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(Received 19 March 1973)
ESR study of y-irradiated Ba(CI0 3)2 • HP revealed three main centers which are identified as 0 3,
CI0 2, and (CI0 2-HP) radicals, trapped at two distinct sites. The parameters of the spin Hamiltonian
have been determined from single crystal and powdered samples. The principal values for 0 3 and
CI0 2 centers agree with those reported in other systems. The chlorine center having "superhyperfine"
interaction with the two protons of water of crystallization has been identified as a (CIO r H 20)
radical. The principal values of the g tensor are g xx =2.0023, g" =2.0065, and g" =2.0150; those
of the A tensor are a xx =102.11, a,,=53.22, and a,,=7.79 G. The parameters of the hyperfine
coupling of 35CI with the first proton are a x x = 8.6, a yy = 5.0, and a zz = 5.0 G, with a iso = 6.2 G,
and those for the second proton are a xx =2.5, a,,=1.2, and a,,=1.2 G. The (CI02-HP) center is
found to be bleached at temperatures (above 120'C), where the crystal loses its water of hydration.
On exposing the irradiated crystal to uv light, the two chlorine centers CI0 2 and (CI0 2-H 20) are
fully bleached, followed by an increase in the concentration of the 0 3 center.

INTRODUCTION
Electron spin resonance (ESR) studies of a number of
paramagnetic oxides of chlorine, produced by the process of radiolysis of different chlorates 1-5 and perchlorates s- a have been reported by earlier workers. Byberg
et al. 7 identified the CI02 radical in KCI04, and Eachus
et al. 9 studied a number of paramagnetic oxides of chlorine, which are usually the fragments of the anion.
However, not much work has been reported on the nature
of paramagnetic centers trapped in divalent chlorates.
In this paper, ESR studies on the nature of paramagnetic centers trapped in barium chlorate monohydrate
Ba(CI03)2' H20 and Ba(CI03)2 • D20 obtained by uv, x,
y-irradiations are reported. Fayet et al. 10 have earlier
reported some results on these crystals, and the present
results are compared with the earlier results.

curate to ± O. 0005.
land's 11 method.

The results are analyzed by Schon-

A. Crystal structure of Ba(CI03 )2

•

H2 0

The crystal belongs to a monoclinic system with space
group I2/C having the lattice parameters 12 a= 8. 916
± O. 010 A, b = 7. 832± O. 008 A, c = 9. 425± 0.010 A, and
{3= 93°39' ± 7' with four molecules per unit cell. The
structure contains Ba-O polyhedra and CI0 3 pyramids.
The water molecule is situated at a position of relatively
simple crystalline symmetry. The orientations of the
interproton vectors were determined by Spence, 13 Silvidi, and McGrath l4 • 15 using proton magnetic resonance
studies. The atomic positions in the unit cell of
Ba(CI03 h· H20 are shown in Fig. 1.

II. RESULTS

I. EXPERIMENTAL

A. Description and interpretation of the spectra

Single crystals of Ba(CI03h . H20 are grown from
aqueous solution by slow evaporation at room temperature. starting materials are analytically pure reagents
and are further purified by recrystallization. The crystals usually form with (110) face and are elongated along
the c axis. Deuterated single crystals are grown by
first dehydrating the monohydrate sample and then making a solution with heavy water (isotopic purity 99.4%)
supplied by BARC-Bombay. These crystals are grown
in water free atmosphere.

