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The moderator effect of Kr on the reaction of (I.T.)-activated 8Br with CH, has been examined, keeping
the ratio of Br,/CH, at 0.02 or 0.05. The yield of CH,®BrBr shows a slight decrease at the beginning of modera-

tion and then tends to increase with further moderation.
80BrBr via a thermal ionic process in highly-moderated systems.

These facts suggest an additional formation of CH,-
When the concentration of Br, is varied in the

system containing 10 cmHg of CH, and from 40 to 36 cmHg of Kr, the yield of CH,*BrBr first increases and then
decreases, showing a broad maximum. This dependence not only partly explains the inconsistence of the present
results with those previously reported, but also suggests the competition of two types of reaction in its formation.
One must be the reaction of a radioactive radical with Br,, leading to the formation of CH,%BrBr:

-CH,%Br + Br, —— CH,%BrBr.
The other type of reaction is a scavenging reaction of Br, for the reacting 8Br atom.

The determination of the relative importance of the
kinetic energy and the positive charge in reactions of
the recoil Br atom is a current subject in the recoil
Br chemistry. So far, many extensive investigations
of the subject have been carried out, particularly on
the reactions of 8Br with CH,.1-%

While the (ny)-activated 8'Br reacts with CH, to
yield CHz8Br, mainly as a result of the recoil kinetic
energy acquired by the 8Br atom,® the (I.T.)-activated
80Br reacts by two processes, one involving excess
kinetic energy, and the other, a thermal process.

Following the determination of the total organic
yield by Spicer and Gordus,® Tachikawa and Kahara®
examined the molecular distribution of the products
under a high concentration of bromine and reached
the conclusion that CH,®BrBr is formed principally
via the kinetic energy-independent process, while CHj-
80Br is formed via both kinetic-energy and kinetic
energy-independent (thermal ionic) processes. Since
the Br, additive is an efficient moderator of the #Br
atom, it is rather desirable to use the smallest pressure
of Br,. Recently Yagi et al.¥ reexamined the above
reactions in a Kr-moderated system, keeping Br,/
CH,=0.029; they reached the different conclusions
that CH,%Br is principally formed via the kinetic-energy
process and that CH,3BrBr is formed via both processes.

These experiments were all carried out in the total
pressure range from 50 cmHg to 76 cmHg. It has been
reported that the yields of individual organic products
increase with an increase in the total pressure, but
tend to level off around 50 cmHg.® Thus, one of the
possible factors which are responsible for the incon-
sistency among the results previously reported was the
variation in the Br, added as a scavenger in the systems.

In the current set of experiments, we carefully
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studied the reactions, particularly in highly-moderated
systems. The results obtained showed a characteristic
in CH,®BrBr with the Br, concentration. A qualita-
tive explanation of the above contradiction has been
attempted.

Experimental

The experimental procedure was the routine one for the
study of 8Br activated by the isomeric transition of 8™Br; it
involved the irradiation of Br, in a quartz ampoule, mixture
with reactants and analysis of the products by means of
radio-gas chromatography. The details can be found else-
where.?

Materials. Bromine came from the Kanto Chemical
Co., and was used after simple purification by vacuum dis-
tillation. Methane and krypton, the nominal purities of
which were both 99.9959,, were supplied by the Takachiho
Chemical Co., and were used directly from the vessel.

Measurement of Br,-pressure. In our previous experi-
ments,?3) we used an oil manometer to measure the pressure
of irradiated Br, added to reaction ampoules. However, it
was rather difficult to measure a pressure of less than 1.0 cmHg
by means of this apparatus. In the present set of experiments,
therefore we used a digital precision pressure gauge, model
145 (Texas Instruments), which involves a quartz buldon
gauge. This apparatus allows us to measure pressures down
to 0.1 mmHg with precision of better than +59%,.

Sample Processing. All relative products distributions
were determined by radio-gas chromatography, employing
a side window-type gas-flow counter. The inorganic bro-
mides were isolated from the organic bromides by the inser-
tion of a short glass column packed with potassium ferro-
cyanide into the gas stream ahead of the organic separation
column. The separation column consisted of a celite base
(60—80 mesh) coated with dioctyl sebacate (15%, by weight)
packed in a glass tube 4 mm in inside diameter and 5 m long.
The major products observed were, in all cases, CH,3Br
and CH,®BrBr, although several minor products, such as
C,H;%Br and CH,*BrBr,, were also observed.

In the determination of the total organic yields, the pro-
ducts were frozen by dipping an ampoule into a liquid-
nitrogen bath. The tip of the ampoule was cut in order to
pour a mixture of 5 ml of 0.5M Na,SO; and 3 ml of CCl,.
After sealing-off the tip, the ampoule was vigorously shaken.
The organic phase was then separated from the inorganic one.
Each phase contained in a vessel specially designed for count-
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ing was measured by an end window-type gas-flow counter.
The activity of ®Br in each phase was corrected for 8#™Br and
8Br using the decay curves of the activities. No correction
for freezing, shaking, or separation was applied in the calcula-
tions of the total organic yield, since the decay correction based
on the time spent for these processes was less than a few
percent and could be disregarded. The percentage yields
reported in this paper were the percentage of individual
activities relative to the total organic activities observed,
multiplied by the total organic yield.

Results

The effects of the moderator gas, Kr, on the indi-
vidual product yields are graphically depicted in Fig. 1.
The plots include all the results obtained from systems
where the concentrations of Br, as a scavenger, relative
to CH,, were 0.02 and 0.05. In all cases, the total
pressure was kept constant at 504-1 cmHg. At zero
m.f. of Kr, the yields were 4.34+0.49, CH,8Br, 2.1+
0.29, CH,*BrBr, and 6.44-0.6%, total organic.
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Fig. 1. The Kr-moderator effects on the individual products.
The ratio, Br,/CH, was 0.02 and 0.05
Bry/CH,: 0.02 @: CH;*Br A: CH,*BrBr
Br,/CH,: 0.05 (®: CHz*Br A\: CH,*BrBr

As the dilution of the reaction system with Kr pro-
ceeded, the yield of CH,%Br decreased and could be
extrapolated to 0.6+0.1%, at 1.0 m.f. of Kr in either
case. However, the yield of CH,8BrBr showed a
slight decrease at the beginning of dilution, but it
tended to increase when the m.f. of Kr exceeded 0.5.
At 1.0 m.f. of Kr, the limiting yield of CH,8BrBr was
2.94-0.3%, or 3.2+0.3%,; depending upon the value of
Br,/CH,.

In order to examine the yield variation with the
concentration of Br, in highly-moderated systems, the
Br,/CH, ratio was varied from 0.01 to 0.4, while keeping
the pressure of CH, constant at 10 cmHg. Con-
sequently, the pressure of Kr (40 to 36 cmHg) was
adjusted to attain a total pressure of 5041 cmHg. In
view of the relative efficiency of Br, and Kr as kinetic-
energy moderators for an energetic 8Br, the change in
moderator efficiency accompanied by the small varia-
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Fig. 2. The effects of the variation of the ratio, Bryg/GH, on the

yields of CH*Br and CH,*BrBr in the highly moderated
systems (CH,: 10 cmHg, Br,: 0.1—4.0 cmHg, and the total
pressure was kept constant at 504 1 cmHg by adjusting Kr-
pressure).

@®: CH*Br A : CH,*BrBr

tion in composition, cannot be important. The results
obtained are plotted in Fig. 2. The variation in
CH,Br did not exceed the experimental fluctuation
from the value of 0.6+0.19 over the range studied.
On the other hand, the yield of CH,8BrBr increased
with the increase in the ratio of Br,/CH, at the begin-
ning, and then decreased when the ratio exceeded
around 0.15, showing a broad maximum in the range
from 0.05 to 0.10 of Br,/CH,.

Discussion

Comparisons with Reported Results. The total organic
yield (6.44-0.6%,) with no additive agreed reasonably
well with those reported by Spicer and Gordus (6.8-+

0.8%)® and by Yagi ef al. (7.04-0.39,).9 However,
when the limiting yields of the individual products at
1.0 m.f. of Kr are compared, a significant difference
can be noticed between the present results and the
Yagi et al. results. They reported the limiting yield
of zero percent for CHz8Br and 1.4%, for CH,*BrBr.
In their series of moderator experiments, the smallest
m.f. of CH, reached was 0.25, and their extrapolation
of the yields of products to 1.0 m.f. of Kr relied on results
covering the range from zero to 0.75 m.f. of Kr. Ac-
cording to the present results, however, their extra-
polated curves do not necessarily represent the real
moderator curves under highly moderated conditions.
For example, when the variations in CH,®*Br from
zero to 0.7 m.f. of a moderator in the present results
are taken into account, the extrapolation of CH,®Br
to zero percent at 1.0 m.f. of moderator is rather pro-
bable. Thus, their results can be understood to show
the moderator effects of the products up to around
0.75 m.f. of moderator, but can not be extented to
much further moderation.

The most significant difference between the present
results and the reported ones, however, can be seen
in the yield of CH,*BrBr at a higher moderation, and
consequently in its limiting yield at 1.0 m.f. of Kr.
When the Br,/CH, ratio was varied while keeping the
pressure of CH, constant, at 5.0 cmHg (the pressure
of Kr was also varied from 45 to 41 cmHg to attain
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the total pressure of 51 cmHg), a dependence of the
yield of CH,8BrBr as the Bry/CH, ratio similar to that
shown in Fig. 2 was observed. This suggests that
this kind of variation in the yield curve of CH,*BrBr
with the ratio can always be expected at high modera-
tions and that a small variation in the ratio sometimes
leads to a large difference in the yield of CH,BrBr.
Consequently, the limiting yields of CH,2BrBr and of
the total organic at 1.0 m.f. of Kr may vary considerably
depending upon the amount of Br, added in highly
moderated systems. Thus, if the Br,/CH, ratio is
varied little from 0.02 in such a high moderation, the
difference in the yield of CH,%BrBr between the two
experiments, the present and the previous ones, can be
easily accounted for.

