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The oxidation of diethylene glycol with K,Cr,0,
was studied in pseudo first-order conditions, the diol
being in a large excess. The first stage of the reaction
is the formation of non-cyclic monoester of Cr,0;*
with the diol, in which a photochemical redox process
takes place leading to a complex of Cr™), denoted as
Cr¥(1). This complex can be stabilized only at low
temperatures; at room temperature it changes into
another Cr™ complex, denoted as Cr'(2). The ESR
parameters of the complexes Cr¥(1) and Cr*(2) permit
some information to be obtained about their composi-
tion and structure. The last stage of the reaction which
is also a photosensitive one, proceeds on in the complex
Cr'(2), leading to the final reaction products — Cr™™
and a carboxylic acid. The spectral sensitivity of the
photochemical processes was studied and compared
with the absorption spectra of the initial and transition
species. The quantum yield of the first photochemical
reaction — the formation of Cr™ — was found to be
0.46. The consecutive stages of the reaction are dis-
cussed in detail, some of them being experimentally
studied in separation. A scheme for the reaction mech-
anism is proposed.

Introduction

The oxidation of different reducing agents by Cr™?
usually proceeds on with the formation of Cr™" as a
final state of chromium(VI) reduction. Because of the
low probability for a onestep tri-electron transfer, the
formation of Cr™ and Cr®"Y as intermediate species
was assumed to take place. Some kinetic data that sup-
port the idea for the formation of such oxidation states
in the reaction course have been reported by many
authors,’ but direct experimental evidences for the
formation of intermediate chromium(V) species have
been obtained only in the last years.”™

In a previous work published recently® we have
studied the mechanism of ethylene glycol oxidation by
dichromate and have established the formation of inter-
mediate Cr"’ complex with the substrate. The forma-

tion of such complexes was found to proceed also be-
tween Na;CrO, and many nitrogen-, oxygen- and sul-
phur-containing ligands.® Some of these complexes can
be used as dinamically polarized proton targets for high
energy experiments”’® and for that reason an increased
interest is recently observed in this field.

The aim of the present work was to proceed on the
investigations on the Cr"") complexes formed during
the reduction of Cr™?, using diethylene glycol as a
reaction substrate and K,Cr,0O; as an oxidant.

Experimental

Methods

The experimental method used in the investigations
was the ESR method, as Cr™ compounds are para-
magnetic species (electron configuration d*) with a well
defined ESR signal. Electronic and vibrational spectra
were also used for identification of some products in the
reaction course.

The reaction was studied in pseudo first-order condi-
tions (Cpiet: Ckycry0, = 143:1) when the whole amount
of dichromate added is easily dissolved in diethylene
glycol. The samples were measured together with DPPH
as a standard and the concentration of the paramagnetic
species calculated by a double integration of the deriva-
tive curves. Corrections were made for the different
g-factors and spin values of the paramagnetic chromium
species and the standard sample.

Materials and Apparatus

The reagents used in the investigations were of AR
grade. Diethylene glycol was dried over anhydrous
Na,S0,. Potassium dichromate was dried for two hours
at 110° and used as a finally ground powder.

The standard chromium(V) compound, Na;CrOsa,
was synthetized according to the procedure proposed
by Scholder and Schwarz.® It was obtained with 100%
yield, stored in a dry nitrogen atmosphere and used
without any further purification.
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The ESR investigations were carried out with a stan-
dard X-band ESR spectrometer. The vibrational spectra
were obtained on a spectrometer IR-10, Carl Zeiss,
Jena, and those in the visible and UV region on record-
ing spectrometer Specord UV-VIS, Carl Zeiss.

Results

Reaction Kinetics

The oxidation of diethylene glycol by K,Cr,O; shows
a high photosensitivity. At room temperature the reac-
tion proceeds on with a measurable rate only at light,
while in darkness it is very slow. For that reason the
reaction kinetics was studied in the following way. The
reagents were mixed in darkness, transferred in a capil-
lary tube in the resonator of the ESR spectrometer,
where the sample was irradiated by a 100w xenon
point-source lamp and the concentrations ot the para-
magnetic chromium species monitored with time.

