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ABSTRACT: 19F nmr spectra at 94 MHz were observed for chlorotrifluoroethylene-propylene copolymers pre-
pared by v-ray irradiation at different temperatures. The analysis of the spectra showed that the copolymers have a
regular alternating structure over a wide range of monomer charge ratio, as expected from monomer reactivity ra-
tios. It was found that the spectra can be explained in terms of tetrads with regard to CFs resonances but in terms
of triads with regard to CFCI resonances, although they are rather complicated owing to the configurational struc-
tures of the copolymers. The CF; resonances are separated into two groups of AB-type quartets, one comprising ap-
parently two components having a larger chemical shift difference, 6B, and the other composed of four quartets
with a smaller 6ap value. The CFCI resonance splits into four components partly overlapping with the CF; reso-
nances. From the relative intensities of the CF; resonances the copolymers were estimated to be more isotactic
when they are polymerized at lower temperature and to approach a random configuration with increasing polymer-

ization temperature.

It has been shown in previous papers by the authors that
19F nmr is a powerful tool for the investigation of the struc-
tures of fluorine-containing copolymers, and useful infor-
mation has been obtained on sequential and/or configura-
tional structures of tetrafluoroethylene-isobutylene,! chlo-
rotrifluoroethylene-isobutylene,23 and tetrafluoroethyl-
ene-propylene® copolymers. In these copolymers, how-
ever, the fact that either two components of the copolymer
are symmetric or only one component has an asymmetric
center made the °F nmr spectra rather easier to interpret.
In the present paper the analyses are carried out on 19F
nmr spectra of chlorotrifluoroethylene-propylene copoly-
mers which are, as will be seen later, complicated on ac-
count of the asymmetries of the two monomer components.

It has been reported previously® that chlorotrifluo-
roethylene easily copolymerizes by radiation with olefins
such as ethylene, propylene, or isobutylene over a wide
temperature range, and that the compositions of the co-
polymers are very close to a 1:1 mol ratio over a wide range
of monomer charge ratio. For instance, the monomer reac-
tivity ratios reported for the chlorotrifluoroethylene-pro-
pylene system are 0.00 (vcp,=crc) and 0.06 (ycums),
suggesting an alternating structure for this copolymer.
Here the authors are concerned only with the assumed al-
ternating copolymer of chlorotrifluoroethylene and propyl-
ene.

Experimental Section

Chlorotrifluoroethylene was prepared by dechlorination of
1,1,2-trichlorotrifluorcethane with zinc dust in ethanol. Hexadeu-
teriopropylene was supplied by Merck and Co. of Canada and was
used without further purification. All the copolymer samples were
prepared by radiation-induced copolymerizations in the tempera-
ture range of —78 to 50°. The concentrations of chlorotrifluo-
roethylene in monomer mixtures were chosen to be 70-85 mol %
and the reactions were usually stopped at low conversions (less
than 10%) so that the copolymers obtained are highly alternating.
19F nmr spectra were measured with a JEOL Model PS-100 spec-
trometer operated mainly at 94 MHz in the temperature range of
25 to 150°. Benzo trifluoride was used as solvent or as internal ref-
erence standard, and chemical shifts are expressed in terms of &*
values (ppm), which are evaluated by the addition of 63.7 (& value
of benzo trifluoride) to the chemical shift of the relevant resonance
relative to benzo trifluoride.

Results and Discussion

In Figure 1 a 94-MHz '°F spectrum of an assumed chlo-
rotrifluoroethylene—-propylene copolymer is shown in com-
parison with a 56.4-MHz spectrum. As usual with 1°F spec-

tra, spectral parameters, especially chemical shifts, are
quite dependent on the measuring temperature and on sol-
vent, and the reliability of chemical shift values is not.as
high for fluorine resonances as for proton resonances. It is
apparent that two doublets at ca. ®* = 106 and at ca &* =
109 and two multiplets at ca. ®* = 118 and at ca. &* = 121
in the 94-MHz spectrum correspond to the resonances at
&* = 105 and at * = 110 and to the multiplets at ca. $* =
118 and at ca. ®* = 123, respectively, in the 56.4-MHz
spectrum. The separations between the two doublets and
between the two multiplets in the 94-MHz spectrum are
265 Hz and in quite good agreement with those between
the corresponding resonances in the 56.4-MHz spectrum, if
they are expressed in terms of frequency (Hz). Thus, the
two doublets at lower magnetic field and the two multiplets
at higher field are considered as components of an AB
quartet with a large coupling constant Jap, if the fine
structures of each component are neglected.