ESR spectra are recorded by varying the orientation
of the crystal with the magnetic field in intervals of
every 5° in each of the three orthogonal planes- (001 *),
(010), and (100). The spectra with the magnetic field
along the [100] direction is shown in Fig. 2 for y-irradiated Ba(CI03h . H20 crystal. It consists of three types
of paramagnetic centers: a single lined spectrum
marked as (A) with no hyperfine splitting, and two others
marked as (B) and (C) with hyperfine splitting (characteristic of a nuclear spin 1= %). The most probable nucleus with 1=% in this crystal being chlorine, the centers Band C are attributed to two chlorine species. The
lines due to 35 CI and 37 CI isotopes are seen with the expected intensity ratio 3: 1 and magnetic moment ratio
1: 0.83. Furthermore, the chlorine center C, with the
largest hyperfine separation, reveals superhyperfine interaction with the two protons of the water of crystallization. This fact was confirmed on deuteration, for which
the observed splitting is very small and is governed by
the expected proton-deutron magnetic moment ratio of
3. 32: 1. It is further observed that the center C is relatively more intense in y-irradiated crystal than in x-irradiated crystal.

Crystals are irradiated with x rays from a molybdenum target operated at 30 kV and 15 mA for periods
ranging from a few minutes to a few hours. A 60Co_y
source capable of giving an effective dose rate of 0.156
M rad/hr is used for irradiation. In both cases, a dark
brown color is observed. A 100 W mercury discharge
tube is used for bleaching experiments with Wurtz filter
(3600 A).
The ESR spectra are recorded on a Varian E-4, xband spectrometer operating at 9. 5 GHz at.temperatures
ranging from - 180 to + 150°c. Theg factors are calculated using DPPH (I; = 2.0036) as standard and are ac-
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plotted with respect to the DPPH position for different
angles of rotation (isofrequency plot) and are shown in
Fig. 3 for a deuterated crystal in the (001*) plane. The
mean position of the lines is then obtained by least
squares fitting to the experimental data from each rotation. The angular variation of the g factor in the (001*)
plane thus fitted by least squares method is shown in
Fig. 4 for the two centers. The angular variation of the
hyperfine parameter is done in a similar manner. The
two magnetically inequivalent sites become equivalent
when the crystal is parallel or perpendicular to the binary axis [010].

B. Temperature dependence of the paramagnetic
centers

3

b_

7.832l

FIG. 1. The unit cell of Ba(Cl0 3) • H20 projected on to the
(100) plane. The large dark circles represent barium atoms;
small dark circles indicate hydrogen atoms. The small open
circles represent chlorine atoms, while the large open circles
denote oxygen atoms. The open double circles indicate water
oxygens.
The angular variation of the spectral lines in the three
planes revealed that there are two magnetically inequivalent sites for all three centers. When the crystal is
bleached with uv light, the chlorine centers B and C disappeared, giving a prominent spectrum A, for which the
angular dependence has been reported by the authors;
from its g-tensor results, it is attributed as 0; radical. 16 The ESR line positions of centers B and Care

ESR measurements are carried out on the y-irradiated crystals over a wide range of temperatures, from
150 to - 180°C. It is observed that center C is completely bleached at about 120°C, at which the crystal
loses its water of hydration. centers A and B are also
found to be bleached at higher temperatures, with a half
life of about 30 min. However, at lower temperatures,
below that of room temperature, the intensity of centers
B and C is found to decrease as the temperature is lowered. The intensity of center A alone has increased
linearly as the crystal is cooled. However, centers B
and C reappeared and gave the original spectrum when
the crystal was brought to room temperature. Figure
5a shows the relative intensities of the ESR lines of the
two centers B and C at various temperatures. Figure
5b shows the variation of the hyperfine separation of
centers Band C when the magnetic field is parallel to
[100] direction.

C. Identification of the centers
The principal values of the g and A tensors along with
the direction cosines are presented in Table I for the two
centers B and C. The paramagnetic center A with characteristic optical absorption band at 435 mJ..!. has been
reported earlier 16 as the ozonide ion (0;). Center B is
identified as a CI02 center whose g and A values are

TABLE I. ESR parameters of paramagnetic centers (Cl0 2) and (Cl0 2-H 20) in ')I-irradiated Ba(Cl03) • H20.
Paramagnetic
center

PrinCipal

Direction cosines of g tensor
in abc' axes system

g tensor
a

B (Cl02)

