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The cation radical of dimethylketene produced in vy-irradiated solid solutions of various halocarbons has
been investigated by ESR over a temperature range from 77K to the melting point of each matrix. The cation
radical in CCl4 was stable up to about 180K and the spectrum was well resolved to allow the determination of the

anisotropic ESR parameters.

In CCI,FCCIF, and CCl,FCCIL,F, a series of irreversible spectral changes was

observed with an increase in temperature. This process was interpreted in terms of the formation of the dimer

cation.
temperature.
surrounding matrix molecules to form adducts.

The employment of a CCIsF matrix for the radioly-
tic generation and stabilization of molecular cation
radicals has been established and proved to yield ESR
spectra with no serious interference by the matrix
radicals.? Since a theoretical analysis of the spectrum
without any consideration of the matrix usually gives
satisfactory results, little attention has been paid to the
matrix effect.

Other media such as SFg,2 CCI2FCCIF2,® and CCls-
CF3? have subsequently been found to also be useful.
Use of these compounds along with CClsF revealed that
the behavior of some cation radicals depends upon the
matrix employed. For example, two types of thermal
reactions of alkane cations occur depending upon the
matrix.5=? It seems that in general, unimolecular reac-
tions occur preferentially in CCIsF and CClsCFs, while
bimolecular reactions through molecular diffusion are
easy in SFs and CCIFCCIF,.5-19

Recently, we have examined the ESR spectra of di-
methylketene cation radicals in several matrices over
a wide range of temperatures, and found a drastic
dependence of the spectrum upon the matrices. In the
present contribution, we describe the results of detailed
analyses of these ESR spectra and discuss the reactions
occurring in the matrices to gain an insight into the
matrix effect at low temperatures.

Experimental

Dimethylketene was kindly supplied by Dr. N. Washida of
National Institute of Environmental Studies. After the purity
was checked by gas chromatography, the compound was kept
in liquid nitrogen to avoid polymerization. Other reagents
including halocarbons (CCls, CCIsF, CCleFCCIFg, and CCl.-
FCCIF) from Tokyo Kasei Co. were used without further
purification.

For the ESR measurement, dimethylketene was dissolved
in each halocarbon to a concentration of 10-1—10-3 in mole
ratio, then degassed and sealed off in a Suprasil quartz tube.
The samples, thus prepared, were vy-irradiated at 77K to a
dose of about 0.8 Mrad (1 Mrad=10* Jkg~!) to generate the
cation radicals. The ESR spectra were recorded on a JES FE-
2XG spectrometer at 77 K and higher temperatures. The ESR
parameters of cation radicals were determined using a proton

In the matrix of CCI3F, the ESR spectrum exhibited extra structure, which varied reversibly with
The analyses of the spectra suggested that the cation radical in CCl3F weakly interacts with

magnetic-resonance probe and a digital frequency counter
(Takeda Riken Co. TR 5211C).

Results and Discussion

Determunation of Anisotropic ESR Parameters. As
was briefly described in a previous paper,!? singly
occupied molecular orbitals of cation radicals of ke-
tenes are characterized mainly by mcc (7 orbital on
C=C bond), similar to olefin cation,® rather than by
nco (lone pair orbital on C=0 bond) as in the case of
aldehyde and ketone cations.2-149 The dimethylketene
cation showed a nearly isotropic septet spectrum by the
hyperfine interactions of six equivalent methyl protons
(23.0G (1 G=1X10T)). In this section, the results of
our further investigations with the use of CClgas matrix
are presented.

Though the CCl4 matrix has been employed for the
optical absorption study of various radical cations,®
it is not generally used for ESR studies because the con-
comitantly produced radicals such as CCls and CClgt+
are bothersome.'® However, the spectrum of dimethyl-
ketene cation obtained for the solution in CCls at 153 K
(Fig. 1a) is not interfered with by the by-products and
is highly resolved. This indicates that the local mag-
netic environment of the cation radical in CCly, varies
little from site to site and that the line width of the un-
derlying absorption of the by-products is much broader
than that of the septet lines.

