecule that can be correlated with the Ib,
MO of water.

Thus, the theoretically predicted increase in the con-
jugation between the phenyl ring and the substituent in
the phenol molecule that occurs as the energy of the MOs
of the m,-system decreases was confirmed by the X-ray
spectral experiment. Note that in the case of the phenol
molecule and other molecules considered in this series of
works,1:3 the model of the mesomeric effect developed by
C. K. Ingold?” usually takes into account only the
n, ~interaction between the phenyl ring and the substitu-
ent over the HOMO, ignoring that over lower-lying orbit-
als of the ring, which can be dominant in this case.
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