2.0023
2.0168
2.0125
(g",,= 2. 0105)
2.0023
2.0065
2.0151
(gav= 2. 0080)

b

Principal
A tensor

(gauss)

c'

(-0.9257 -0.3783 + O. 0083)
(+0.1707 -0.3705 + O. 9130)
(+ O. 3350 -0.8466 -0.4135)
(-0.9967 + O. 0212 + O. 0788)
(-0.0213 - O. 9742 -0.2248)
(+ O. 0499 -0.2368 + O. 9703)

Major-proton coupling

71. 94
-15.28
-8.04
Also= 16. 21
102.11
+53.22
+7.79
A~so=
54.37
8.6
5.0
5.0

Direction cosines of A tensor
in abc' axes system
a

b

c'

(+ O. 9131 -0.4032 +0.0607)
(+0.0077 -0.1319 - O. 9912)
(-0.4076 -0.9056 +0.1174)
(-0.9747 +0.2081 + O. 0813)
(+0.1891 + 0.9624 -0.1950)
(+ 0.1189 +0.1747 + 0.9774)
(+ 0.8416 + O. 5400 + O. 0000)
(+ O. 0000 + O. 0000 + 1. 0000)
(- O. 5400 + O. 8416 + O. 0000)

Ar~=6.2

Minor-proton coupling

2.5
1.2
1.2
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FIG. 2. ESR spectra of 'Y-irradiated (a) Ba(CIOsh' H20 and (b) Be(CIOs)2' D 20. The positions of the lines of A, B, and C centers
are indicated at the top of the figure. D is an unidentified chlorine center.

similar to those reported by Fayet et al. 1U and those
found in other chlorates and perchlorates by earlier investigators. 7,9 The optical absorption studies by the
authors17 have revealed a strong band, at 350 mil, characteristic of CI02 • The paramagnetic center C has not
been fully analyzed earlier, and its g and A tensor results show that it is probably the radical complex (CI02H20). Since the results on radical A have been reported
earlier, details regarding the two centers B and Care
discussed further.
The CIOz center has C 2v symmetry and is isoelectronic
with 0;. The axes system is chosen such that the two-

fold axis corresponds to the principal Z axis. The Y
axis is parallel to the 0-0 direction, and the X axis is
perpendicular to the molecular plane. The max.imum
principal value of the g tensor (gyy) lies along the 0-0.
direction, and the minimum value (gxx) lies perpendicular to the CI02 plane. The experimental direction cosines of gyy(CI02 site I) given in Table I (80°, 68°, 24°)
are in good agreement with the calculated direction cosines of Of -Of I vector (Fig. 1), forming angles (84° ,
67°, 23°) with the crystal axes. Thegn andg lill directions agree in a similar manner. Similarly, the gyy direction for the second site of CI02 (not presented in Ta-

TABLE n. POSSible forms of the hyperfine tensor for (Cl0 2-H 20), together with the breakdown into isotropic and anisotropic contributions.

all
a22

ass
also
bu
b22
bss

Trial

Trial

I

n

+102.11
+53.22
+7.79
+54.37
+47.74
-1.15
-46.58

-102.11
-53.22
-7.79
- 54. 37
-47.74
+1.15
+46.58

Trial

Trial

Trial

Trial

Trial

Trial

III

IV

V

VI

VII

VITI

-102.11
+ 53.22
+7.79
-13.7
-88.41
+66.92
+ 21.49

+ 102.11
-53.22
-7.79
+49.18
+ 52. 93
+4.04
- 56. 97

-102.11
-53.22
+7.79
-49.18
-52.93
-4.04
+56.97

+ 102.11
-53.22
+7.79
+18.89
+83.22
-72.11
-11.10

+102.11
-53.22
-7.79
+13.7
+88.41
-66.92
-21.49

-102.11
+53.22
-7.79
-18.89
-83.22
+72.11
+11.10
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FIG. 3. Positions of experimental ESR lines for 35el components of the Band e center of deuterated crystal in (001*) plane. Angular dependence of the lines is shown taking DPPH line as center. The lines with open Circles correspond to center e. The dashed
lines with dark circles correspond to center B.

