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X-Ray photoelectron spectra of p-benzoquinone, chloranil, bromanil, iodanil, hydroquinone, tetrachloro-
hydroquinone and chloranilic acid were observed by using the samples freshly deposited in the high vacuum of

the spectrometer.

The chemical shifts of C Is and O Is levels determined from the XPS spectra are compared with

the chemical shifts predicted according to the electrostatic potential model by use of the charge distributions cal-
culated by CNDO/2 method. The charge distributions in the quinone derivatives are successfully estimated
by using the observed binding energies of C Is and O Is levels.

X-Ray photoelectron spectroscopy (XPS) shows prom-
ise as a tool to investigate the electronic structures of
molecules. From XPS spectra, we can determine the
binding energies of core-electron levels, which are
known to vary more or less depending on the chemical
bonds. This chemical shift of a core-electron level
exhibits a rather simple correlation with the charge
distribution in the molecule. It was shown by Siegbahn
and his collaborators? that the chemical shifts of Cls
levels determined from the gas-phase XPS spectra of
simple organic molecules can be successfully predicted
from the charge distributions obtained by CNDO cal-
culations, by using the electrostatic potential model.

For investigating the electronic structure of molecule,
it is naturally desirable to observe the gas-phase XPS
spectrum. However, this is not easy to do in the case
of the organic compound which is a solid of low vapor
pressure at room temperature. In such a case, the
XPS spectrum is usually measured with a powder
specimen, but the Cls and O Is spectra thus obtained
are often affected significantly by the presence of
chemical species containing carbon and/or oxygen,
adsorbed on the sample surface.

This paper reports the XPS spectra of p-benzo-
quinone, hydroquinone and their halogen-substituted
derivatives, which were observed with the films freshly
deposited in the high vacuum of the spectrometer to
avoid the contamination effects. The purpose of this
study is to elucidate the effect of halogen substitution
on the binding energies of C Is and O Is levels.

Experim ental

The XPS spectra were measured with McPherson ESCA
36 electron spectrometer by employing AlK, (1486.6 V).
The sample was deposited on the surface of the variable-tem-
perature sample holder which was kept at about —50 °C by
using dry ice—acetone mixture, in the 10-¢ Torr vacuum of the
spectrometer. Only in the case of iodanil, we carried out
both the preparation of the film and the measurement of XPS
spectra at the room temperature, since its vapor pressure is
sufficiently low. For calibrating binding energies, we de-
posited a small amount of gold onto the sample surface, and
used Au4f,;, (84.0 €V) as the reference,? the core levels of
halogen being used as subsidiary references. With this
method, binding energies were obtained with the accuracy
better than +0.2 eV.

All the compounds except bromanil and iodanil were com-
mercially obtained and purified by sublimation in vacuo. The

crystal of chloranilic acid usually contains water of crystal-
lization but the powder which we obtained by sublimation,
was found to be the water-free modification. Bromanil and
iodanil were synthesized in our laboratory, and purified by
sublimation.

Results

The C Is spectra of chloranil, bromanil and iodanil
are shown in Fig. 1. Each of them exhibits a Cls
spectrum with a shoulder in the high binding-energy
side of the main peak, indicating clearly that the
spectrum is composed of two bands, namely, a strong
band at lower energy and a weak band at higher energy.
In each case, we resolved the observed C Is spectrum
into two components by means of the following pro-
cedure. First, we determined the standard profile of
a single band by examining the shape of Au 4f,, spec-
trum of an evaporated gold film and that of F Is spectrum
of Teflon. Then, assuming this standard profile for
each constituent band, we adjusted the splitting and
intensities so that the composite spectrum well re-
produced the observed spectrum. The results are shown
in Fig. 1 by solid lines. In these cases, we were able
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Fig. 1. Carbon s spectra.
(a): chloranil, (b): bromanil, (c): iodanil.
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to resolve the observed Cls spectrum into two com-
ponents with the intensity ratio nearly 2: 1.

The situation was slightly complicated in the case
of p-benzoquinone, where it was not possible to obtain
the CIs spectrum completely free from the contamina-
tion effect. Figure 2 shows the spectra measured re-
spectively 10 and 20 min after preparation of the
evaporated film. We can see that the profile of the
spectrum appreciably changed with time. It is not
clear why such phenomenon occurred only in the case
of p-benzoquinone. Possibly it is connected in some
way with the relatively high vapor pressure of this
compound. As shown in Fig. 2, we can resolve the
Cls spectrum of p-benzoquinone into three components,
of which binding energies are respectively 283.4, 284.3,
and 286.0 eV. Among them, we can attribute the one
at 284.3 eV to the Cls band associated with the con-
tamination carbon.