In most of the moderator experiments previously
reported,” the amount of Br, relative to that of the
reactant was determined from scavenger curves in
the unmoderated systems. Once it was determined,
the Br,/reactant ratio was kept constant or nearly
constant throughout the m.f. of the moderator. With
regard to this conventional selection of the Bry/reactant
ratio the present results are thus very suggestive. In
conclusions, in order to identify the yields of the organic
products as the kinetic-energy or kinetic-energy-inde-
pendent yields, the present types of behavior of the
products under highly moderated conditions, as well
as the physical natures of the moderator® must be
taken into account.

Kinetic-energy-independent Yields of Products. From
the results shown in Fig. 1, it may be concluded that
the kinetic-energy-independent yield of CHy*Br was
0.6+0.1%, which corresponded to ca. 149, of the
total CH,8Br formed. This conclusion, however,
includes the assumption that the moderator curve
obtained reflects the true reaction processes involved
in the formation of CH,8Br. Recent moderator experi-
ments on #mBr-C,H,,® however, have indicated that
when the reaction system is diluted with inert gases,
the distribution of the charged 8Br is modified so
that an additional formation of CH48Br via the kinetic-
energy-independent process occurs. Furthermore, in
the present work the increase in the yield of CH,%BrBr
at a high moderation is an indication of the additional
formation of the compound wia the kinetic-energy-
independent process. Thus, the present value of 0.6,
for the kinetic-energy-independent yield of CH,8Br
should be understood to be a maximum value.

On the other hand, it is not possible to identify the
observed yield of CH,®BrBr with no additive as kinetic-
energy and kinetic-energy-independent yields on the
basis of the present results alone. Nevertheless, we
preferred to conclude that it was mainly formed via
the kinetic-energy-independent process and that the
formation due to the kinetic-energy process was less
important. This is qualitatively consistent with the
conclusion reached in the early experiments using a

7) J.E.Willard, “Chemical Effects of Nuclear Transformations,*
Vol. 1, IAEA, Vienna (1965), p. 221.

8) E.Tachikawa and K. Yanai, Radiochim. Acta, 17, 138 (1972).

9) E. Tachikawa and J. Okamoto, Radiochim. Acta, 13, 159
(1970). In the series of previous experiments, the yield of CH,-
%BrBr was constantly smaller than those expected from the present
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rather high concentration of Br,.®» One support for
the above prediction is given by the recent experiments
in our laboratory.!® When the #BrBr molecule is
irradiated with the light of the wavelength of 2537 A,
an energetic 82Br atom with 1.2 or 1.7 €V, but with no
charge is formed. This atom reacts with CH, to
give CHg8Br. The CH,®BrBr was not detected
within the limits of experimental uncertainty, and its
yield, if it is also formed, must be less than a small
percentage of that of CH,8Br. The results obtained
with the reaction of 8Br activated by the (n,y) process
with CH, were also consistent with the above predic-
tion. The 8Br thus activated has a higher energy
and less charge than that from the (I.T.) activation,
and it reacts with CH, to yield a total organic yield of
13.8%,, principally via the kinetic energy process.5!)
Spicer and Gordus reported that 899, of the total
organic yield was CH3®Br, while 119%, was CH,8°BrBr.
A further analysis of the results using the Estrup-
Wolfgang kinetic theory showed that the yields due to
the kinetic-energy processes were 12.3%, for CH,%Br
and 1.09%, for CHy%BrBr.!2 These values gave the
ratio of 0.08 for CH,*BrBr/CH,8Br.

As a crude approximation, we attempt to evaluate
the maximum yield of CH,*BrBr due to the kinetic-
energy process in the present reaction with the assump-
tion that the value of 0.08 for the CH,8°BrBr/CH,8Br
ratio also holds in the present reaction system. The
maximum vyield of the kinetic-energy process to form
CH,%BrBr was estimated to be 0.08x3.9==0.39,, this,
however, explains only 149, of the total yield of CH,-
80BrBr.

Effects of the Bry, Concentration on CHy3*BrBr in Highly
Moderated Systems. The appearance of the maxi-
mum in the yield of CH,3BrBr in Fig. 2 can only be
explained in terms of the competition between two
types of reaction.!® If at least a part of the yield is
directly dependent on the presence of inactive bromine,
the latter contributes to their formation. An example
would be the reaction of a radioactive radical with
Br,, leading to the formation of CH,8BrBr:

.CH,®Br + Br, —— CH,*BrBr.

The other type of reaction involved is a scavenging
reaction of Br, for the reacting #Br atom, since Br, is
the reacting scavenger. At higher concentrations of
inactive bromine, the collision of the reacting 8Br with
Br, becomes important and the yield is progressively

works. This is partly due to the experimental method used. In
the previous works, the reaction mixture was once transferred into
the injection loop for the radio-gas chromatographic analysis.
Thus a constant fraction of CH,*BrBr was lost due to the adsorp-
tion, mainly on the stopcock involved. Furthermore an addition
of Xe or Ar as a moderator may lead to a different behavior
of CH,*BrBr. However, this does not alter the conclusion
previously reached that CH,**BrBr was mainly formed zia the
kinetic-energy-independent process.
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reduced and the usual scavenger curve prevails.

The fact that a small concentration of Br, (6x 102
m.f.) brings about such a sharp increase in the yield
also means that the radical responsible for it must be
reasonably stable and long-lived to be able to react
with Br,. Assuming the Maxwellian distribution of
both CH,8Br and Br,, the life-time of the radical was
calculated as >10-7 sec.1¥

14) The calculation based on the equation,

Z = Nzafz( BkT)m
T

for the collision density (see S. W. Benson “The Foundations
of Chemical Kinetics,”” MacGraw-Hill, New York, (1960) p.
153). The molecular diameter used are 4.27 A for Br, and 4.0 A
for CH,Br in analogy with CHBr (ref. J. O. Hirschfelder, C. F.
Curtiss, and R. B. Bird, »The Molecular Theory of Gases and
Liquid,” John Wiley and Sons, Inc., New Yrok, (1960) p. 1110).
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The formation of the CH,8Br radical must involve
the breaking of two C-H bonds. In an energetic
reaction, the importance of the double-replacement
reaction is already known.’® However, the foramtion
of the CH,®Br radical in the present reaction system
is probably initiated mostly zia the kinetic-energy-inde-
pendent process of 8Br. The direct application of the
double-replacement reaction to the present case, there-
fore cannot be made. As was suggested in a previous
paper,” the formation of (CH,®Br)* is the most re-
alistic primary step involved. However, the details of
the reaction pass leading to CH,*BrBr from (CH,-
80Br)* must await the carrying-out of further experi-
ment.

15) R. Wolfgang, “Prog. Reaction Kinetics,” Vol. 3 (1965)
p- 97.
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The isomerization of propylene oxide was carried out over silica-magnesia catalysts and metal oxides at 260—
270°C using a pulse reactor. The main products of the reaction were propionaldehyde, acetone, allyl alcohol,
l-propanol, and acrolein. Propionaldehyde and acetone are produced on acidic and basic sites respectively.
Allyl alcohol is formed over acid-base bifunctional catalysts. 1-Propanol and acrolein are mainly produced
through hydrogen-transfer reactions between allyl alcohol and propionaldehyde and propylene oxide. As regards
these reactions, acid-base bifunctional catalysts are favorable and the reaction rate depends on the electron-donating
power of the hydrogen acceptor and the basic strength of the catalyst. The acid sites on silica-magnesia catalysts
are attributed to the forsterite produced by the reaction of magnesium oxide and silica gel, and the basic sites,
to the magnesium oxide remaining. The metal oxides, such as magnesium and calcium oxides, are considered to

have very weak acid sites.

The activities and selectivities of a reaction on solid
acids and bases are determined by studying their acidic
and basic properties. It is important to clarify the
relations between them. In our preceding papers,»?
it was found that the activities and selectivities of
propylene oxide isomerization on zeolite catalysts and
metal phosphates could be elucidated by the acidic
and basic properties of catalysts.

According to Niiyama and his co-workers,® silica-
magnesia catalysts prepared from magnesium hydroxide
and silica gel by calcination at 600°C have acid and
basic sites. In the present investigation, propylene
oxide isomerization was carried out on silica-magnesia
and metal oxide catalysts in order to confirm the
proposed mechanisms of the reaction and the relation-

1) T. Imanaka, Y. Okamoto, and S. Teranishi, This Bulletin,
45, 3215 (1972).

2) T. Imanaka, Y. Okamoto, and S. Teranishi, ibid., 45, 1353
(1972).

3) H. Niiyama, S. Morii, and E. Echigoya, Shokubai, 13, 57
(1971).

ships between the selectivities and acidic and basic
characters of the solid acids and bases. In the cases
of zeolites) and metal phosphates,? the main products
were acetone, propionaldehyde, and allyl alcohol. How-
ever, it was found that silica-magnesia and metal oxides
produce considerable 1-propanol, the hydrogenated
compounds of allyl alcohol, propionaldehyde, and
propylene oxide. The reaction steps of l-propanol
formation are discussed. Moreover, the production
mechanism of the acidic and basic properties of silica—
magnesia catalysts was deduced from the results of
X-ray diffraction.

Experimental

Materials. Silica-magnesia catalysts with different
compositions were prepared as follows. Silica gel (Nakarai
Chemicals, Ltd. ; Silica gel No. IIT 200 mesh) and magnesium
hydroxide (Wako Pure Chemical Industries, Ltd.) were mixed
in water at 90°C for 12 hr, filtered, and calcined at 600°C
for 6 hr in air. The compositions of the silica-magnesia
catalysts used in our experiments were 0, 34, 51, 67, 76, and
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100 mol9%, of the magnesium oxide content. The surface
areas of these catalysts were 405, 142, 307, 158, 145, and
68 m?/g respectively. The metal oxides used were MgO,
Ca0O, MnO, BaO, SrO, and ZnO. They were all commer-
cial-grade except for MnO. MnO was prepared by the de-
composition of MnCQO; at 500°C under a vacuum for 48 hr.
The reactants were commercial-grade.

Procedures. The isomerization of propylene oxide was
carried out using a conventional pulse reactor in a helium
carrier. The catalysts (20 mg) were treated at the reaction
temperature in streaming helium for about 2 hr before
reactions. The amount of reactant injected into the catalyst
was 2 ul.