In Figure 2 the 1°F spectrum of a copolymer which is rich
in chlorotrifluoroethylene and deviates from an alternating
structure is shown. The shadowed parts, which are shown
somewhat exaggerated, increase in intensity with increas-
ing chlorotrifluoroethylene content in the copolymer.
These new resonances will be mostly attributed to the se-
quences with two consecutive chlorotrifluoroethylene units.
According to Bovey,” CFCl resonances in polychlorotrifluo-
roethylene appear at higher magnetic fields, ®* = 125.6
and 127, than CF; resonances at &* = 104.2 and 106.0.
Therefore, the two peaks at ca. ®* = 127 in Figure 2 may
be assigned to the CFCl resonance at the asterisk position
in the following sequence of the copolymer.

*
~CHy~CH(CH;)-CF,~CFCI-CF,~CFCI-CH~ (1)

This resonance is used as a good measure for the deviation
of the copolymer from alternating structure. The other new
resonances are more or less overlapping and are too compli-
cated to assign. At any rate the two peaks at ca. &* = 127
are so weak in Figure 1 that it is concluded that this co-
polymer sample has a quite strongly alternating structure.
In Figure 3 19F spectra of chlorotrifluoroethylene-propy-
lene-dg alternating copolymer are shown. The upper spec-
trum was measured at 120°, and is better resolved than the
one measured at lower temperature. All the resonance
peaks are numbered as shown in the figure. The multiplet
centered at ca. $* = 118 is separated into three portions
(the peaks numbered 9, 10, and 11 in Figure 3B) at 120°,.
each of which seems to have further fine structure. As is al-
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Figure 1. 19F nmr spectra (94 and 56.4 MHz) of alternating chlo-
rotrifluoroethylene-propylene copolymer: (A) 94 MHz, 100°; (B)
56.4 MHz, 100°.
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Figure 2. °F nmr spectra (94 MHz) of chlorotrifluoroethylene
rich copolymer (120°).
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Figure 3. 1°F nmr spectra (94 MHz) of chlorotrifluoroethylene~
propylene-dg alternating copolymer: (A) 60°; (B) 120°.

ready seen, the peaks 12 and 13 are the highest magnetic
field components of two AB quartets assigned to CF5 reso-
nances, and the central peaks corresponding to the peaks
12 and 13 are merged in the peaks 10 and 11, respectively.
Now the peaks 1, 2, 3, 4, 12, 13, and the central portions
corresponding to 12 and 13 are assigned to CF; groups, the
other peaks 5-9 and the rest of 10 and 11 are supposed to
be CFCI resonances. However, the intensity of CFs reso-
nances assigned above is much lower than two thirds of the
total fluorine resonance intensity. This means that other
resonances than the above two AB quartets should be as-
signed to CF resonances. If the spectra in Figure 3 are ex-
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Figure 4. 1F-19F homonuclear spin decoupled spectra of chloro-
trifluoroethylene—propylene-dg alternating copolymer: X, unirrad-
iated spectrum; A-D, irradiated spectra, (( 4 ) irradiated posi-
tion, (}) changed position).

amined closely, it is found that the resonances 7 and 8
markedly shift toward lower magnetic field at higher tem-
perature, while the chemical shifts of the peaks 5 and 6 are
rather independent of temperature. This temperature de-
pendence seems to be usual with AB quartet spectra of flu-
orine resonances in polymers. For instance, two quartets
composed of 1, 3, a part of 10, and 12, and 2, 4, a part of 11
and 13 show quite similar temperature dependence, as seen
in Figure 3. This suggests that the peaks 5, 6, 7, and 8 may
be the central parts of the other AB quartets and should be
assigned to CF3 resonances. In Figure 3B weak resonances
are found at ca. * = 116 and in the 56.4-MHz spectrum,
on the other hand, a small peak exists at about &* = 107
which does not find a corresponding resonance in the 94-
MHz spectra. These resonances would be attributed to the
outer parts of AB quartets, which are masked in Figures 3A
and 2 by overlapping, if the peaks 5-8 are assigned to CF2
resonances.