bie I) is coinciding with the direction of Oi' -Of{ vector
(Fig. 1). It is interesting that the symmetry of the experimental results show that CIO; always lose a particular oxygen to give rise to the two inequivalent sites. It
should be mentioned that the CIOs group in barium chlorate is not completely symmetric, having the 0-0 distances 2.385, 2.384, and 2.363 A. 12 In KCIOs, similar

conclusions were drawn. 9,18 The crystal structure (Fig.
1) suggests eight such possible CI0 2 sites obtainable
from the eight chlorate groups of the unit cell. However, four pairs can be made by suitable glide operation
and they can be further reduced to two by pairwise inversion. The two possible Cl02 sites are inclined 90°
with respect to each other.

2.015

;·010

FIG. 4. The variation of g with
angle 9 for the mean position
of the lines of groups Band
C in (001*) plane, fitted with
least squares. The open
circles are for center Band
the triangles are for center e.
The solid line represents
theoretical lines.
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parallel to the crystallographic a, b, and c axes. It can
be suggested that the atoms can find different environments when displaced from their original positions owing
to irradiation.
The assignment of proper sign to the components of
the hyperfine tensor of center B (CI02 ) is done on the basis of earlier results. 9 The signs of the components of
the hyperfine tensor for center C are not known. Hence,
the principal values of the hyperfine tensor are assigned
with all possible sign combinations, and the corresponding isotropic and anisotropic parts are shown in Table
II. The principal hyperfine coupling constant a xx would
be positive, as for Cl02, since the magnitude of g xx suggests that the unpaired electron is largely confined to
Px orbital. This reduces it to four possible choices to
be considered from Table II. It is assumed that the isotropic term will be positive and that the dipolar term
will be approximately axial and of the form (2B, -B,
- B). Assuming all components to be positive, the principal values of the hyperfine tensor are 102. 11, 53. 22,
and 7.79 G, with 54.37 G as the isotropic hyperfine interaction.
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FIG. 5. (a) Plot of the relative intensity of Centers Band C
with respect to their intensity at room temperature for various
temperatures. Circles for center B and triangles for center
C. (b) The temperature dependence of hyperfine splitting of
centers Band C.
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D. Characteristic features of center C
The nature of the ESR spectrum of this center suggests that it must be a chlorine center. Optical absorption studies have revealed that the primary product of
radiolysis, viz., CIOs, is present in the crystal as diamagnetic dimer 17 Cl 2 0 s with an absorption band at 515
mil. Further CIOs has C 3v symmetry and is expected to
have very little anisotropy. In the present case, center
C has a large anisotropy with the g av = 2. 008 close to that
of CI02 • Furthermore, the temperature variation of the
relative intensity of centers B and C suggest that they
may be of the same origin. When center C disappears
after dehydration (at 120°C), only centers A and B remain. Hence, it is suggested that this center is the paramagnetic complex (CI02-H 20) formed such that the unpaired electron on the chlorine is having superhyperfine
interaction with two protons of the water of crystallization. However, it is interesting that only some of the
CI0 2 interacts with H2 0 although each CI02 has a similarly located water molecule near it. The direction cosines of center C (Table I) suggest that considerable
"rearrangement" of the atoms in this radical complex
might have taken place, so that the molecular axes lie
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E. Proton interaction