The acidic and basic properties of the catalysts, which were
heated at 300°C for 2 hr in air, were measured by the con-
ventional titrating method in benzene with a benzene solution
of n-butylamine, and benzoic acid, using Hammett indicators.?

The structures of the calcined silica—magnesia catalysts were
determined by X-ray analysis.

Results and Discussion

The surface areas, acidities, and basicities of the
metal oxides are shown in Table 1. Figure 1 shows
the dependencies of the acidity (measured at Hy=
+6.8) and the basicity (Hy=+7.2) of the silica-
magnesia catalyst on the magnesium-oxide content.
Niiyama et al.®) have reported almost the same behavior

TABLE 1. PROPERTIES OF METAL OXIDE CATALYSTS

Surface Acidity® Basicity®

Catalyst area (m?/g) (mmol/g) (mmol/g)
MgO 55.6 — 0.288
CaO 13.3 — 0.014
SrO 5.3 — 0.005
MnO 4.7 ?9 2%
BaO 1.9 — 0.005
ZnO 7.4 0.046 —

a) measured at Hy=-+46.8
b) measured at Hy=+7.2
¢) cannot be measured due to its dark color
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Fig. 1. Dependence of acidity and basicity of silica-magnesia

catalysts on magnesium oxide content.

O: acidity, @: basicity

4) K. Tanabe “Solid Acids and Bases” Kodansha, Tokyo,
Academic Press, New York, London (1970) pp. 6, 36.
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of the acidic and basic properties of these catalysts.
According to Fig. 1, the acidities of silica-magnesia
catalysts increase and then decrease with an increase
in the magnesium oxide content. An equimolar mix-
ture of'silica gel and magnesium oxide has the maximum
acidity. The maximum acid strength of the silica—
magnesia catalyst (measured for the 519, MgO-cata-
lyst) is stronger than that of silica gel only; their H,
values are +1.5 and +2.0 respectively. These facts
indicate that new compound produced by a reaction
of silica gel and magnesium oxide possesses stronger
acid sites than does silica gel. According to Brewer
and Steinberg,” silica-magnesia catalysts tempered at
400—700°C, and which have been prepared from an
equimolar mixture of silica tetraethoxide and magne-
sium ethoxide, have a forsterite structure (Mg,SiO,)
and strong Lewis acid sites. In the case of magnesia—
boria catalysts, Tanaka and his co-workers® have
reported that the unknown product formed is an active
center for the aldol condensation of acetone. The
X-ray analysis of our silica-magnesia catalysts indicates
that silica gel has a structure of a-cristobalite, magne-
sium hydroxide disappears, magnesium oxide is formed,
and forsterite is produced. According to Jander and
Whubhrer,”? the main product of the solid-state reaction
of silica gel and magnesium oxide is forsterite and the
amount of enstatite (MgSiO;) is very small. Our
results coincide with theirs. Figure 2 shows the de-
pendence of the amounts of magnesium oxide, silica
gel, and forsterite, as measured by X-ray analysis, on
the magnesium oxide content. A comparison of Figs.
|l and 2 shows that the acidity correlates to the amount
of forsterite and that the basicity correlates to that of
the magnesium oxide remaining. Consequently, the
strong acid sites on the silica-magnesia catalysts are

300 ‘

200 F 110

Intensity (arbitrary unit)
Intensity (arbitrary unit)

100} 15

O 1 I 1 1 \)0
0 20 40 60 80 100

MgO content (mol %)

Fig. 2. Dependence of the amounts of magnesium oxide, and
forsterite on the magnesium oxide content in silica-magnesia.
@ : magnesium oxide, (: forsterite

5) H. Bremer and K. H. Steinberg, 4th Int. Congr. Cat.
Moscow, Preprint of the paper No. 76 (1968).

6) A. Tanaka, I. Nozawa, and T. Shirasaki, Shokubai, 11,
87 (1969).

7) W. Jander and J. Wuhrer, Z. Anorg. Allg. Chem., 226, 225
(1936).
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TABLE 2. PRODUGT DISTRIBUTIONS OF PROPYLENE OXIDE ISOMERIZATION OVER SILICA—-MAGNESIA CATALYSTS
Catalyst R.T. Conv® G.P. A PA AC ACR 1-PrOH AA O.P.
(°C) (%) (%) (%) (%) (%) (%) (%) (%) (%)
SM(0) 267 7.3 0.9 0.5 79.5 — — —  13.2 5.9
SM(34) 270 37.0 1.1 1.6 55.7 4.5 0.9 12.6 22.3 1.3
SM(51) 266 56.2 10.3 2.6 64.6 1.5 1.2 10.0 10.2 0
SM(67) 270 42.7 4.0 3.1 56.1 1.8 1.7 20.8 12.8 0
SM(76) 272 49.1 4.0 2.4 61.1 4.6 1.9 12.3 11.7 2.0
SM(100) 267 11.9 1.3 4.8 3.8 31.4 3.3 24.9 30.5 0

a) Conversion (%)/10 mg-Cat.
b) SM denotes silica-magnesia and the number in parenthesis indicates magnesium oxide content (mol %).
G.P.: Gaseous products,

1-Propanol,

A: Acetaldehyde,
AA: Allyl alcohol,

PA: Propionaldehyde,
O.P.: Other products.

AC: Acetone,

ACR: Acrolein, 1-PrOH:

TABLE 3. PRODUCT DISTRIBUTIONS OF PROPYLENE OXIDE ISOMERIZATION OVER METAL OXIDE CATALYSTS
Catalyst R.T. Conv® G.P.® A® PA® AC» ACR® I[-PrOH®» AA®» O.P.®
(°G) (%) (%) (%) (%) (%) (%) (%) (%) (%)
MgO 260 9.7 3.4 8.1 — 26.9 21.2 31.9 8.0 0.5
CaO 260 2.8 3.0 10.3 — 31.6 19.3 28.4 7.4 0
SrO 260 0.49 40.6 — — 28.4 —_ 8.0 5.7 17.3
MnO 260 1.48 42.7 3.8 29.3 8.1 — 0.8 11.9 3.4
a) See Table 2.
deduced to be caused by the forsterite produced by  isomerization. Figure 3 shows the dependence of the

the reaction of magnesium oxide and silica gel, and
the basic sites, by the magnesium oxide. It is con-
sidered that the production of strong acid sites can be
ascribed to the difference in electronegativity between
silicon and magnesium, and that magnesium forms
strong Lewis acid sites.

The isomerization of propylene oxide was carried out
on silica-magnesia and metal oxide catalysts at 260°C.
Tables 2 and 3 show the product distributions of this
reaction on these catalysts. Barium oxide and zinc
oxide have only a very low activity. The ‘‘other
products” in these Tables contain condensed products.
The gaseous products and acetaldehyde are decom-
posed products. Here, we will discuss the formation
of propionaldehyde, acetone, allyl alcohol, n-propanol,
and acrolein. In them, propionaldehyde, acetone, and
allyl alcohol are the products of the propylene oxide

30
S
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&
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0 20 40 60 80 100

MgO content (mol %)

Fig. 3. Dependence of the conversion to propionaldehyde and
acetone on the magnesium oxide content.
@ : propionaldehyde, (: acetone

formations of propionaldehyde and acetone on the
magnesium-oxide content of the silica-magnesia cata-
lysts. 'When we compare Figs. 1 and 3, it is clear
that propionaldehyde is formed on acid sites, and
acetone on basic sites, as has been reported earlier.?
Figure 4 shows the dependence of allyl alcohol and
l-propanol on the magnesium-oxide content. In the
cases of zeolite catalysts and metal phosphates (except
for calcium phosphate), the production of l-propanol
is very small, but silica-magnesia and metal oxide
catalysts form very large amounts of 1-propanol. Taking
into account the effects of pyridine and dichloroacetic
acid on reactions over metal phosphates, 1-propanol has
been assumed to be produced from hydrogen-transfer
reactions of allyl alcohol.® In this paper, l-propanol
formation will be studied in detail.
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Fig. 4. Dependence of the conversion to allyl alcohol, 1-pro-
panol, and original allyl alcohol on magnesium oxide content.
Q: allyl alcohol, (): 1-propanol
@ : original allyl alcohol
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1-Propanol is considered to be a hydrogenated com-
pound of allyl alcohol, propionaldehyde, and propylene
oxide and to be formed by the following reaction
processes (1)—(4):
CH,=CH-CH,OH + CH,-CH-CH,OH
— CH,-CHCHO + CH,CH,CH,0H (1)
CH,-CH-CH,OH + CH,-CH-CH,
\O/
— CH,-CHCHO + CH,CH,CH,0H (2)
CH,-CH-CH,OH + CH,CH,CHO
— CH,=-CHCHO + CH,CH,CH,0H (3)
CH,CH,CHO + CH,-CH-CH,
NN

— CH,=CHCHO + CH,CH,CH,0H (4)

TABLE 4. HYDROGEN-TRANSFER REACTIONS OVER
SM(67) AT 260°C

Reactivity /g® Avp (cm-1)
H}é?:(ien }izgé;tg;rn (arbitrary of hydrogen
unit) acceptor
AA AA 1.3 ~0®
AA PO 30 59
AA PA 61 85
PO or PA 0 59 or 85

PO or PA

a) calculated from the formation of 1-propanol.
b) estimated value.

AA: Allyl alcohol

PO: Propylene oxide

PA: Propionaldehyde

In Table 4, the reactivities for each reaction are
given; here, in the case of propylene oxide, the forma-
tion of I-propanol from Process (3) caused by the
isomerization of propylene oxide is corrected. As is
shown in Tables 2 and 3, considerable acrolein is pro-
duced over a series of catalysts. Though the amount
of acrolein is smaller than that of l-propanol, this
fact is due to the high reactivity of the polymerization
of acrolein ; there is an approximate correlation between
the amount of acrolein and that of 1-propanol. There-
fore, Reactions (2) and (3) are found to be the main
processes of 1-propanol formation. As alcohol is more
easily dehydrogenated on basic sites than other reac-
tants, it is deduced that allyl alcohol is the hydrogen
donor and propionaldehyde and propylene oxide are
acceptors. When one mole of 1l-propanol is formed,
one mole of allyl alcohol is consumed. Therefore, the
sum of the formations of allyl alcohol and 1-propanol
is considered to be the original amount of allyl alcohol
formed. In Fig. 4, their sum is plotted against the
magnesium-oxide content. The original formation of
allyl alcohol has a maximum; this fact indicates that
allyl alcohol is formed by an acid-base bifunctional
catalyst, as was reported earlier.?)