The spectral pattern of the septet is essentially the
same as that found in our previous results,!? but it may
be noticed that there are slight splittings due to an
anisotropy in the outermost component at low field.
Thus, we performed a simulation of the ESR line
shape for powder samples.'” Figure 1b represents the
best fit spectrum calculated by the use of the param-
eters listed in Table 1. From the excellent agreement
between Figs. la and 1b, it is concluded that the hy-
perfine interaction of methyl protons in dimethylke-
tene cation is slightly anisotropic. The parameters de-
termined in this way are also applicable to the cation
radicals in other matrices, which will be discussed later.

Dimerization Reaction. The ESR spectra of a
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Fig. 1. (a) ESR spectrum of dimethylketene cation

in CCly at 153 K; (b) Simulation for (a) using the
parameters given in Table 1 and a line width,
AHna=1.6 G, of Gaussian line.

ESR PARAMETERS FOR THE DIMETHYLKETENE
RADICAL CATION IN CCly AT 153 K

TABLE 1.

IH hyperfine
couplings, G

components of
g tensor and giso

21=2.0028 A=22.75
g1=2.0037 1=23.62
gise=2.0034 Aiso(6H)=23.33

dimethylketene cation in CCleFCCIF;2 or CCl:FCCIl2F
exhibited additional small subpeaks even at 77 K.1V
The intensities were dependent upon the concentra-
tion. Figures 2a and 2b demonstrate the spectra ob-
served for CCI:FCCIF; solutions with 10-3and 10-2
mole ratio of dimethylketene, respectively. These fig-
ures show that at lower concentrations the subpeaks
are suppressed. Even in this case, however, strong
subpeaks appeared by keeping the sample at 77 K over-
night after vy-irradiation. These results suggest that
subpeaks are due to the species formed by a reaction
of dimethylketene cation with a neutral molecule of
dimethylketene. Figure 2c represents the simulated
spectrum for Fig. 2b. The simulation was obtained by
assuming a composite of a septet (I) of dimethylketene
cation and a nonet (II) as indicated by the stick diagram.
The good agreement indicates the coexistence of the
nonet (II) whose g factor and sum of the coupling con-
stants are identical to those of septet (I) (17.3 GX8=
23.1 GX6).

Upon warming, the spectral feature of this system
changed completely; i.e., a series of irreversible change
was observed. Figure 2d shows the observed spectrum
at 98K, which again can be decomposed into two
components demonstrated by the stick diagrams un-
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Fig. 2. ESR spectra of (a) 0.1 mol%; (b), (d), (f)
1.0 mol% solutions of dimethylketene in CCloFCCIF;
at (a), (b) 77 K; (d) 98K; (f) 133K after y-irradiation
at 77K; (c) Simulation for (b) assuming the abun-
dance ratio of 1.00 to 0.15 for (CH3)2CCO+ (I) and
((CH3)2CCO)2* (II) respectively; (e) Simulation for
(d) assuming the abundance ratio of 0.20 to 1.00
for ((CHz)2CCO)2* (II) and (CHz3)aCsO2t (III)
respectively. The ESR parameters of (I)—(III) are
listed in Table 2. The asterisk indicates the transi-
tion due to the matrix radicals.

—_—

der Fig. 2e. One is the nonet (II) mentioned above
and the other is a new septet (III) with a splitting of
20.5G which is slightly smaller than that of (I). It
is noteworthy that this septet shows a considerably
large positive shift of g factor. Further elevation of
temperature results in the disappearence of the nonet
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Fig. 3. ESR spectra of (a) CCIsF; (b) CCI2FCCIFg;

(¢) CCI2FCCIgF solutions of dimethylketene dimer
measured at 77 K after y-irradiation at 77 K, showing
features assigned to (CH3)sCsO2t.
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Fig. 4. ESR spectra of CCI:FCCIoF solution of
dimethylketene measured at (a) 77K; (b) 108K; (c)
133K after y-irradiation at 77 K. Main features of
these spectra are assigned to (CH3)2CCO™ (I) ((CHs)z-
CCO)2* (II), and (CH3)4C4O2t (I11), respectively.