In such conditions three ESR signals were observed
to appear, two ot them due to Cr®"? complexes and the
third one to the final product of Cr™¥? reduction, a
complex of chromium(II). The complex of Cr™,
denoted as Cr'(1), shows a singlet ESR line. The
second, more intensive ESR signal, due to another com-
plex of Cr™), was denoted as Cr(2). This signal shows
a resolved hyperfine structure with eight components.
At the final stage of the reaction, when the Cr'™™ con-
centration becomes relatively high, a broad singlet line
also appears with a line width 4 H varying from 300 to
400 Oe. Its line width strongly depends on the viscosity
of the system that affects the correlation time z. and
hence the spin-lattice relaxation time. A typical kinetic
curves for the three paramagnetic species formed in the
reaction system is shown on Figure 1.

It can be seen from Figure 1 that after a relatively
short period the Cr*(2) concentration becomes about
10 times higher than that of Cr*(1). The concentrations
of both Cr(V) species proceed through a maximum and
then decrease while the concentration of chromium(III)
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Figure 1. Typical kinetic curves for the formation of the three
paramagnetic species. Room temperature, irradiation with a
xenon lamp without filters.
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increases untill the complete conversion of Cr™ to
CI'(HI)-

The kinetic curve shown on Figure 1 was obtained at
room temperature. Experiments carried out at 77°K
have shown that in these conditions only Cr*(1) is ob-
tained, Cr*(2) being formed only at higher tempera-
tures from CrY(1).

ESR Data for Cr¥(1)

The ESR spectrum of Cr*(1) at room temperature
shown on Figure 2 represents a singlet line with the
following parameters: g, = 1.9780 % 0.0005 and
A4H = 2.7 Oe (peak—to—peak separation of the deriva-
tive). When the reaction mixture is irradiated for 1 hour
by 100w xenon lamp at 77° K it shows the ESR spectrum
given on Figure 3. This is a typical spectrum of a poly-
cristalline sample having an axial symmetry. The analy-
sis of the spectrum gave the following values: g, = 1.944
+0.003and g, = 1.992 + 0.002. Accepting the validity
of the relation <g> = '/, (2g + g,,), the mean value of
the g-tensor <g> = 1.976 + 0.003 was obtained. The
average <g> value, calculated from the anisotropicparts
of the g-tensor at 77° K is in a good agreement with the
isotropic value g;s,, given above. Since these two values
are identical to within the limits of the experimental
error, it seems that both signals are due to one and the
same complex, namely Cr¥(1).
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Figure 2. ESR spectra of the two Cr™ complexes at room
temperature.
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Figure 3. ESR spectra of the two Cr®"? complexes at 77° K.
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When the temperature is increased in darkness over
77°K the signals shown on Figure 3 remain unchanged
untill the melting-point of the frozen solution is reached.
With the appearance of the liquid phase the ESR spec-
trum changes and becomes identical with that shown
on Figure 2 with an intensity ratio Cr*(2) : Cr'(1) = 10:1.
Hence the conversion of Cr'(1) to Cr¥(2) is not a photo-
chemical process.

ESR Data for Cr¥(2)

The ESR spectrum of Cr'(2) at room temperature
and in dilute solution (Figure 2) shows a hyperfine
structure of eight narrow lines with an intensity distribu-
tion approximately the same as the binominal one,
1:7:21:35:35:21:7:1. Theintegrated derivative curve
and the calculated best fit are shown on Figure 4.

The spectrum was calculated using the following
parameters: eight lorentzian components with binominal
intensity distribution, a hyperfine constant A; = 0.61 Oe
and line-width of the individual components 4H,,
= (.45 Oe.

A four-component hyperfine structure was also observ-
ed (Figure 2) due to the 53Cr isotope with a natural
abundance of 9.5 per cent. Such hfs was found only in
the case of Cr¥(2). These lines do not provide additional
hyperfine splitting.

Therefore the liquid-solution spectrum of the Cr¥(2)
complex can be described by the spin Hamiltonian:
H = gf HS + A;I,S /A,1,S where S = 1/,, g = 1.9809
+ 0.0005, A, is the hfs constant for >Cr with I; = 3/,,
equal to 16,2 Oe, A, the constant for additional hfs
from 7 equivalent protons with 1, = 7/, equal to0.61 Oe.