As regards the metal oxides, magnesium and calcium
oxides have a high activity of allyl-alcohol formation.
Malinowski et al.®) deduced from ammonia adsorption
studies that magnesium oxide has a very weak acid
site. Taking into account the products of propylene-

8) ST. Malinowski, S. Szczepanska, A. Bielanski, and ]J.
Sloczynski, J. Catal., 4, 324 (1965).

The Isomerization of Propylene Oxide 7

oxide isomerization, the other metal oxides can also be
considered to have very weak acid sites, though the
presence of acid sites cannot be detected by the indi-
cator method. For allyl-alcohol production, even very
weak acid sites are deduced to be favorable.

The acidic and basic properties of manganese mon-
oxide cannot be measured because of its dark color.
It is considered, on the basis of the product distribution
of the propylene-oxide isomerization, that it has both
acidic and basic properties.

[1-Propanol]/[Original allyl alcohol]

ot : 1 1 1
0 20 40 60 80 1C0

MgO content (mol%)

Fig. 5. Dependence of the ratio of 1-propanol to original allyl
alcohol on magnesium oxide content.

Niiyama et al.9 have reported that hydrogen-transfer
reactions between alcohol and ketone are catalyzed by
acid-base bifunctional catalysts. Figure 5 shows the
relation between the ratio of the formation of l-pro-
panol and the original formation of allyl alcohol and
magnesium oxide contents. The ratio has a maxi-
mum; this fact suggests the same conclusion. Accord-
ing to Table 4, magnesium and calcium oxides produce
a very large amount of l-propanol among all the
metal oxides used. Magnesium: oxide prepared from
magnesium hydroxide gives a product distribution dif-
ferent from that of magnesium oxide supplied in the
production of l-propanol; that is, the selectivities for
l-propanol are 24.9 and 31.9%, for prepared and
supplied MgO respectively. According to the basic-
strength measurements, the supplied MgO(H,=+17.2)
has stronger basic sites than the prepared MgO (H,=
+15.0). Therefore, as regards the basic properties
favorable to the reaction, strong basic sites are effective.

The order of the activity of the hydrogen-transfer
reaction between allyl alcohol and hydrogen acceptor
is: propionaldehyde >propylene oxide>allyl alcohol;
this order is that of the electron-donating power, Awp,
of the hydrogen acceptor, which is given in Table 4.
According to Kagiya,'® the electron-donating power
of a compound is defined as the relative difference
(counted as wave numbers) of the OD adsorption
band of methanol-d observed in the compound from

9) H. Niiyama and E. Echigoya, 23rd Annual Meeting of
the Chemical Society of Japan, No. 1 p. 51 (1970).

10) T. Kagiya, Y. Sumida, and T. Inoue, This Bulletin, 41,
767 (1968).
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that observed in benzene. The A, of allyl alcohol is
estimated by taking into account the values of the
electron-donating power of the C-C double bond in
benzene (Avp; 0 cm™), styrene (4dvp; 4 cm™!), and so
forth.

As regards the mechanism of the hydrogen-transfer
reaction Niiyama et al.9 have proposed a mechanism
similar to that of Meerwein-Ponndorf reduction. Our
results support their mechanism in the case of silica-
magnesia catalysts. The following mechanism is plau-

sible.
For process (2)
CHa CHa
I ) i o
CH CH CH 5
| \ |6+ 8- AN
H-C-H C - CHg——3H = Cooevr H +o-=-== C = CHa
| /\N/ I
0 H © HO
\ 8- 8+ :
5 0 B
—~— A~ B—— A— —h B— 8 —-
CHz CHs Clll'lz CH,
1l
CH CHz— CH2 Clil \CH2 - CHa
I
—>H-C —>H - C OH
[ 8+ .0 Il
9 Heood o
— A— Be—fA-——— — A— B——A—
For process (3)
CHa (|?H3 Cﬁlg ciia
I
CH CH: H CTG s CH. G/H
| / + - +
H-C-H \i‘: —>H - C---H----- N (]5
(I) o8- 8=
/ :
o+ :
\H ‘l’/ I‘;I :.
—— A — B— A — — A—B A —
CHa C CHa, CHs
CHz I |
cH H l H CH CHz
LN/ l |
—>H-C ¢ —>H-C H-C~H
I 8- AN I
0 0 o 0
i S+ /
HES ! H
Poor
A —Be A —A B— A

A: acid site B: basic site

That is, propionaldehyde or propylene oxide adsorbs on
the acid site at the oxygen atom in them, and the elec-
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tron density of the carbon atom adjacent to the oxygen
atom becomes more positive. The larger the electron-
donating power of the hydrogen acceptor, the more
positive the carbon atom becomes. Allyl alcohol
adsorbs on the basic site, dissociating the hydroxy!l
group, the electron density of the hydrogen atom at
a-carbon becomes negative, and the hydride ion trans-
fers to the positively-charged carbon atom of aldehyde
or oxide. Therefore, a strong base is favorable. In
the case of propylene oxide adsorbed on a weak acid
site, 1-propanol is formed preferentially, as the electron
density of a-carbon is smaller than that of S-carbon.!)

However, in the cases of metal oxides which have
only very weak acid sites, it may be considered that
the interaction between the acid site and the oxygen
atom of the hydrogen acceptor is negligible.

Conclusion

Propylene-oxide isomerization was carried out over
silica-magnesia catalysts and metal oxides at 260—
270°C using a pulse reactor. It has been concluded
that propionaldehyde and acetone are produced
on acidic and basic sites respectively. Considerable
amounts of l-propancl are formed on these catalysts,
whereas it is not produced on metal phosphates and
zeolites. Allyl alcohol is formed by acid-base bifunc-
tional catalysts. It has been found that l-propanol is
mainly produced through the hydrogen-transfer re-
actions between allyl alcohol and propionaldehyde
and propylene oxide. It has also been made clear
that acid-base bifunctional catalysts are favorable for
the hydrogen-transfer reactions and that the reaction
rate depends on the electron-donating power of the
hydrogen acceptor and also on the basic strength of
the catalyst.

The production mechanisms of the acidic and basic
properties of silica-magnesia catalysts were studied by
X-ray analysis. The acid site is due to forsterite,
while the basic site is due to the magnesium oxide
remaining. In view of their reaction products, the
metal oxides, such as magnesium and calcium oxides,
are considered to have very weak acid sites.

11) K. Shimizu, K. Kato, and T. Yonezawa, 20th Annual
Meeting of the Chemical Society of Japan (1967).
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— 6-Oxohelvolic Acid (Triketone) —
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The triketone (6-oxohelvolic acid (IIa) or its tetrahydro-derivative (IIb)) was readily oxidized in air into
the anhydride (IIIa or b) in an alkaline solution; it spontaneously turned red or deep green and then gradually

lost its color.
the ESR measurement.

In this reaction process, the presence of a relatively stable intermediate radical was confirmed by
As a result of an analysis of the well-resolved proton hyperfine structure of this radical,

it was explained that the structure of helvolic acid is of the protostane type: that is, it is a distinctive structure
of the trans-fusion of the A/B ring juncture and a boat form of the B-ring. A reasonable oxidation mechanism

including this intermediate radical was presented.

In general, the physical methods of ORD or CD,
NMR, and X-ray diffraction are widely used in con-
formational analyses of steroids; much valuable informa-
tion has been thus obtained, as is illustrated in the
textbook.n

However, although the most exact structural informa-
tion can be derived from an X-ray analysis, provided
that the steroid is obtained in a single crystal form,
such an analysis can not tell us about delicate con-
formational changes in steroids in various solvents.
Such information is, though, important for the study
of stereochemical reaction processes.

On the other hand, ORD or CD is especially useful
for the elucidation of the stereoconformations of steroids
or terpenes in solutions. However, even in these cases,
the determination has to be done in comparison with
compounds of a close structure or of a known absolute
configuration.

Apart from these methods, the proton NMR spec-
troscopy is a powerful method for use in the stereo-
chemistry of steroids, and recent advances in this field,
for example, the double-resonance method and high-
field resonance method (100 MHz or higher frequency),
provide valuable information on the absolute con-
figurations of steroids.

The application of the ESR method to the study of
the conformations of macromolecules is rather limited
in the field of the stereochemistry of steroids because
of necessity for an unpaired electron spin in the mole-
cules.  The “spin-labeling’” method developed by
McConnell et al.,2 which involves attaching a stable
simple radical (generally an N-oxide radical) on a
macromolecule and detecting the subsequent delicate
environmental conformational change around the
labeled spin, has been proved to be a powerful tool
for the study of biomolecules,? such as haemoglobin,
DNA, and cell membranes. From a slightly different
point of view, Russell et al® have studied the con-

1) L. F. Fieser and M. Fieser, “Steroids,” Reinhold Publish-
ing Corp., New York, (1959); J. R. Hanson, “Introduction to
Steroid Chemistry,” Pergamon Press, London, (1967).

2) H. M. McConnell and B. G. McFarland, “Physics and
Chemistry of Spin Labels,” Quart. Rev. Biophys., 3, 1 (1970), pp.
91—136; O. H. Griffith and A. S. Waggoner, Accounts Chem. Res.,
2,17 (1969).

3) E. R. Talaty and G. A. Russell, J. Amer. Chem. Soc., 87,
4867 (1965); J. Org. Chem., 31, 3455 (1966).

formations of various steroids, changing them into
“semidione” radicals and treating them with #~BuOK
in air; they have thus been able to classify the reac-
tivittes of —CH, groups neighboring a carbonyl or
hydroxyl group. This method also informs us about
the dynamic characters of ring inversion under various
environmental conditions.

We are interested in the application of ESR to the
stereoconformational studies of steroids, by making use
of the extra-high sensitivity (10 spins/gauss) of the
ESR method and sensitive changes in hf splittings
depending on the slight conformational change in the
spin environment.