To confirm the above point, fluorine-fluorine homonu-
clear decoupling was used and the results are given in Fig-
ure 4. The lowest spectrum is the unirradiated one, which
is corresponding to Figure 3A but is poorly resolved owing
to frequency sweep measurement. If the approximate cen-
ters of the peaks 1 and 2 are irradiated, the resonances, d,
e, 12, and 13 change noticeably and peak ¢, normally a sin-
glet, becomes a doublet, as shown in Figure 4D. The
changes of the resonances d, e, 12, and 13 are taken for
granted, because these are the higher field halves of the AB
quartets. The splitting of the peak ¢, however, seems rather
interesting and suggests that this splitting arises from the
vicinal F-F couplings. Thus, the peak ¢ may be attributed
to CFCl resonances.

When the peak 5 is irradiated, the resonances 8 decrease
their intensity markedly and the resonance b becomes very
thin (Figure 4C). If the peak b is irradiated, conversely, the
resonance 5 decreases its intensity and resonances 8 change
(Figure 4B). These results clearly show that the resonances
5 and 8 are the central parts of AB type quartets, of which
the outer peaks are merged in other resonances. It is evi-
dent that the higher field outer peaks corresponding to the
resonances 8 are superimposed on the peak b. The thin
peak b observed in Figure 4C is probably not a decoupled
component of the AB quartet assigned to CFs, but a part of
the CFCl resonance decoupled from the CF; resonances.

The irradiation of peak a gives a sharp splitting of the
resonance 13 and a partial perturbation of the fine struc-
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tures of the resonance 12 (Figure 4A). Thus, the fine struc-
tures of the resonances 12 and 13 are concluded to be due
to vicinal F-F couplings.

Now the homonuclear decoupling experiments lead to
the following conclusions: (1) resonances 5, 8, 7, and 8 are
the central parts of four AB quartets, resonance 5 pairing
with 8 and resonance 6 pairing with 7; and (2) the multiplet
at ca. ®* = 119 observed as five peaks (a, b, ¢, d, and e) in
Figure 4 comprises intricately overlapping resonances, at
least four CFCI resonances, four outer peaks of AB quar-
tets corresponding to 7 and 8, and the central resonances
corresponding to 12 and 13.

From the above discussion, it is apparent that there are
two kinds of CF; resonances, one comprising at least two
AB quartets with larger chemical shift difference, é5g, and
the other comprising four AB quartets with smaller éap.
The CFCI resonances appear in the region of ®* = 117-120
and have at least four components (a, b, ¢, and d partly
overlapping).

These splittings of the resonances CFy and CFCl are con-
sidered to arise from the differences in the configurations
of the copolymer, since the copolymer used is highly alter-
nating and should not show any appreciable resonances at-
tributed to the deviation from an alternating structure.

It has been found from a series of studies by the present
authors that when the central CF, resonances in these
types of copolymer chains are considered, the substituents
on the six carbons at the first, second, and third neigh-
boring positions have the possibility of affecting the chemi-
cal shifts of the resonances. This means that the spectra are
usually explained in terms of tetrads:

*

F HF F
—é—CHg—C‘J—(IJ—(lJ—CHQ—C*— (2)
él CH;F <|:1 éHB
3 2 1 1 2 3

Therefore, it is reasonable to think that the configurations
of the four asymmetric carbons (3, 1, 1, and 3) in formula
(2) affect the chemical shift difference (6ag) of the central
CF; resonance in the present copolymer. If meso and race-
mic structures are defined and noted as shown in the for-
mulas below, where main chain carbons are assumed to be
stretched into planar zigzag forms, then the tetrad se-
quence shown by formula (2) has the possibility of the fol-
lowing eight configurations; mm’m, rm’'m, mm’r, rm’r,
mr'm, rr'm, mr’r, and rr'r.

meso

H F F H

—([J—CFQ—(‘:—— m’, —IC—CHZ—(!Z— m

o, @ a &
racemic

P S GO

—$_CF2_CI:— r’,

~IC—CH2—$~ r
CH, F Cl H

Consequently, the CF; resonances are expected to comprise
eight components provided that the copolymer takes ap-
proximately random configurations and that each configu-
ration gives a resonance in which the chemical shifts are
sufficiently separated. The CFCl resonance is considered to
split into four components, m’m, m’r, r'm, and r’r, under
the same conditions.