At77°K an unique, almost isotropic line was observ-
ed (Figure 3) with the same g-factor and unresolved
hyperfine structure. Despite the slight assymmetry of
the spectrum, the g-tensor is almost isotropic within the
limits of the line-width (12 Oe). The difference
Ag = g;~g;, must be less than 3 X 1073, Therefore the
complex Cr*(2) has a structure that includes 7 equiv-
alent (or almost equivalent) protons in the neighbour-
hood of Crt¥).

A similar signal with hyperfine structure correspond-
ing to eight equivalent protons was observed firstly in

Figure 4. Hyperfine structure in Cr*(2). Full line observed;
dashed line calculated best fit.
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the course of ethylene glycol oxidation with Cr'"? by
Garifyanof® and studied in detail by the authors.’ The
g-tensor isotropy in this case was assigned to the high
symmetry of the complex with the four oxygen atoms
and Cr™ being in one plane, and the Cr=O bond
perpendicular to this plane. In order to explain the
isotropy of the g-factor an additional assumption was
made for the validity of the relations 46 =4 and >~y
where 6 and 4 are the splitting parameters between the
energy levelsin the *D-term, Band y the MO parameters.
The narrowness of the observed ESR lines was attribut-
ed to the McConnell mechanism when the spin—spin
and the spin-lattice relaxation times are very long due
to the small value of 4g and the zero value of the
quantum number I for the even chromium isotopes.

Comparing these results with the experimental data
here reported it can be calculated that the complex Cr¥(2)
is very similar to the complex of Cr") with ethylene
glycol. Both g-tensors are identical to within the limit
of the experimental error*, suggesting analogous elec-
tronic structure of both complexes. The hyperfine cou-
pling constants are also comparable giving further
exidence for the similarity of the structure of the com-
plexes.

No other paramagnetic species were found in the
reaction system neither at irradiation nor in darkness
at nitrogen and at room temperature.

Photosensitivity of the Reaction

The formation of Cr'(1) proceeds on with a mea-
surable rate only at irradiation. The special sensitivity
of the Cr") formation was studied using a xenon lamp
and a set of interference filters. Samples of the reaction
mixture prepared in darkness, were irradiated for 25 min-
utes at room temperature and the Cr") concentration
measured. In this initial period of the reaction the
intensity of Cr¥(2) signal is about 10 times higher than
that of Cr'(1) and their ratio is practically constant.
For that reason the concentration of Cr*(2) formed for
a fixed time of irradiation was used as a measure of the
reaction rate. Corrections were made for the spectral
characteristic of the lamp and the transmittance of the
filters. The data thus obtained given on Figure 5, curve
a, show that a maximal rate of Cr'(2) formation occurs
for a wavelength 4 =450 nm. As the conversion of
Cr¥(1) into Cr¥(2) is not a photochemical process, it is
clear that in fact the rate of Cr¥(1) formation is maxi-
mal at this length.

The quantum yield of the Cr'(2) formation was also
determined at 450 nm. The light intensity was measured
by a calibrated thermocouple. Corrections were made
for the geometry of the sample (cylindrical tube). The
quantity of Cr'(2) formed was measured by a double

* Recently we have obtained a more accurate value for the
g-tensor of the complex Cr™-ethylene glycol: g = 1.9809
+0.00035.
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Figure 5. Spectral sensitivity of the Cr") formation and decay.
(a) Rate of Cr™ formation; (b) rate of Cr¥) decay. The
rates are not in scale and are represented in arbitrary units.

integration of the ESR curve; DPPH sample was used
as a reference. The average value for the quantum yield
formed from five measurements is 0.46 molecules per
quantum of light.

It is noteworthy that after the mixing of the reagents —
K,Cr;O, and diethylene glycol — a new band in the
optical absorption spectrum at 450 nm is observed
(Figure 6), that disappears at the end of the reaction.
According to Klining and Symons'® this is a charge-
transfer band, typical for the complexes of Cr™¥" with
alcohols, that corresponds to a transition from oxygen
to chromium. Therefore, the photosensitivity of the
Cr¥(1) formation is due to the absorption of photons
by the complex Cr’—substrate that leads to an
electron-transfer process in the comnplex.