Helvolic acid (I), one of antibiotics first isolated from
Asperigillus fumigatus by Waksman et al.,? has a growth-
retarding effect on Gram-positive bacteria. Later,
Okuda et al.% found that Cephalosporium caerulenes pro-
duced it in a much better yield than did 4. fumigatus,
and that this compound had a unique skeleton (pro-
tostane type)® of tetracyclic triterpenoid, in which
the B-ring had a boat form. That is, this compound
has a trans-syn-trans juncture in the A/B/C rings, unlike
the trans-anti-frans juncture in usual steroids and tri-
terpenoids. A revised absolute configuration has re-
cently been presented based on extensive stereochemical
and NMR studies of helvolic acid and its relatives.”
In the course of this investigation, Inoue, Machida,
and Okuda® have found that 6-oxohelvolic acid (Ila)
or 1,2,24,25-tetrahydro-6-oxohelvolic acid (IIb) is very
sensitive to oxygen in an alkaline solution, turning red
or deep green respectively, gradually losing its color,
and ultimately oxidizing into the anhydride (IITa or b).
These results, indicating a radical mechanism of the
oxidation process, have prompted us to search for
the presence of a relatively stable intermediate radical
by making ESR measurements.

4) S. A. Waksman, E. S. Horning, and E. L. Spencer, J.
Bagcteriology, 45, 233 (1943).

5) S. Okuda, S. Iwasaki, M. I. Sair, Y. Machida, A. Inoue,
and K. Tsuda, Tetrahedron Lett., 1967, 2295.

6) As this skeleton is considered to be that of the prototype
of sterol, the name protostane was proposed for the skeleton. T.
Hattori, H. Igarashi, S. Iwasaki, and S. Okuda, Teirahedron Lett.,
1969, 1023.

7) S. Iwasaki, M. I. Sair, H. Igarashi, and S. Okuda, Chem.
Commun., 1970, 1119.

8) To be published in Chem. Pharm. Bull. (Tokyo).
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In this report, we will present some ESR results on
the conformations of the triketone radicals—in other
words, on that of helvolic acid.

Experimental

Materials. The triketones, ITa and IIb, were synthe-
sized from helvolic acid in the laboratory of professor Okuda.
The other reagents used were all of a G. R. grade.

Methods. ESR measurements were carried out at room
temperature using a JEOL P-10 apparatus (Japan Electron
Optics Laboratory Co., Ltd.) at the X-band and 100 KHz
field modulation. The field calibration was made with
reference to a standard sample of Mn?*/MgO and a solution
of Fremy’s salt.

For the detection of an intermediate radical by the ESR
method, an ESR sample tube with two compartments and a
capillary tube was used in order to degas, introduce oxygen,
mix the two solutions, and measure the ESR spectrum of the
solution at room temperature.

Since an alkaline solution of the triketone is unstable toward
oxygen, two separate solutions, one a neutral methanol
solution of triketone and the other methanol containing KOH,
were degassed thoroughly in each compartment attached to the
sample tube by repeating the freeze-degas-thaw cycle; then
the two solutions were mixed in one of the compartments at
room temperature, followed by the introduction of an appro-
priate amount of oxygen. For the ESR measurements, a
small amount of the colored solution was transferred into
the capillary part of the sample tube, which was then inserted
into the effective part of the microwave cavity.

The oxygen absorption kinetics were studied with a Warburg
manometer.

Results and Discussion

It was confirmed that the two triketones, ITa and
IIb, were very unstable toward oxygen in alkaline
solutions, and were oxidized into the corresponding
anhydrides, IIIa and IIIb. The molecular structures
of the anhydrides were explained by the results of the
UV, IR, and NMR measurements.® After a methanol
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solution of the triketone had been flushed with nitrogen
and then made alkaline with 1~ NaOH, the color of the
solution instantaneously changed from yellow to deep
green or red in the case of IIb or Ila respectively. On
the neutralization of this solution with HCI, the color
of the solution returned again to yellow; enolized IIa
(IVa) or its tetrahydro-derivative (IVb) was thus
obtained in the yield of 1009,.

It was found by Warburg’s manometry that the
amount of oxygen necessary to oxidize the triketone
to its anhydride was one mole for one mole of triketone.

ESR experiments were carried out at room tempera-
ture, changing the concentration of the triketone in
the range of 10-1—10-3M, and the concentration of
alkali in the range of 1—I1/100nN.

According to the concentration of hydroxide relative
to that of the triketone, various types of ESR spectra,
A, B, C, D, and E (E), with well-resolved hf structures
and the g-factor of 2.004, were observed as is shown
in Fig. 1. These spectra were fairly stable provided
the amount of oxygen was not in excess, and they
persisted even after one day.

With an increase in the hydroxide concentration
relative to that of triketone, the ESR spectra were
observed in the order of A, B, C, D, and E spectra
for tetrahydro-triketone. For example, the mixed solu-
tion of 0.3 ml of 10~ tetrahydro-triketone in acetone,
0.05 ml of 28 NaOH, and 0.2 ml H,O exhibited the
D spectrum. After the observation of this spectrum,
an appropriate amount of water was added, little by
little, into the sample solution, and then the spectral
type changed successively from D to C, to B, and
finally to A. On the other hand, in the case of A'-
triketone, only the E’ spectrum was observed in a low
hydroxide concentration. A distinct difference between
the E and E’ spectra is that the latter has a well-
resolved quartet hf structure in addition to that of the
E spectrum.

Hf SPLITTING CONSTANTS OF TRIKETONE
RADICALS (in gauss)

Signal No. of Lines a; (1IH)® a, (2H)*® 4, (3H)® a,(3H)®

TABLE 1.

A 15 6.1 3.7 1.2 —
B 16 6.0 3.8 1.2 —
C 18 5.8 4.0 1.1 —
D 14 5.5 4.0 1.3 —
E 13 4.1 4.0 1.3 —
E® 43 4.0 4.0 1.2 0.4

a) Numbers of equivalent protons.
b) Observed only for A-triketone.

All the spectra were analyzed; the respective stick
diagrams are shown below the spectra in Fig.l. The
hyperfine constants of each spectrum are tabulated in
Table l. Some of the computer-simulated spectra are
also shown in Fig. 2.

It is obvious that these hf structures are attributable
to certain protons in these radical structures, since the
proton is the only nuclear species to show the hf struc-
ture. As can easily be seen from the splitting constants
in Table 1, the finding that the observed spectral
patterns changed in a delicate manner with an increase
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(a) A spectrum:
5 mg tetrahydro-triketone + 0.4 ml A solution

acetone 30 ml
A solution {2N NaOH in H,O 5 ml
H,0 20 ml

(b) B spectrum:
5 mg tetrahydro-triketone + 0.4 ml B solution

acetone 30 ml
B solution {28 NaOH in H,O 5 ml
H,O 13 ml

(c¢) C spectrum:
5 ml tetrahydro-triketone + 0.4 ml C solution

acetone 30 ml
C solution {28 NaOH in H,O 5 ml
H,O 6 ml
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(d) D spectrum:
5 mg tetrahydro-triketone + 0.4 ml D solution

acetone . 30 ml
D solution {28 NaOH in H,O 5 ml
H,0 0 ml

(e) E spectrum:
0.3 ml of 10~2m tetrahydro-triketone in 999,
methanol 4 0.3 ml of 0.3x KOH in 999,
methanol

(f) E’ spectrum:
0.3 ml of 10—2M A*-triketone in 999 methanol
-+ 0.3 ml of 0.03—0.3n5 KOH in 99% methanol

All the spectra were recorded at room temperature under the following operation condition; microwave power

3 mW, modulation width 0.05—0.3 G.
Fig. 1.

in the hydroxide concentration is due to a gradual
decrease in the largest hf constant, a;, down to the
value of the second hf constant, a,, while the third hf
constant, ag, remains nearly constant throughout, from
the A spectrum to the E spectrum. On the other
hand, in the E’ spectrum of the A!-triketone radical,
the hf splitting constants, a; and a,, are already equal in
a rather low concentration of hydroxide ions compared
with the case of tetrahydro-triketone, and it has the
smallest quartet hf splitting, a,=0.4 G.

These spectral patterns were observed not only with
the oxidation by molecular oxygen, but also with that
by H,O, or Fe(CN)¢®-, and no change in the spectral
patterns was observed even in the H,O (D,0), MeOH
(MeOD), acetone, and DMSO solvents. From these
results, it can be considered that the radical may be

ESR spectra of the triketone radical.

an ion-type radical produced by the one-electron oxida-
tion of the triketones.

It is reasonable to consider that the radical has a
structure spin-localized in the B-ring rather than in
the A-ring, because essentially similar spectral patterns,
E and E’, were observed with both triketones. Accord-
ingly, the protons at the l- and 2-positions are not
responsible for the observed hf structure.

The proton at the 5-position is so labile that it is
easily detached by enolization in an alkaline solution,
as is confirmed by the finding that IVa or IVb is
obtained in a full yield by alkalization and subsequent
neutralization in the absence of oxygen. With regard
to this nature of the 5¢-H and the finding that no
apparent change in the spectral pattern was observed
in a CH,OD or D,O containing solvent, it can rea-
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Computer-simulated spectra of the triketone radical.
(b): C spectrum, (c): D spectrum,

Fig. 2.
(a): A spectrum,
(d): E spectrum

sonably be concluded that this proton does not con-
tribute to the hf structure either.

At first sight, it can easily be seen in Table 1 that
each hf splitting constant makes two or three pairs of
three equivalent protons, at least in the E and E’
spectra. This probably indicates that each hf splitting
is due to a certain methyl group in the A- or B-ring.

Let us consider which methyl group causes the
corresponding hf splitting.

The enolization processes for Al- or tetrahydro-
triketone with an increase in the hydroxide concen-
tration may be ascribed to the group shownin Fig. 3,
in view of the degrees of stabilization by sz-conjugation,
the relative enolizabilities of protons at various posi-
tions, and the structures of the final oxidation products.