Like quinone derivatives, hydroquinone exhibited

(a)

rest ot St et teren”

20 20
Binding energy (eV)
Fig. 2. Carbon Is spectra of p-benzoquinone measured

respectively (a) 10 min and (b) 20 min after prepara-
tion of the evaporated film.
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the Cls spectrum with a shoulder, which was able to
be resolved into two components with intensity ratio
2:1 as shown in Fig. 3. However, the Cls spectrum
of tetrachlorohydroquinone exhibits no shoulder. Seem-
ingly, the splitting is quite small in this case. It should
be noted that there is an extra band separated by
6—7 eV from the main peak in the Cls spectrum of
hydroquinone as well as in that of tetrachlorohydro-
quinone. The corresponding extra bands were ob-
served very weakly also in their O ls spectra. It is
most likely that these extra bands are the shake-up
satellites associated with the excitations of valence
electrons.®
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Fig. 3. Carbon Is spectra.
(a): hydroquinone, (b): tetrachlorohydroquinone.

In the case of chloranilic acid, the O lIs spectrum
appeared as a very broad band with a width of about
3eV. This spectrum was able to be resolved into
two components of equal intensity. Although we can
expect that the Cls spectrum of this compound is
composed of three components, we could not resolve
the observed C ls spectrum to the corresponding bands.

The binding energies of core levels determined from
the XPS spectra are summarized in Table 1.

TaBre 1. BINDING ENERGIES OF CORE LEVELS (UNIT; €V)
Cls
Compound Ol
G, C,
Chloranil 287.7 286.1 531.5
Bromanil 287.5 285.6 531.4
Iodanil 286.7 284 .4 531.0
p-Benzoquinone 286.0 283.4 530.8
Hydroquinone 285.1 283.5 532.2
Tetrachlorohydroquinone 285.5 532.5
Chloranilic acid 286.2 533.1 531.7
Compound Cl2p Cl 2s Br 3p,/, Br 3d I3d;, I4s I4p I4d
Chloranil 200.2 270.9
Tetrachlorohydroquinone  200.0 270.7
Chloranilic acid 200.1 271.2
Bromanil 183.4 70.1
Todanil 619.8 187.2 123.0 50.1
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Discussion

Chemical Shifts in C 1s and O 1s Levels. According
to the electrostatic potential model, the binding energy
of a core level can be correlated with the charge dis-
tribution in the molecule by Eq. (1);

E; = E\° + kyq; + Ej]qj/Rtj (1

where ¢; is the charge on the i-th atom, ¢; is that on
the j-th atom, R;; is the interatomic distance given in
atomic units, and E,” and k, are the empirical con-
stants characteristic of the kind of atom. This relation
was originally proposed by Siegbahn et al.9 on the
basis of classical electrostatic theory. For the charge
densities calculated by CNDO method, they gave the
k. values as follows; k;=21.9 for Cls and k,=25.8 for
OIs (unit; eV/unit charge).’ The quantum mechanical
meaning of Eq. (1) was critically discussed by Schwartz,
Switalski, and Stronski, who gave theoretically the
following £, values; £kc=22.108 and k,=30.951 (eV/
unit charge).

When we are interested only in the chemical shift,
we can use the energy change expression given as
follows;

AE; = kyq, + ;qj/Rij @)

We carried out CNDO/2 calculations on p-benzo-
quinone, hydroquinone, chloranil, tetrachlorohydro-
quinone and chloranilic acid, assuming the molecular
geometries based on the crystal structure data.®) Figure
4 shows the charge densities of the first two compounds.
Due to the molecular symmetry, we can classify the
six carbon atoms into two groups, namely the two
carbon atoms forming bond with oxygen and the other
four carbon atoms. We will denote these two types of
carbon atom as C; and C,, respectively. Since the
charge density is considerably different between these
two kinds of carbon atom, we can expect a splitting
between their C Is levels.

H 0.38
i-o‘zzs CIJ -0.253
€0.231 €. 0I73
Heo .~ " E2 1 o019 Hoo 22X 2.1 0.005
i‘ i-0.0ZI T ‘|3-o.o42
¢ ¢ ¢ £-0.030
H” \c/ SH H” g~ " H 0.009
° 0

(a) p-Benzoquinone (b) Hydroquinone

Fig. 4. Charge densities obtained from CNDO/2 calcula-
tions.