Similar investigations were carried out in order to
estimate the spectral sensitivity of the next redox stage
of the reaction — the reduction of Cr™ to Cr™™,

Samples of the reaction mixture were irradiated with
a xenon lamp for 20 minutes, when small amounts only
of unreacted Cr'Y? are present in the system (see
Figure 1) and the Cr*(2) concentration decreases at
further illumination. The samples were then again
irradiated by light from a narrow spectral range (inter-
ference filters) and the decrease of the Cr¥(2) con-
centration followed with time. The plot of the logCr*(2)
vs time was found to be linear and the slope of this line
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Figure 6. Absorption spectrum of the dichromate—diethylene
glycol mixture.
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was used as a measure of the Cr™"’ reduction rate. The
results given on Figure 6, curve b, show that the reduc-
tion of Cr™ proceeds with a maximal rate when
light with 4 = 270 nm was used.

The absorption spectrum in the UV region in these
conditions shows two bands at 270 and 365 nm. The
same bands are also present in the CrV"—diethylene
glycol complex. As no other bands were found to appear
in the reaction system spectra it seems possible that the
corresponding bands of the Cr'(2) complex lie in the
same spectral region as those of [Cr'Y’—Diet]. Hence,
the photosensitivity of the Cr™’ reduction could be
ascribed to absorption of light in the 270 nm band.

Intermediate and Final Reaction Products

After the mixing of the reagents a new absorption
band appears in the UV spectra of the reaction solution
usually assigned to an ester formation between Cr*?
and the diol.” This process could be regarded also as a
complex formation with diol entering the coordination
sphere of chromium(VI). The formation of such com-
plex as a first stage of the process was also confirmed
by the IR spectra of the system. After the mixing of the
reagents the bands at 1080 and 1135 cm™ due to the
0(C-0) vibration of alcoholic and ether bands'' are
broadened which also indicates the complex formation
process.

The ester formed in the reaction conditions is not
extracted by organic solvents with low polarity as ben-
zene or n-heptane, which extract quantitatively neutral
cyclic esters of Cr'Y?  with diols.’? This fact indicates
to the formation of charged ester which is possible only
if monoester of dichromate is formed.

Experiments with jon-exchange resins have confirm-
ed this assumption — the complex is sorbed by anion-
exchange resin (Wofatit L—150) thus indicating that
non-cyclic monoester of diethylene glycol of the type

o]

] o
/CHZ—CHé—O—q'F‘O—(}‘I'*O

o 0
CHz-CHz-OH

is formed in the process.

The ESR data obtained for the complex Cr¥(2) (the
g-tensor, the hyperfine coupling constant, and the line
width) are very similar to the same parameters found
for the complex CrY'—ethylene glycol® which has the
structure

This fact indicates a very close similarity in the struc-
ture of both complexes. In the same time the analysis
of the ESR data for Cr¥(2) has shown the presence
of 7 protons in the surroundings of Cr™. Such struc-
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ture can arise only if one molecule of the first reaction
product — an aldehyde — is coordinated around Cr"
together with the substrate.

Another important problem concerning the complex
Cr'(2) is whether the ether oxygen of the substrate
molecule participates in complex formation processes
with Cr™? or not. On the ground of the lower basicity
of the ether oxygen atom compared with that of the
oxygen atom in the alcoholic groups it seems that coor-
dination of the substrate via ether oxygen could be
scarcely expected. However, in order to study such a
possibility the reduction of K,Cr,O; was carried out by
methyl and ethyl esters of ethylene glycol. The experi-
ments with these substrates have shown that complex
formation between Cr™’ and the methyl ester takes
place only in a negligible extent and with ethyl ester no
complex formation was observed at all.

These results show that with a bulky groups bonded
to the ether oxygen its participation in complex forma-
tion processes with chromium(V) is prevented most
probably because of a steric hindrance. On the other
hand it follows from these results that in the complexes
with Cr™ the diols act as bidentate ligands. If one of
the hydroxy groups is blocked by etherification the
monoether acts as a monodentate ligands which could
not stabilize chromium(V) in a complex. Analogous
results have been yet found when a large number of
ligands were studied with respect of their tendency for
coordination with Cr").®

All the experimental data and considerations stated
above show that the most probable structure of the
complex Cr¥(2) is the following one:

0
/CHZ— CHO\(.“ y 0-CHy— CH<
r
\CHZ—CHZO/ \O—CHrCHZ/

The absence of hyperfine structure of the ESR spec-
trum ot the complex Cr'(1) does not permit to make
more definite conclusions about the composition of that
complex. The difference between the ESR parameters
of Cr*(1) and Cr"(2) however indicates that these com-
plexes differ in composition and structure.