Canonical structures of reliable radical species pro-
duced by one-electron oxidation at each step are shown
in the brackets. The spin density in these radicals is
thought to be mainly localized at the carbon atom of
the 5-position. The fact that the observed g-factor,
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Fig. 3. Enolization processes for A'-triketone and canonical
structures of reliable radical species produced by one-electron
oxidation.

g=2.004,, is slightly larger than that of the free spin,
g.,=2.0023, but much smaller than the empirical values
of organic peroxy radicals,” g,,=2.015, is reasonably
consistent with the envisaged radical structures.

It can easily be visualized, by means of the molec-
ular models of the triketone radicals constructed on
the basis of the confirmed trans-syn-trans juncture in

(a)

{b)

(c)

2-CH 8-Cl
Fig. 4. Molecular models of the triketone radicals.

(a): R 1 radical, (b): R 2 radical, (c): R’ 2 radical

9) M. Bersohn and J. R. Thomas, J. Amer. Chem. Soc., 86, 959
(1964); K. U. Ingold and J. R. Morton, ibid., 86, 3400 (1964).
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the A/B/C rings of helvolic acid (or triketone), that
the rotational motion of a certain methyl group in the
triketone radicals is significantly affected with the pro-
gress of the step-by-step enolization of the 5«-H and
48-H. Let us denote the radicals as R1 and R2 for
the tetrahydro-triketone radicals, and as R’l and R’2
for the A'-triketone radicals which are produced by
the one-electron oxidation at each enolization step.
Molecular models of the R1, R2, and R’2 are shown
in Figs. 4a, b, and c respectively.

First, the structure of the tetrahydro-triketone radical
is discussed. In the structure of the Rl radical, the
free rotation of the 4-CH, group is partly hindered by
the steric hindrance due to the bulky oxygen atom
at the 6-position; that of the 8-CH, is also hindered by
the 1-CH, as is shown in Fig. 4a. On the other hand,
it can be seen that the 10-CH, group, floating above
the molecular plane, rotates freely notwithstanding a
degree of enolization (this is also the case with the
Al-triketone radical). In the R2 radical, the 4-CH,
is able to rotate freely, since the proton at the 4-position
is removed, extending the m-conjugation and increasing
the planarity of the A-ring with the progress of enoliza-
tion. This situation is clearly shown in Fig. 4b. How-
ever, the steric hindrance upon the 8-CH,; due to the
1-CH, can not be removed in spite of further enoliza-
tion. This is comprehensible from the fact that the
8-position, being apart from the zm-conjugation around
the 3, 4, and 5-positions, is buried in the rigid structure
of the molecules. It goes without saying that the
10-CHj, is free to rotate.

Next, let us proceed to the structure of the Al-triketone
radical. In this radical, the planarity of the A-ring
is large compared with that of the tetrahydro-triketone
radical because of the presence of a double bond be-
tween the 1-C and 2-C atoms. Moreover, in accord-
ance with the methine group, =CH-, at the 1-position
in place of the -CH,- group of the tetrahydro-triketone,
there is no steric hindrance between the 8-CH,; and
the 1-CH before the enolization.

At the second step of the enolization, the free rotation
of the 4-CH, group, which is partly hindered in the
first step, becomes possible, as in the case of the tetra-
hydro-triketone radical.

It should be stressed here that a large spectral red-
shift in an alkaline solution was observed for A!-tri-
ketone compared with tetrahydro-triketone, and that
only one ESR spectrum was observed in the former.
This result may indicate that the former is further
subjected to the second step of the enolization under
similar conditions, as can easily be understood from
the structure of its ready s-conjugation.

It may thus be considered that the observed E’
spectrum corresponds to the R'2 radical, and that the
smallest hf splitting constant of this radical can rea-
sonably be assigned to the equivalent three protons of
the 8-CH,, since this hf splitting is observable only
in the A'-triketone radical. This is in accordance with
the free rotation of this group; otherwise, such a small
hf splitting might be obscured by the line-broadening
due to hindered rotation, as is the case of the tetra-
hydro-triketone radical.
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As to the third hf splitting constant, a;=1.2 G,
observed commonly throughout the spectra, A, B, C,
D, E, and E’, it is safe to assign this to the 10-CH,
group.

The above two assignments are reasonable in view
of configuration of the spin-localization in the radicals.

The remaining assignments for the hf splitting con-
stants of @, and a, are not so simple, because the hf
splitting constant, a,, gradually decreases from the 6.1 G
of the A spectrum to the 4.1 G of the E spectrum,
while, on the other hand, the a, value increases slightly
from the 3.7 G of the A spectrum to the 4.0 G of the E
spectrum. Since the 48-H and 4«-CHj; are close to
the 5-position, where an unpaired electron is localized,
and are common for both triketones, these protons can
be expected to exhibit rather large hf splittings.

At the first enolization step, the rotation of the
44-CH, group is so restricted that the protons in this
group are not magnetically equivalent because of the
steric hindrance and also partly because of a weak
interaction, probably a hydrogen-bond-like one between
the oxygen atom at the 6-position and two of the three
protons of the 4a-CH; group; such a configuration is
also supported by the similar interaction between the
oxygen atom at the 3-position and the remaining proton
of the methyl group. In such a configuration, one of
the three protons of the methyl group is nearly equa-
torial, while the others are axial, to the plane of the
A-ring. Therefore, the latter two protons may con-
tribute equivalently to a hf splitting, while the former
does not.

One can expect a larger hf splitting due to the
48-H than that due to the 4«-CHj, since the 4p-H
is axial to the plane and is located closer to the 5-posi-
tion of spin-localization. The variation in the hf split-
ting constant, a,, during the first enolization process may
be explained by a delicate change in the angle between
the 2p, axis of the 5-carbon atom and the C-H axis
of the 48-H.

At the final step of the enolization process, the
4p-H is removed, leaving the 4-CH, at the 4-position;
correspondingly, in their ESR spectral patterns, the
observed hf splitting becomes the one due to three
equivalent protons—that is, a; (one proton)=4.1 G=
as (two protons)=4.0 G. Thus, the three protons of
the 4-CH,; group can be attributed to the equivalent
observed hf structure of the E or E’ spectrum.

The above discussions are entirely based on the
trans-syn-trans juncture in the A/B/C rings of helvolic
acid; thereby, the hf splittings of the intermediate
radicals are all reasonably explained. In other words,
this result supports the conformation of helvolic acid,
which has also been confirmed by other methods.
The possibility of the epimerization of the A/B ring
juncture during the oxidation reaction can reasonably
be rejected on the basis of an analysis of the ESR
spectra of the radicals; that is, such a conformational
change obviously is not consistent with the observed hf
splittings.

As has been described above, in the oxidation process
of tetrahydro-triketone, the presence of an intermediate
radical, Rl or R2, depending on the hydroxide
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Fig. 5. The oxidation mechanism of the triketone to the
anhydride.

concentration, has been confirmed by the ESR measure-
ments, while, in the case of Al-triketone, only the R'2
radical has been detected even in a rather low bydroxide
concentration range. Therefore, the oxidation mech-
anism of the triketone to the corresponding anhydride
via an intermediate radical may be shown as Fig.
5. In the case of tetrahydro-triketone, the reaction
proceeds: IIb—RI—IIIb or ITb—R2—IIIb, depend-
ing on the hydroxide concentration. On the other
hand, for Al-triketone, only the way of 1la—R’2—]IIIa
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is available independent of the hydroxide concen-
tration, as can easily be understood from the above
discussion.

Since the intermediate product, Int., has not been
isolated in the present work, the rate-determining step
is considered to be the one of its formation. The
oxidation of the intermediate, thereafter, proceeds
rapidly by the reaction with H,O,, which is formed
in the preceding oxidation processes:

the first one-electron oxidation step: Oy+e=0," }

the second one-electron oxidation step: O,+e=0,"

+2H¢+
—— 9HO, —> H,0, + O,

The oxidation of ketones with H,O,, leading to the
insertion of an oxygen atom into a steroid nucleus, is
well known in steroid chemistry.1®)

The above oxidation mechanism accords well with
the experimental findings that one mole of oxygen was
consumed in the oxidation of the triketone to the
anhydride, and that a trace of hydrogen peroxide was
detected in the final oxidation products.

10) C. Djerassi, “Steroid Reactions,” Holden-Day, Inc., San
Francisco, (1963), pp. 457—535.
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Ion-Solvent Interaction of Tetraalkylammonium Ions in Solvents

of High Dielectric Constant. III.

Conductance and Walden

Product of Some Partially Substituted Alkylammonium
Ions in N-Methylacetamide and N-Methylpro-
pionamide at Different Temperatures

Raj Deo SINGH
Department of Chemistry, Lucknow University, Lucknow, India
(Received March 8, 1972)

Ion-solvent interaction of some partially substituted alkylammonium ions in N-methylacetamide (NMA) and
N-methylpropionamide (NMP) has been investigated from the point of view of electrical conductance and the

derived Walden product.

From the results, it seems that like tetraalkylammonium (R,N+) ions, Me,NH* and

CeMe,N+ ions are structure breakers in these solvents while Me,PhN* ion is neither structure breaker nor structure

maker.

In previous communications,’:? ion-solvent inter-
action of some symmetrically substituted tetraalkyl-
ammonium (R,N*) ions in NMF, NMA, and NMP has
been investigated from the conductance data. It
would be interesting to investigate how the partial and
unsymmetrical substitution in the NH,*+ ion will affect
the nature of the ion-solvent interaction in these sol-
vents. With this aim in view, the conductances of
some available such salts namely, Me;NHI, Me,PhNI,
and CeMe;NBr in NMA and NMP at different tem-

1) R. D. Singh, P. P. Rastogi, and R. Gopal, Can. J. Chem., 46,

3525 (1968).
2) R. D. Singh and R. Gopal, This Bulletin, 45, 2088 (1972).

peratures have been reported in the present communi-
cation and the data have been used to throw light on
the mode of ion-solvent interaction.

Experimental

Trimethylammonium iodide (Me,NHI), trimethylphenyl-
ammonium iodide (Me;PhNI) and cetyltrimethylammonium
bromide (CeMe,NBr), obtained from B.D.H., were purified
as follows:

Me,NHI and Me,PhNI were recrystallized twice from a
mixture of methanol and ether (3:1). The salts were dried
in a vacuum desiccator.

CeMe,NBr was dissolved in methanol and precipitated
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with ether.
desiccator.