The CF; resonances are considered in detail first. The
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chemical shift difference 5o between geminal fluorine nu-
clei is dependent on the configurations of the four asym-
metric centers in the tetrad sequence (2), as mentioned ear-
lier. However, two adjacent asymmetric carbons probably
have a stronger effect on the chemical shift of the CF; reso-
nance than the other remote ones. It may be presumed that
the eight components of the CF; resonances are separated
into two groups, one composed of mm’m, mm’r, rm’m, and
rm’r and the other including mr'm, rr'm, mr'r, and rr'r, and
that the values of the chemical shift difference, 6,5, would
be substantially different between these two groups of reso-
nances. This prediction seems to coincide with the experi-
mental result observed. Two groups of AB quartets are as-
signed to the CF; resonances, as already mentioned. The
one group, consisting apparently of two quartets, shows
larger values of the chemical shift difference, 64p, than the
other, comprising four AB quartets. It will be readily found
that the former group contains more than two components,
if the resonance peaks 12 and 13 in Figure 3 are examined
more closely. It was shown by the decoupling technique
that the fine structures of the peaks 12 and 13 are partly
due to vicinal couplings to the CFCI groups, but the com-
plicated splittings of the resonances cannot be explained
only by the vicinal coupling unless overlapping of the other
components is assumed to occur. It would be reasonable to
consider that the four partly overlapping AB quartets con-
stitute this group of resonances, although it is not so easy
to separate them by inspection of the fine structures of
peaks 12 and 13. Thus, two groups of AB quartets are con-
sidered to correspond to two groups of tetrad sequences,
one containing m’ and the other containing r’.

The next problem is to find which group of the reso-
nances corresponds to the sequences containing m’ or l’. At
first, let us consider the dyad expressed in terms of m’ or r'.
The situation is rather complicated owing to the presence
of three substituents, CHs, F, and Cl, and the lack of sym-
metry in the r’ configuration.

Ernst? investigated the 1°F nmr spectra of several substi-
tuted trifluorochlorocyclobutanes which commonly occur
as mixtures of the two cis and trans isomers shown in for-
mulas [ and II. In all four cases studied, where R was CH:

cis trans
I 11

CHg, CN, CgHs;, and C(CHj3)9:CHs, the values of the chemi-
cal shift difference between the geminal fluorine nuclei,
5aB, were much larger for cis isomers than for trans iso-
mers. The former are in the range of 18.5-20.5 ppm and the
latter are between 0.5 and 4.5 ppm. On the other hand, it
was reported by Tarrant, et al.,? that the °F spectrum of
mixtures of cis- and trans-methyltrifluorochlorocyclobu-
tanes (R = CH; in I and II) shows two kinds of 845 values,
one 19.94 ppm and the other 3.42 ppm. These results seem
to suggest that in this copolymer the value of 5,5 is larger
for m’ configurations than for r’ configurations. Therefore,
it would be reasonable to assign the quartets with larger
5aB to mm’m, rm’m, mm’r, and rm’r and the quartets with
smaller 654 to mr'm, rr'm, mr’r, and rr'r.

Through the above discussion it was assumed that the
copolymer always takes the regular head-to-tail structure
shown in formula (2), and this implies that the propagating
radical with a terminal propylene unit always adds to chlo-
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Table I
Relative Intensities of the Resonances for the
Samples Prepared at Different Temperatures.

A B C

—178° -35° 25°
1 3.6 4.2 3.3
2 6.4 5.0 4.3
3 1’ 6.2 6.3 5.1
57 1.4 1.6 2.2
4 2! 10.2 8.2 7.4
6’ 0.2 0.5 0.7
5 4.4 4.7 6.2
6 2.2 2.8 3.8
7 2.4 2.7 3.6
8 4.6 5.2 6.0
g+ 10+ 11 7! 0.4 0.5 0.7
8’ 1.4 1.7 2.1
32.4 34.0 33.4
12/ 9.8 13.8 13.2

13/ 5.8

12 6.0
8.7 8.1

13 3.0
Total 100.0 99.9 100.1

rotriflucroethylene at the CFy group. This assumption is
based on the results for the chlorotrifluoroethylene-isobu-
tylene copolymer reported by the authors,? and is not con-
tradictory to the result for polychlorotriflucroethylene,”
the 19F spectrum of which was explained on the assump-
tion of regular head-to-tail structure.