From the charge densities obtained by CNDO/2
calculations, we calculated AE according to Eq. (2)
with the assumption that k;=21.9 eV/(unit charge).
The results are given in Table 2. These results suggest
that, in the cases of p-benzoquinone, hydroquinone and
chloranil, the Cls spectrum will split into two bands
separated by 1—2eV. Since the intensity of each
band is to be proportional to the number of atoms
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TaBLE 2. CALCULATED CHEMICAL SHIFTS, AE (UNIT; eV)

Cls
Compound —_— Ol
C, G,
p-Benzoquinone 2.5 0.9 -3.0
Chloranil 4.1 2.6 —1.6
Hydroquinone® 1.5 0.1, 0.2 -3.0
Tetrachlorohydroquinone 3.3 2.1, 2.1 -—-1.6
Cls Ols
Compound —_— —_——
C, C, C, 0O, O,
Chloranilic acid® 3.4 3.5 1.2 —2.4 -—1.1

a) The C s levels of C, carbons split into two depend-
ing on the orientation of OH group. b) C,, C,, and
C, correspond to C{O), C{OH), C¢-Cl) respectively,
and O, and O, to (C}O, O¢H) respectively.

responsible for it, the intensity of the low-energy band
will be twice of that of the high-energy band. This
is in accord with the observations, consequently, we
can assign without ambiguity the two bands obtained
by resolving the Cls spectrum of each of these com-
pounds to the two levels predicted by the above cal-
culations. In the case of chloranilic acid, the calcula-
tion predicts the presence of three Cls bands of equal
intensity, but we were not able to resolve its CIs spec-
trum to the components corresponding to these pre-
dicted bands.
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Fig. 5. Measured binding energy shifts of carbon Is
electrons versus shifts calculated with the electrostatic
potential model.

Figure 5 demonstrates the good correlation between
the observed binding energies of Cls level and the
calculated values of AE. The data well fit on a straight
line which makes an angle of 45 degree with the abscissa.

The correlation between the observed and calculated
chemical shifts of Ols level is shown in Fig. 6, where
we assumed that ko=25.8 eV/(unit charge). The cor-
relation is less satisfactory in this case as compared
with the case of C Is level,
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Fig. 6. Measured binding energy shifts of oxygen Is
electrons versus shifts calculated with the electrostatic
potential model.

We can rewrite Eq. (1) in the following form:
E, — ;(qj/RU) =E,\° + kpqy @)
Thus, if we plot E,-—-g](qj/R,-j) against ¢;, we will

obtain a straight line, and we can determine %, from
its inclination and E,° by extrapolating it to ¢;=0.
Since the data were limited, we were not able to deter-
mine the £, value with sufficient accuracy. There-
fore, we assumed the £, values proposed by Siegbahn
et al., and determined E,° by the extrapolation. By
this way, we found the E.°=283.34-0.2 eV for k;=
21.9 eV/(unit charge) and E,°=534.04-0.5 eV for ko=
25.8 €V/(unit charge).?

Charge Distributions in the Quinone Derivatives. As
we can see in Table 1, the Cls and Ols levels of the
halogen-substituted quinones are systematically shifted
with the electronegativity of halogen. In these mole-
cules, we need to know only four quantities in order to
specify the charge distribution. Those are the charge
densities on oxygen, halogen and two non-equivalent
carbon atoms, C, and C,, which we will denote as
go, qx; cys and gc,, respectively. These quantities
must satisfy the condition of the electrical neutrality
of molecule, consequently, one of them can be derived
from other three quantities. By using the relation
given by Eq. (1) for the Ols level and the Cls levels
of the two kinds of carbon atom, we obtain three
equations relating the observed binding energies to the
charge densities. We solved such equations for the E,
and k, values which we have determined in the pre-
ceeding section. The results are given in Table 3.
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TaBLE 3. CHARGE DENSITIES ESTIMATED FROM XPS
SPECTRA OF QUINONE DERIVATIVES

Compound C, C, o X

Chloranil 0.29, 0.05, —0.24, —0.07,
Bromanil 0.29, 0.02, —0.24, —0.054
Iodanil 0.29, —0.02, —0.24, —0.00,
p-Benzoquinone 0.28, —0.08, —0.24; 0.06,

The validity of the above procedure could be ques-
tioned when we consider the approximate nature of
Eq. (1), and the limited reliability of the empirical
values of E,° and £,. Nevertheless, the results given
in Table 3 seem to be quite satisfactory. The charge
densities on carbon and oxygen atoms in C=O group
are little affected by the substituted halogen. The
charge density on the carbon atom directly bounded
with halogen and that on the halogen atom systemati-
cally change with the electronegativity of the sub-
stituted halogen. These are in accord with the chem-
ical intuitions.
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