NMA and NMP were purified in the manner given else-
where.>® The purified samples were stored in dark amber-
coloured bottles in a dry nitrogen box and were used, as far
as possible, the day after distillation. Although the solvents
appeared to be quite stable, solvent correction was applied
in determining the conductances of solutions. The rest of
the experimental procedure and the degree of reliability of
the apparatus were the same as those given in the previous
communications on NMF, NMA, and NMP.

The precipitated salt was dried in a vacuum

Results and discussion

Within the concentration (0.0005M to 0.02M) and
temperature (30° to 55°) ranges studied here, the plots
of equivalent conductance 4 and /¢ were found to
be almost straight lines for all the salts in NMA and
NMP. It appears, therefore, that these salts are com-
pletely dissociated in NMA and NMP as has been re-
ported by earlier workers.3-?  Extrapolation of A
vs. o/ ¢ curves to zero concentration leads to A -values
given in Table 1. From these Aj-values, the ionic
conductances 4,* of the cations at different temperatures
were obtained, using the appropriate transport number
data already reported in literature;® these Ayt-values
are given in Table 1.

TaBLE 1. LIMITING EQUIVALENT CONDUCTANCE IN NMA
AND NMP AT DIFFERENT TEMPERATURES

Limiting equivalent conductance at

Salt.and
cation 30°C  35°C 40°C 45°C  50°C  55°C
NMA
Me,NHI ... 25.15 27.68 31.11 34.26 37.00
Me,NH+ . 11.73 13.01 14.92 16.52 17.80
Me,PhNI ...  22.40 24.89 27.95 30.50 33.05
Me,PhAN+ ... 8.98 10.22 11.36 12.76 13.85
CeMe,NBr ... 19.89 21.88 24.41 26.64 28.96
CeMe,N+  -.. 8.17 9.01 9.54 10.90 11.90
NMP
Me,NHI  15.15 17.03 19.09 21.17 23.65
Me,NH+ 6.81 7.68 8.64 9.62 10.71
Me,PhNI  14.50 16.50 18.47 20.60 22.90
Me,PhN*  6.16 7.15 8.02 9.05 9.90
CeMe,NBr 12.73 14.43 16.16 18.09 19.83
CeMe,N+  5.69 6.38 7.21 8.04 8.79

The applicability of limiting Debye-Hickel-Onsager
conductance equation to solutions under study was
examined. The conductance equation for 1:1 electro-
lyte can be written in the form

_ . [ 82.42 | 8.203x10°
A= 4, [(E T) /2y, (eT)3/2

G

3) L.R. Dawson, P.G. Sears, and E.D. Wilhoit, J. Amer. Chem.
Soc., 78, 1569 (1956).

4) G. M. French and K. H. Glover, Trans. Faraday Soc., 51,
1428 (1955).

5) L.R.Dawson, E.D. Wilhoit, R. R. Holmes, and P.G. Sears,
J. Amer. Chem. Soc., 79, 3004 (1957).

6) L.R. Dawson, R. H. Graves, and P. G. Sears, tbid., 79, 298
(1957).

7) T. B. Hoover, J. Phys. Chem., 68, 876 (1964).

8) R. Gopal and O. N. Bhatnagar, ibid., 69, 2382 (1965), 70,
4070 (1966). .
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which simplifies to
A= Ao— (A+BA0)\/_:A0_ STN/—C—
The values of 4 and B are

_ _ 8.203x105
Ty €Ty

and the theoretical slope Sr=(A+BA4,).

From Ag-values and other appopriate data on dielec-
tric constant”® and on viscosity 7, (determined in this
laboratory,!? the theoretical slopes St of the 4 vs. /¢
curves have been obtained and are given in Table 2
at one temperature (40°C) only.

for a constant temperature.
82.42

ONSAGER SLOPES IN NMA anp NMP a1 40°C

% Deviation

TABLE 2.

Salt Theoretical Experimental
slope (Sy) slope (Sg) (SE — Sty 100)
Sy
NMA
Me,NHI —13.9 —15.6 12
Me,PhINI —13.7 —15.8 15
CeMe,NBr —13.5 —15.4 14
NMP
Me,NHI —12.1 —13.2 9
Me,PhNI —12.1 —13.4 11
CeMe,NBr —11.0 —13.3 12

It may be noted from Table 2 that the experimental
slopes Sk of the Onsager plots for these salts in the two
solvents, are numerically greater than the theoretical
slopes Sr. In view of the high dielectric constant of
these solvents, incomplete dissociation of the salts in
the usual sense is unthinkable, although Dawson and
coworkers3%8 have tried to explain the conductance
results in NMA and NMP on this ground. As dis-
cussed in previous communication,? these deviations
may be ascribed to the penetrationl®-13) of cations by
anions causing a sort of association® or to the greater
resistance offered to the movement of the cations by
solvent molecules, than that caused by viscosity of the
solvent medium, so that the movement of the cations
is more sluggish than expected from the theory.

The Walden products of the partially substituted
alkylammonium ijons at different temperatures have
been calculated from the appropriate Agt-values (given
in Table 1) and viscosity data. From the cationic
Walden product data, thus obtained, Aty vs. tempera-
ture curves have been drawn and are given in Figs. 1
and 2.

It is obvious from the curves that like those of sym-
metrical tetraalkylammonium (R,N*) ions, the Walden
product of Me,NH* and CeMe;N* ions in these amides
decreases with the rise of temperature while for Me;PhIN+
ion, it is approximately constant. The decrease in

9) G. R. Leader and J. F. Gormley, J. Amer. Chem. Soc., 13,
5731 (1951).

10) W.Y.Wen and S. Saito, J. Phys. Chem., 68, 2639 (1964).

11) B. E. Conway, R. E. Verrall, and J. E. Desnoyers, Trans.
Faraday Soc., 62, 2738 (1966).

12) R. Gopal and M. A. Siddiqui, J. Phys. Chem., 72, 1814
(1968), bid., 73, 3390 (1969), Z. Phys. Chem., 67, 122 (1969).

13) R. Gopal and K. Singh, ibid., 69, 81 (1970).

14) S.R.C.Hughes and D. H. Price, J. Chem. Soc., A, 1967, 1093.
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Aot values of Me,NH+ and CeMeyN+ ions with the
rise of temperature can be explained on the similar
grounds as for R,N* ions i.e., electrostatic solvation
and resultant breaking-up of the structure of the sol-
vent medium occurs around the ions. The partially
substituted alkylammonium ions, being similar to NMA

[Vol. 46. No. 1

and NMP in having the alkyl groups, do not promote
the structure of the solvent!? i.e., “structure promotion”
or “lyophobic solvation” is missing in these solvents
in the presence of these ions. Further, although these
ions are large which would reduce ion-solvent inter-
action, the large dipole moment!®) of the solvent mole-
cule makes up for the large size of the ions so that an
appreciable ion-solvent interaction would occur. Thus,
there appears a net structure breaking!? in the pre-
sence of the partially and mixed alkyl substituted
ammonium ions because the electrostatic ion-solvent
interaction would be stronger than the interaction
between the solvent molecules themselves.

The approximate constancy of the Walden product
of the Me;PhN+* jon indicates that this ion has, ap-
parently no net effect on the structure of the solvents
although it is rather unexpected since the CeMe;N+
ion which is quite large, appears to be a structure
breaker. It may be that, due to the bulky phenyl
group which may shield the positive charge on the
nitrogen atom from the influence of the solvent dipole,
the ion-solvent intraction is weak as is the case with
the larger R,N* jons in these solvents.»?

Although it is rather unsafe to make any generali-
sation in view of the restricted number of salts studied,
it appears that unsymmetrical and partially substituted
ammonium ions, in general, behave similarly in NMA
and NMP; also their behaviour is similar to that of
R,N+* ions. The author feels the necessity of an ex-
tensive study, involving more ions of this type before
a definite conclusion can be arrived at.

The author is grateful to Prof. Ram Gopal, Head,
Department of Chemistry, Lucknow University, Luck-
now, India for providing laboratory facilities and giving
valuable suggestions during the course of this investiga-
tion. The financial assistance given by the Society of
Sigma Xi and RESA of U.S.A,, is gratefully acknow-
ledged. The assistance given by C.S.I.R., India has
also been valuable.

15) R. Gopal and O. N. Bhatnagar, J. Indian Chem. Soc., 44,
1082 (1967).

16) J. M. Notley and M. Spiro, J. Phys. Chem., 70, 1502 (1966).

17) O. D. Bonner, C. F. Jordon, and K. W. Bunzi, ibid., 68,
2450 (1964).
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Dielectric Relaxation and Molecular Structure. III. Dielectric
Relaxation Study of Some Anilines in Benzene
Solutions at Different Temperatures

J. K. Vi5,* Igbal Krisuan, and K. K. SRIVASTAVA
Physics Department, Panjab University, Chandigarh, India
(Received February 28, 1972)

Measurements of relative permittivity at 1 MHz and at 9.46 GHz, the refractive index for the Sodium D-line,
have been made for (a) N,N-dimethylaniline, (b) N,N-diethylaniline, (c) o-chloroaniline, (d) m-chloroaniline
and (e) p-chloroaniline at temperatures of 15, 25, 35, and 45°C in dilute solutions of benzene. Dielectric relaxa-
tion times 7(1) and 7(2) have been calculated by the method recently suggested by Higasi, Koga, and Nakamura in
terms of the slopes ay, a’, a”’, and ap. It is remarked that 7(2) at the experimental frequency of 9.46 GHz leads
to 74, the relaxation time for overall rotation, whereas 7(1) becomes an explicit function of 7, and t,. These deter-
minations suggest the presence of both molecular and intramolecular rotations in the molecules. The results for
7(2) show a systematic decrease with increase in temperature whereas for (1) there seems to be no observable trend.
The entbalpy and entropy of activation for molecular dielectric relaxation process has been determined. The
enthalpy of activation for (a) and (b) is of the same order of magnitude (i.e., 3 kcal/mol), and the same is true
for the case of (d) and (e) (1.8 kcal/mol) but 6.8 kcal/mol for (c). It appears that in o-chloroaniline, there is a finite
probability of H-Cl bond formation between one of the amino hydrogens and the neighbouring chlorine atom.