~CH,CH(CH,) » CF,=CFCl —> ~CF,CFCl- (3)

It should be noted that the chemical structures of the cy-
clic codimers prepared by thermal reaction of chlorotrifluo-
roethylene with the appropriate olefins have nothing to do
with the chemical structures of the corresponding copoly-
mers. It is also known!? that chlorotriflucroethylene gives
head-to-head or tail-to-tail cyclic dimers by thermal reac-
tion, although polychlorotrifluoroethylene has regular
head-to-tail structure.

The distribution of configurational sequences of this co-
polymer is dealt with rather quantitatively on the basis of
Bernoulli trials which are known to occur often in radical
polymerization processes. If a completely alternating struc-
ture is assumed, the probabilities of finding tetrad se-
quences indicated by subscripts, Pxyz’s, are given as fol-
lows

Pomtm = O50g P = (1 = 0p%(1 = op)
Pomer = 0p(1 = 05)0g Py = (1 — 05)(1 — 0g)oy
Powm = (1 = 050505 Ppoy = (1 = 0p)(1 = 05)0¢
Pomiy = (1 — op)fog Poum = 0°(1 — 0g)

(4)

where of and og are the probabilities of the addition of ter-
minal radical, ~CFCl -, to propylene in the meso configura-
tion and of the addition of terminal radical, ~CH(CHs) -,
to chlorotrifluoroethylene in the meso configuration, re-
spectively, corresponding to coisotacticity parameter, o,
commonly employed in copolymerization systems.!l It is
worthwhile to note that in this system it is necessary in
principle to use two parameters, or and og, since interven-
ing fluorine atoms would have a different effect from that
of intervening hydrogen atoms on the interactions of the
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Table I1
Temperature Dependence of or and or Values
Temp, °C
-78 -35 25
g 0.75 0.70 0.62
g 0.70 0.67 0.65
Table IT1

Calculated Relative Probabilities for
Several Tetrads and Triads

-78° -35° 25°

CF, Pt 0.49  0.45  0.42
P 0.21  0.22  0.23
Pt 0.21  0.22  0.23
Prtr 0.09  0.11  0.12
(Prmem + Pemee)]
mm m . . 1.
(Pmm’r + Prm'm) 1.4 1.3 2
‘(P;m'r + Prm'm + Prm'r);/ 1.0 1.3 1.4
CFCl P 0.53  0.47  0.40
P 0.22 023  0.22
Pom 0.18  0.20  0.25
P, 0.08  0.10  0.13

substituents, CH3 Cl, and F, in the course of the addition
of propagating radical to monomer.

In Table I the relative intensities of the resonances, esti-
mated from the relative areas under the resonance curves,
are compared among the three samples prepared at differ-
ent temperatures. As evident from the discussion above,
the peaks 3 and 4 contain some contributions from the
outer peaks (5’ and 6’) corresponding to resonances 5 and 6,
respectively, and the multiplet centered at ca. * = 119 (9,
10, and 11) also includes the central parts corresponding to
peaks 12 and 13, and the outer parts corresponding to the
peaks 8 and 7 (only in the lower temperature measure-
ment). The relative intensities of those merged peaks ex-
pressed by the numbers with primes were estimated by
theoretical calculations which were carried out using mea-
sured chemical shift difference, 65, and coupling constants
JAB-

If the relative intensities of 13/, 12/, 8, and 7’ are sub-
tracted from those of 9, 10, and 11, the remainder is sup-
posed to be ascribed to the CFC! resonances. This value is
seen from the table to be approximately equal to 33%, and
seems to justify the assignment given above.

It is interesting to note that the relative intensities of
some resonances vary slightly with polymerization temper-
ature. For instance, the sum of the relative intensities of
the peaks 5, 5, 6, 67,7, 7/, 8, and 8 is 17.2% at —78°, 19.7%
at —35°, and 25.3% at 25°, increasing with rising tempera-
ture. Correspondingly, the relative intensities of the other
two quartets decrease with increasing temperature. This
shows that the copolymer configuration changes with poly-
merization temperature.