The observed spectrum of the chlorine center C can
be explained by assuming superhyperfine interaction
(SHF) with two nonequivalent protons. This (SHF) splitting also has considerable anisotropy, and the angular
dependence of the proton splitting in the (010) plane is
shown in Fig. 6. This is characterized by a major and
a minor proton interaction, respectively. The major
proton coupling in (OlO) plane bas its maximum value
(8 G) when the magnetic field is along the [001*] direction; minor proton coupling is maximum (2. 5 G) along
[100] and minimum (1 G) along the [001*] direction. A
similar study is made on the other two planes, and the
principal values of the major proton coupling are obtained as (8.6, 5.0, and 5.0 G), with an isotropic part
of 6. 2 G and anisotropic part of (2. 4, - 1. 2, and - 1. 2
G). The principal values of the minor proton coupling
are (2. 5, 1. 2, and 1. 2 G).
The two protons, coupled to the unpaired spin of CI02
in the complex (CI02-H 20), are at distances 2.98 A and
4. 23 A from the chlorine atom, as calculated from the
crystal structure data. 12 Since the proton coupling is
mainly dipolar in nature, the maximum splitting (t:.H) is
proportional to (r- 3 ), where r is the distance between
the chlorine and the particular proton. The ratio of the
maximum splitting due to the two protons must be in the
ratio of (rJr 2)3= (2. 98/4. 23)3= 0.35, which agrees well
with the experimental value of t:.H 2 / t:.H 1 = O. 30. Furthermore, the calculated values of the magnitudes of the
hyperfine interaction between the chlorine and the protons also agree with the experimental observation.
III. DISCUSSION

The spectra for center C in the absence of quadrupolar
effects can be interpreted using the spin Hamiltonian
JC= f3(g xxHxSx +g yyHy Sy +g zzHzSz)+AxxIxSx +AyyIy Sy

where the nonprimed hyperfine and nuclear Zeeman components refer to the 35CI interaction, single primed ones
to the major proton (I' = t), and doubly primed ones to
the minor proton (I" = t). The other parameters have
their usual meaning. For CI02 , using Walsh's 19 notation for a 19-electron molecule, the odd electron occupies a 2 bimolecular orbital which has the form

Using the value of the isotropic coupling of 35CI due to
3s-atomic orbital (1680 G), 20 the observed isotropic coupling of 16.21 G for center B (CI02 ) gives an s-character
of about 1%. The anisotropic part of center B is (55.73,
- 31. 49, and - 24. 25 G), which can be separated into an
axially symmetric dipolar tensor (58.14, - 29.07, and
- 29.07 G) due to chlorine 3P-orbital, the remaining
part (- 2.41, - 2.41, and 4.82 G) denoting the deviation
from axial symmetry. Using the anisotropic coupling

•H 0
2

constant (i. e., 2B = 100 G)21 for 35CI , the unpaired spin
density on the chlorine 3P-orbital is obtained as 58. 1%.
This leads to a spin denSity of about 18% on each oxygen
atom by difference. These molecular parameters of
CI02 (B) are in good agreement with those reported for
CI02 in other systems. 9
For center C (CI02-H2 0), it is not appropriate to decompose the anisotropic part in the same manner as for
CI02, since the form of the tensor representing the deviation from axial symmetry is not uniquely known.
From the projection diagram given in Fig. 1, it can be
seen that there is hydrogen bonding 12 to one of the oxygens (216) of CI02 in the center (CI02-H 20). This would
also considerably modify the contribution from the oxygen 2p orbitals to the total unpaired spin density. Further, efforts are needed to give a quantitative analysis
of the hyperfine tensor of the complex (CI02 -H 2 0).
IV. CONCLUSIONS

ESR studies of x and ')I-irradiated Ba(CI03hH 20 have
revealed three main centers A, B, and C, which are
trapped at two distinct sites:
(1) Center A is identified as 0; withg av = 2.0087 giving
an absorption band at 435 mJl.
(2) Center B is identified as CI02, with the absorption
maximum at 350 mJl. The g and A values agree well
with those reported in other systems. The direction cosines are in good agreement with the crystal structure
data.
(3) The unpaired electron of chlorine center C is interacting with the two protons that are at distances 2. 98
A and 4.23 A, respectively. The large anisotropy of the
g and A values, together with the similarity of its behavior with that of CI02, suggest that this can be the
(CI02-H 20) center.
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