0
~

(II) to give exclusively the septet spectrum (III) (Fig. 2f).
In order to elucidate the mechanism for the sequence
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TABLE 2. ESR PARAMETERS FOR THE OBSERVED SPECTRA
IN CCI12FCCIF: anp CCIeFCCIF

Matrix Giso Aiso(G)
CCI:FCCIF: 2.0034 23.1 (6H)

Spectrum
I (CH3)2CCO*

Species

CCIFCCIF  2.0034 23.0 (6H)

) CCI,FCCIFz 2.0034 17.3 (8H)
CCIFCCIF 2.0034 17.3 (8H)

(111) CCI.FCCIF: 2.0043 20.5 (6H)
CCI.FCCIF  2.0044 20.4 (6H)

® (CH3)4C402* CCI,FCCIFz 2.0041 20.4 (6H)
CCI:FCCIF  2.0041 20.4 (6H)

a) Formed from dimethylketene dimer by positive
charge transfer.

of spectral changes, it is necessary to identify (II) and
(III). We carefully examined a variety of candidates
for the septet (III) in Fig. 2f in literatures, but no one
agreed with the observed spectrum. On the other hand,
we found (experimentally) a system which gives a very
similar spectrum to (III). The system is the y-irradiated
Freon solution of dimethylketene dimer (2,2,4,4-tetra-
methyl-1,3-cyclobutanedione), (CH3)4CsO2. The spectra
observed for the three Freon solutions are shown in Fig.
3 (see also, Fig. 4c). The ESR parameters of this spec-
trum are comparable with those obtained from the
spectrum (III) (Table 2), although the line width of the
septet in Fig. 2f is slightly smaller than those in Figs. 3
and 4c.

On the basis of above assignment, the spectral change
observed in Fig. 2 may be explained in the following
manner. Septet (I) is associated with the isolated di-
methylketene cation, which is presumed to have a Ca,
symmetry with six magnetically equivalent rapidly
rotating methyl protons (Structure I). Upon the eleva-
tion of temperature from 77 to 98 K, molecular diffu-
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sion and/or reorientation may take place to produce
a dimer cation, a possible conformation being shown
in Structure II. If the rotation of the methyl groups
is hindered to make the eight encircled protons in
Structure IT magnetically equivalent, we may associate
the nonet (II) underlying in Figs. 2b and 2d with this
dimer cation of dimethylketene. Such a dimer cation
has been observed for tetramethylethylene;'® the spec-
trum is characterized by a 25-line pattern, the split-
ting constant of which is one half that of the 13-line
pattern of the monomer cation. Since the spectrum
changed from a septet to a nonet in the present case, it
is provisionally assumed that the methyl groups in the
dimer cation are fixed in a restricted conformation and
only eight protons participate in the revelation of the 9-
line hyperfine structure. The fact that the g factor and
the sum of coupling constants are common to both
spectra (I) and (II) indicates the similarity of electronic
structure between the two species and suggests that the
spectral change from (I) to (II) corresponds only to the
change in the number of the protons giving rise to the
observed hyperfine splitting.

Further elevation of temperature yields another
septet (III) in Fig. 2f which is attributed to a cation
radical of dimethylketene dimer. As for the structure
of the cation radical, there are two possibilities;
one is the symmetric structure IIIin which six encircled
protons are assumed to be magnetically equivalent.
The other is the ring opened structure IV.19

~ Essentially the same spectral change as in Figs. 2a—
f was observed for the matrix of CCI;FCCIgF as shown
in Fig. 4. In this case, the nonet associated with the di-
mer cation was observed unambiguously at 108 K. The
observed ESR parameters in CCl:FCCIF are sum-
marized in Table 2 along with those obtained in CCl,-
FCCIFa.

Cation-matrix Interaction. Different behavior of
dimethylketene cation was found in the case of CCIsF
matrix. Figure 5a shows the observed spectrum of the
cation in CCIsF at 77K. The overall features of the
septet due to the monomer cation of dimethylketene are
similar to those observed in other matrices, except for
the small peaks flanking each component of the septet.