It was found that the final reaction products obtained
as a result of Cr'"" reduction by diethylene glycol are
chromium(III) and carboxylic acid. After the end of
the reaction the products were distilled at low pressure
(~ 40 mm Hg). The IR spectrum of the distilate has
shown only the presence of diethylene glycol and water.
In the IR spectrum of the solid residue two new bands
at 1380 and 1610 cm™ were observed. The same bands
were also found to appear with increasing intensity in
samples taken from the reaction mixture during the
course of the reaction. According, to the literature
data® these two bands were assigned to the symmetric
and asymmetric valent vibrations of coorinated carboxy-

group.
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No indications were found for the presence of other
products formed as a result of breaking of C-O group,
i.e. as a result of a cleavage of the diethylene glycol
molecule.

Aldehyde was not detected in the reaction system by
means of IR spectra, because of the low concentration
of the intermediate species in the reaction system. We
failed to prove its formation using also electronic spectra
in the range 250-310 nm, where weak bands could be
observed as a result of n—x* transitions due to noncon-
jugated C=0 groups.** This is probably due to the low
intensity of the band as well as its overlapping with the
corresponding band of Cr,0;%".

There exists also a possibility that the oxidation of
the intermediate aldehyde to carboxylic acid could
proceed on with the participation of the air oxygen.
Experiments, when the reaction was carried out in a
pure nitrogen atmosphere did not show any difference
in the reaction kinetics nor in the amount of the carboxy-
lic acid formed and therefore this assumption should be
rejected.

Discussion

The data stated above permit to obtain a valuable
information on the steps of the process and their se-
quence in the reaction course.

The first step in the rcagents interaction is thc forma-
tion of a non-cyclic monoester of diethylene glycol with
dichromate. The presence of such monoester in the
reaction system was proved by means of absorption UV
and IR spectra, and its charge estimated by extraction
and ion-exchange experiments. The formation of esters
was considered by Westheimer'® as a first necessary
step in the oxidation of alcohols by Cr™” and such
esters were really found in many cases.’®

The next step of the overall interaction is a redox
process or processes that take place in the complex,
leading to the intermediate valent state chromium(V).
Two possibilities exist for the formation of Cr'Y) on
that stage of the process.

(a) Chromium(V) might be formed as a result of
one-electron transfer between the substrate and Cr"?
together with free radicals from the substrate. Our
experiments have shown, that Cr™ is formed in
relatively high concentrations even at 77°K and no
organic radicals have been found in spite of the fact
that their recombination at nitrogen temperature could
not proceed in a high extent. It has been already shown
that when primary and secondary alcohols are oxidized
by one-electron oxidants as Ce**, the formation of the
corresponding free radicals can be easily estimated by
means of ESR at 77°K.Y On the ground of these
considerations we think that the possibility for one-
electron mechanism of Cr'" formation must be
eliminated from further discussions.
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(b) The oxidation can proceed through a two-electron
mechanism with the formation of aldehyde and Cr®"):

0 o}
7N nA

RCH cr —— RCHO + Cr(Iv) nH
\H ..... 0/ o

The two electron mechanism of the first redox step
of alcohol oxidation by Cr™¥? is now considered to be
valid at least in most cases. It should be emphasized
that in this case the reduction of Cr¥" is a photo-
chemical process, connected with absorption of light in
the charge-transfer band of the dichromate monoester
of diethylene glycol. Two different schemes were pro-
posed further for the formation of Cr™"? from Cr™),
by Watanabe—Westheimer,*®

™ + cr'Y 20 (2)
and by Rogeck™®

RCHOH + Cr"™ - R,COH + Cr®™ (3)

R,COH + CrfY? - R,C=0 + Cr™ (4)

In the previous work® we have proposed an experi-
mental criterion for distinguishing between both mecha-
nisms and have found that the Watanabe—Westheimer
mechanism is operating in the reaction of ethylene gly-
col oxidation by K,Cr,O;. The same criterion together
with the absence of free radicals in the reaction system
even at 77° have shown that in the present case Cr®Y
is also formed according to the scheme (2).

The rate of the Cr") formation is high enough even
at low concentration of Cr,0,%" and at 77°K, when the
ion mobility is very low and the possibility for a collision
between Cr™ and Cr™? is practically negligible. How-
ever, if the first two-electron step has as a result the
reduction of one of both Cr'¥? in Cr,0,%, the inter-
action(2) could be realized between Cr'¥) and Cr™V
still being linked by oxygen in the transition complex.