As already mentioned, the four quartets with smaller
chamical shift difference, 6ap, are assigned to rr'r, rr'm,
mr’r, and mr'm and the quartets with larger é4p to mm’m,
mm’r, rm’m, and rm’r, The parameter og is readily calcu-
lated from eq 5, using the relations in (4)

Pomm T P + P + P.er
P, + P + P + Poua

'

L+ Ly + L+ Dy + Do + Ly 4 Ly * Ty
Io *+ I, * Iy + I, + I; + Iy + I + I

53
1 — op

mm’r. rm'm

rr’m mr’r
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Figure 5. Plot of log (¢x/(1 — ox)) vs. 1/T: O, or; @, cF.

where I refers to the relative intensity of the related reso-
nance. When the resonances 7 and 8 are closely examined,
it is noted that the lower field component of 8 is approxi-
mately equal in intensity to the higher field component of
resonance 7. Since P,y is equal to Py on the basis of
Bernoulli processes as shown in eq 4, it would be appropri-
ate to. assign these two components with corresponding
outer part to rr'm and mr’r. The value of ogr calculated
suggests that this copolymer does not take random configu-
rations but is rich in meso configurations, especially at
lower temperature. Therefore, it seems reasonable to assign
the higher field component of 8 with corresponding outer
part to mr'm and the lower field component of 7 with relat-
ed outer peak to rr'r. Now it is possible to calculate the
value of oy according to eq 8. The temperature dependence

P +Prr'm_ Prr’r+Pmr'r__ l_oF_

o'r = — -
Do, + P Powm + Popim g

I + I, + I + L.
Lo ¥ I, + I + I

mr'r mr’! m ! m

(6)

of og and oy values is indicated in Table I1. It is interesting
to note that the difference between the values of og and or
is significant but not large. If the copolymer takes random
configurations, then ogr and op are supposed to be equal to
0.5. It is seen that the copolymer is more isotactic at lower
temperature and approaches a random configuration with
increasing polymerization temperature. In the case of poly-
chlorotrifluoroethylene which was presumably prepared by
radical initiators, the polymer was reported to be predomi-
nantly syndiotactic rather than random, and this might ap-
pear inconsistent with the present result. However, the in-
teractions occur among electronegative polar substituents
in polychlorotrifluoroethylene and would be quite different
from those in this copolymer. It has been reported!® that
the copolymer of methyl acrylate and styrene shows a pa-
rameter o of 0.80 at 60° and of 0.85 at —25°, i.e., increasing
isotacticity with decreasing polymerization temperature,
and this is a very similar situation to the present case.

In Figure 5, the value of log (6x/(1 — ox)) is plotted ver-
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sus the reciprocal of the polymerization temperature (°K),
and from these lines the differences between activation
enthalpies, AH ,* and AH,*, are estimated as follows.

og: AH_* — AH* = -0.46 kcal/mol
op: AH_* — AH* = —0,24 kecal/mol

i

These values are comparable to the reported ones for other
systems,10

It will be recalled that when the values of o and o were
determined from the intensities of the CF4 resonances, no
consideration was given to the relative intensity ratio of the
two quartets assigned to mm’m, rm’m, mm’r, and rm’r. It is
straightforward to calculate the probabilities, Pxyz’s, for
these tetrads using the values given in Table II. As shown
in Table III, there may be two possible combinations which
can reasonably explain the resonances. One possibility is
that the inner quartet (2, 2/, 12/, and 12) is assigned to
mm’m and rm’r overlapping each other, and the outer (1,
1/, 13/, and 13) to mm’r and mm’r. The other possibility is
that the outer quartet is assigned to mm’m and the inner to
the other three. The relative intensity ratio of the inner
quartet to the outer is calculated to be 1.7 at —78°, 1.3 at
—35° and 1.4 at —25° from Table I. If these values -are
compared to those in Table III, the former assignment
would be more probable, though, tentatively, the later
might seem more reasonable.

It is rather difficult to obtain unambiguous information
from the CFCI resonances because of strong overlapping of
the resonances. There seem to be at least four components
for the CFCl resonances which appear in the region of &* =
117 to 120. It would be appropriate to assign these four
components to the related triads, m’'m, m’r, r'm, and r'r. It
should be noted that the CFCI resonances are interpreted
stereochemically in terms of triads rather than tetrads. The
relative probabilities of finding these triads are calculated
from the values of sr and op and are shown in Table III.
From these values and the decoupling experiment the
probable assignment is derived as follows: peak a is as-
signed to m’r, peak b to r'r, peak ¢ to m’m, and the reso-
nance merged in d to r'm. This assignment is rather tenta-
tive and there remains some ambiguity in it.
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