The extra structure might be considered as due to the
anisotropy of the proton hyperfine splitting. However,
any reasonable set of parameters of anisotropy for the
protons could not yield comparable simulation spectra.
On the other hand, we found that, if the extra struc-
ture in Fig. 5a is ignored, the rest of the spectrum can
be reproduced by using the anisotropic parameters de-
termined in the previous section. Figure 5b shows the
spectrum thus calculated. The variation of line widths
for individual components is well reproduced. The
substructure, therefore, cannot be attributed to the
anisotropy of the spectrum. Moreover, the warming of
the system caused a drastic and reversible change of
the substructure as shown in Fig. 6. Such a change can-
not be associated with a simple motional averaging
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Fig. 5. (a) ESR spectrum of dimethylketene cation
in CCIgF at 77 K; (b) Simulation for (a) using the pa-
rameters given in Table 1 and a line width, AH =
3.0G.
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Fig. 6. ESR spectra of dimethylketene cation in
CCIgF at (a) 98K; (b) 123K; (c) 128K; (d) 138 K after
y-irradiation at 77 K, showing the reversible change
of substructures with temperature.

of anisotropy. Examination of Fig. 6 reveals that the
substructure which is barely seen at 77 K is emphasized
on warming, and the triplet feature of each component
of the septet changes to a doublet (see also, Fig. 7).
Thus, the temperature dependence of the spectra ob-
served in CCIsF is quite different from that observed
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Fig. 7. The central part of the spectra of dimeth-
ylketene cation in CCIsF recorded at 98K (solid
line) and 138K (dotted line).

in CCI2FCCIFz or CCI2FCCIgF and evidently cannot
be explained in terms of the bimolecular reaction. In
addition, the perturbation causing the extra structure
should not be strong, because the proton ESR param-
eters previously determined in the CCly matrix are
applicable to the present system with a good accuracy.
A weak interaction between the cation and surround-
ing matrix molecules is conceivable. In the case of
CCI3F, the chlorine (I=3/2) or the fluorine (I=1/2)
atom can cause a superhyperfine interaction. The lat-
ter seems to be more probable from the spectral features
and the fact that no substructure was observed with
CCls. Since the fluorine nucleus has a large hyperfine
coupling (4ise=17160 G for pz=1),20 a very small spin
density is enough to give the observed extra structure.

From this point of view, we attempted to simulate
the observed spectra using ESR parameters in Table 1
plus the assumption that there are additional nuclei
with I=1/2 in the system. In Figs. 8 and 9, we show the
spectra obtained after repeated curve fittings to those
observed at 98 and 138K, respectively. The existence
of two equivalent nuclei with splitting constants of
A=8.0G and A41=4.2G for Fig. 8b and one nucleus
with 41=12.0 G and 4:=3.5G for Fig. 9b was assumed.
The agreement between each pair of spectrum is satis-
factory. Such a large anisotropy of the extra interac-
tion is compatible with the involvement of the fluorine
atom.

We tested various values of the g factor and the proton
anisotropic hyperfine coupling constant. However, a
slight change in the parameters (from those listed in
Table 1) caused a remarkable deviation from the ob-
served spectra and no improved spectra could be obtain-
ed. This indicates that the proton ESR parameters
in Table 1 are valid whether there is a superhyperfine
interaction or not, which, in turn, allows us to estimate
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Fig. 8. (a) ESR spectrum of dimethylketene cation
in CCIsF at 98K; (b) Simulation for (a) using the
parameters given in Table 1 for protons in the cation

and 4,=8.0G, A1=4.2G for two fluorine nuclei in
the matrix molecules interacting with the cation.

a) 138 K
b) SIM
206G
—_—
Fig. 9. (a) ESR spectrum of dimethylketene cation

in CCIsF at 138K; (b) Simulation for (a) using the
parameters given in Table 1 for protons and 4=
12.0G, A1=3.5G for one fluorine nucleus.

the superhyperfine coupling constants. The fact that
we needed two sets of the superhyperfine parameters for
the different temperatures may indicate that either the
intermolecular complex or the mechanism of the inter-
action is different between the two temperatures. How-
ever, the attempt to reproduce the spectra observed in
the intermediate range of the temperature by a simple
superposition of the three spectra (Figs. 5b, 8b, and
9b), was not successful. Some dynamic process such as
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the line alternation effect resulting from the spin
exchange?) might be related to the observed spectral
change.

The superhyperfine interaction has been discuss-
ed for several cations in the matrix, in particular, in
CCI3F.22-29 In most cases, the cations exhibit super-
hyperfine structures which change reversibly with the
temperature. For example, the cation radical of acet-
aldehyde shows such behavior. Two different inter-
pretations have been proposed for this reversibility. One
is the motional averaging of the anisotropy?® and the
other is a reversible thermal dissociation.4:2® The
complete analysis of the spectral change with temper-
ature in relation to the dynamical process is subject
to further study.
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