CheH=0 0 0 - * 0
FEN L L

{© Nopo—d " W oo
CHCHPH o 5 C“zCHz‘O/ OH g

A strong evidence in favour of this assumption was
obtained when K,Cr, 0, was replaced by K,CrQs. In this
case when the frequency of the Cr™'—Cr™ collisions
is high enough (at room temperature) the reaction
proceeds on with nearly the same rate as with Cr,O,>".
If however the CrO,* —diethylene glycol mixture was
irradiated at 77°K no CrY) formation was observed
while with Cr,0,%" chromium(V) complex formation
proceeds on even at nitrogen temperature. When CrO,>~
is used however Cr™ is still formed and accumulated
in the system at irradation as it was demonstrated by
the following experiment. The chromate-diethylene
glycol system was irradiated by a xenon lamp at 77°K
for 2 hours, no Cr™ signal being observed in these
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conditions. Then the frozen reaction solution was melted
in darkness. An intensive Cr™"? signals, due to Cr%(1)
and Cr¥(2), arised immediately when the melting point
of the system was reached.

These considerations show, that the chromium(V)
complex firstly formed according to (5) corresponds to
the complex denoted as Cr¥(1). As it is formed from the
tetrahedral Cr'? it might be expected for Cr¥(1) to
represent a distorted tetrahedron. Such assumption is in
accordance with the ESR data showing anisotropy of the
g-tensor, due to distortion of the structure. In any case
the exact composition and structure of the complex
Cr¥(1) is still not firmly estimated and the formula
written above (eq. 5) should be regarded only as one of
the most probable structures.

The next reaction step is the conversion of the firstly
formed distorted Cr*(1) complex stable only at nitro-
gen temperatures into the complex Cr'(2) with a higher
symmetry, which can be kept in darkness for several
days even at room temperature. The process is not a
photochemical one and takes place only in aliquid phase,
when the substrate molecule can be included in the
coordination sphere of Cr®"),

The final step in the Cr* reduction to Cr™" is the
redox process that proceeds in Cr*(2), leading to the
formation of Cr'™™ and carboxylic acid. This stage of
the reaction is also a photochemical process. Chro-
mium(IIT) and the carboxylic acid are formed in a reac-
tion stage, where both reagents are previously bonded
together. Taking into account the fact that Cr'"™" forms
inert complexes (d® configuration) it is clear why after
the end of the reaction Cr' is found bonded in a
complex with the reaction product and not with the
substrate, present in a much larger amounts in the
system.

The reaction mechanism here discussed can be summa-
rized in the following scheme:

(11)

o o
CHCHOH . /cnzc#g—o—ﬁr—o—lé:r-o‘
O\ + CRp0; =—= O\ 0 0
CH,CH,0H CHCHOH
hY [450 nm
Yoo
CH,CHO O CHCH=0_ 0 o
R W AN I aka Nl by
0\ /Cr\ + 0—Cr-0 =-—r 0\ Cr—0—Cr-0~
CHyCHG  oH .- RN TR S |

l

o}
/CHZCH=O\|| /OCHzCHZ\ o
Q Cr 0 —— Crill) + RCOOH

o0’ ocmcHy 270

The oxidation of diethylene glycol by dichromate
shows some marked differences from the analogous
process with ethylene glycol. Firstly, the oxidation of
diethylene glycol is much more sensitive to light than
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that of ethylene glycol. Secondly, when ethylene glycol
is oxidized by K,Cr, O, the final reaction product is alde-
hyde, and Cr™ forms complexes with the substrate
only, while in the case of diethylene glycol the final
reaction product is carboxylic acid and Cr™ can be
stabilized only if the intermediate product, aldehyde, is
coordinated to Cr™,

This was confirmed by studying the interaction of
Na;CrO, with diethylene glycol. No complex including
only the substrate molecules into the coordination sphere
of Cr™ was found. The same ESR spectrum as when
K,Cr,0; is used as an oxidant was obtained with the
characteristic lines only of Cr¥(1) and Cr*(2). This result
accounts well for the fact that when CrO,”" is formed in
the process of Cr'(1) formation no other signals were
found to appear in the ESR spectrum.
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