This work deals with the dielectric relaxation mecha-
nism of systems with two Debye dispersions. A study

relaxation process. For 'this, the validity of Eyring’s
equation’ 19 has been taken for granted although its

on these molecules in different non-polar solvents at
various temperatures has been reported.) On an ex-
amination of the values of (4. —ap), the authors suggested
the possibility of two Debye dispersions in these sub-
stances. Chitoku and Higasi?® studied dimethylaniline
in benzene and dioxane solutions at 20°C at three dif-
ferent frequencies in the main dispersion region. Be-
sides giving useful information on the behaviour in two
solvents, their results also suggested the presence of two
Debye dispersions. Pure dimethylaniline has been
studied by Grubb and Smyth,® Garg and Smyth® and,
Srivastava.® Though the results differ to some extent,
all agree that two dispersions exist in dimethylaniline.
Pure diethylaniline was studied by Srivastava.®) He
reported the (Cole-Cole) distribution parameter value
to be as high as 0.52/30°C. Recently Tucker and
Walker®) studied m- and p-chloroanilines at 25°C in
dilute solutions of cyclohexane. They gave two di-
electric relaxation time values, one for overall dielectric
relaxation process and another for intramolecular pro-
cess. Another remarkable result of their studies is the
variation of the weight factor for intramolecular re-
laxation process with the concentration of the solute.
The present study has two objects. Firstly to get
more insight into the nature of dielectric relaxation
process, and secondly, since not many molecules of this
type have been studied in a non-polar solvent at dif-
ferent temperatures, to get some clue as to their be-
haviour from the heats of activation for the dielectric

¥  Physics Department, Panjabi University, Patiala, India.
Presently at Engineering School, Trinity College, Dublin, Ireland.

1) K. K. Srivastava and J. K. Vij, This Bulletin, 43, 2307
(1970).

2) K. Chitoku and K. Higasi, bid., 39, 2160 (1966).

3) E. L. Grubb and C. P. Smyth, J. Amer. Chem. Soc., 83, 4879
(1961).

4) S. K. Garg and C. P. Smyth, J. Chem. Phys., 46, 373 (1967).

5) K. K. Srivastava, J. Phys. Chem., 74, 52 (1970).

6) S.W. Tucker and S. Walker, Can. J. Chem., 47, 681 (1969).

7) J. G. Powles, J. Chem. Phys., 21, 633 (1953).

validity is still a matter of debate.

The possibility of getting information on the pres-
ence of an intramolecular relaxation mechanism from
the data at a single frequency in the dispersion region
has been another controversial problem. But recent
analysis by Higasi et al.,» shows that there definitely
exists a possibility of estimating either of the two re-
laxation times. An attempt has therefore been made
to use this method for an estimation of the dielectric
relaxation time for the overall rotational process. It
is pointed out that this method may become an alter-
native to Bergmann’s!® method for estimating both the
dielectric relaxation times, under certain conditions.

Experimental

The liquids are of purity standards. The measurements
for determining the relative permittivity at the temperatures
of 15, 25, 35, and 45°C have been made by the same tech-
niques. The values of the slopes are calculated from the
experimental plots of the data vs. weight fraction.!

Calculations and Results

The Debye equation!419 in terms of a,, 4, a'’, and
a. yields two independent equations

8) H. Eyring, ibid., 4, 283 (1936).

9) A.E. Stearn and H. Eyring, ibid., 5, 113 (1937).

10) S. Glasstone, K. J. Laidlar, and H. Eyring, “The Theory
of Rate Processes,” McGraw-Hill, New York, N. Y. (1941), pp.
544—551.

11) K. Higasi, “Dielectric Relaxation and Molecular Struc-
ture,” Hokkaido University, Sapporo, Japan (1961) Ch. 11.

12) K. Higasi, Y. Koga, and M. Nakamura, This Bulletin, 44,
988 (1971).

13) K. Bergmann, Doctoral Dissertation, Freiburg/Breisgav,
West Germany, 1957.

14) P. Debye, Z. Phys., 35, 101 (1934).

15) K. Higasi, This Bulletin, 39, 2157 (1966).



18 J. K. Vi3, Igbal KrisuaN, and K. K. SrivasTava [Vol. 46, No. 1
_ a’’ 7(2)=Br,
()= w (@ —a) (1) wher B m?— (mB— 1)Cy+ m3x? @
tg—d ere m— (m—1)Cy+mx*[1+ (m—1)G,]
TQ)=——— 2)

wa

where ay, a’, a’/, and a.. are defined in the linear range
by the equations:

€=¢€;+ayw,

6/:611 +a’ ,

€'=a"m,

eeo:fluu—l_anewa

Subscript | refers to pure solvent, 2 to solute and oo

to the values at infinite frequency. @, may be taken
as weight fraction of the solute. Having defined; 7(1)
and 7(2) by Egs. (1) and (2), Higasi, Koga, and
Nakamural? have set up the following relations (3)
and (4), between (1), 7(2); 7, and 7,- 7, and 7, are the
dielectric relaxation times for molecular and intra-
molecular rotations, respectively.

At the experimental frequency of 9.46 GHz, the value
of » (with the preknowledge of the approximate value
of 7,) is of the order of 10-1. One can therefore safely
neglect 1 in comparison to m without introducing much
€error.

Equation (4) is therefore reduced to

T@Q)=—— =0 (5)

(51

T2

Under similar circumstances, Eq. (3) yields
t(1)=71(1=Cy) + Cyry (6)

This shows that the results given by Eq. (2) in our
case would correspond to the dielectric relaxation time
for overall rotation and those given by Eq. (1) are the
implicit functions of 1, 7,, and C,, the weight factor for
intramolecular relaxation mechanism. It should be
remarked that since the value given by z(1) is a sort of

7(1)=4r, average dielectric relaxation time, a. should be the one
where A== m=1DG]+me[1+ (m—1)G] (3) corresponding to ap after a due account for the infrared
1+ [1+ (m2—1)C]x? dispersion (4ap) has been made. In the present calcu-
m=-T x=ar, lations, Aday has been neglected owing to its expected
T, value between 5—109%, of ap which is within the range
TaBLE 1. VALUES OF g, (SLOPE OF € ys. CONCN. CURVE), a’ (SLOPE OF €/ ys. CONCN. CURVE), a’/
(SLOPE OF €’/ ys. CONCN. CURVE) AND a;, (SLOPE OF np? 5. CONGN. CURVE)
Dielectric Relaxation . .
Temp. ) ., (Time values in ps) Literature values in ps
(°C) aq a a ap
(1) (@)= % & 2
N,N-Dimethylaniline
15 2.65 1.73 0.90 0.15 9.6 17.2 14.5%/20°C 28.0%/20°C 1.59
(B)® (L) (L)
25 2.54 1.88 0.87 0.17 8.6 12.8 13.7 13.4 —
35 2.41 1.74 0.93 0.18 10.0 12.1
45 2.30 1.86 0.90 0.17 9.0 8.2
N, N-Diethylaniline
15 2.70 1.07 0.84 0.11 14.4 33.7 33.29/20°C
25 2.48 1.00 0.82 0.12 15.7 30.5 — 32.9v
35 2.27 1.16 0.76 0.13 12.4 24.6
45 2.08 1.24 0.73 0.14 10.6 19.4
o0-Chloroanoiline
15 3.70 2.85 0.94 0.14 5.7 14.9
25 3.43 2.80 0.90 0.19 5.7 11.5 — 6.5Y/30°C
35 3.12 2.77 0.77 0.20 4.9 7.5
45 2.78 2.57 0.76 0.15 5.2 4.5
m-Chloroaniline
15 6.75 4.20 2.67 0.16 10.9 15.7
25 6.50 4.12 2.57 0.24 10.9 15.2 12.4% 13.2® 28
(C) (C) (C)
35 6.25 4.36 2.19 0.26 8.8 14.2 13.0v/30°C
45 5.89 4.37 2.07 0.23 8.2 12.1
p-Chloroaniline
15 8.70 5.68 2.81 0.16 8.5 17.6
25 8.20 5.57 2.85 0.24 8.8 15.2 12.4% 15.3% 29
(C) (C) (C)
35 7.70 5.64 2.61 0.26 8.0 13.0 20.6Y/30°C
45 7.10 5.37 2.66 0.23 9.1 11.9

a) The name of the solvent in which the measurements are made is given in brackets.
B=Be¢nzene, L=Pure liquid and C=Cyclohexane, Benzene where not specified. Temperature: 25°C where not specified.
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of the accuracies for a,, a’, a’, and ap.

The determined values of gy, @', a’’, and a, at tempera-
tures of 15, 25, 35, and 45°C for the various molecules
in benzene solutions are given in Table 1.

Free energy of activation (4F¢), enthalpy of activa-
tion (4Hg) and entropy of activation for the dielectric
relaxation and viscous flow are calculated by using
Eyring’s equations.1®

b g AP
kT kT
where
AFg=AHg— TASg
and

AFy=AH,— TAS, @)

According to Eqs. (7) and (8), plots of log(zT") wvs.

1/T and log(nT) vs. 1/ T should be straight lines. Their

slopes are equal to AHg/R and AHy/R, respectively.

The plots of log(z; T') vs. 1/ T for various substances are
given in Figs. 1—5.

TABLE 2. THERMODYNAMIC PARAMETERS

Free energy Enthalpy of Entropy of
Temp. of activation activation activation
©C) kcal/mol kcal/mol kcal/mol
—— ————— ———
AFg  AF, AHg A4H, ASg 48,
N,N-Dimethylaniline
15 2.66 2.89 4.3 —1.32
25 2.60 2.91 3.89 2.51 4.3 —1.34
35 2.67 2.93 4.0 —1.36
45 2.53 2.95 4.3 —1.38
N,N-Diethylaniline
15 3.04 2.89 0.59 —1.32
25 3.11 2.91 3.21 -do- 0.33 —1.34
35 3.10 2.93 0.37 —1.36
45 3.07 2.95 0.47 —1.38
o0-Chloroaniline
15 2.58 2.89 14.4 —1.32
25 2.53 2.91 6.75 —do- 17.5 —1.34
35 2.37 2.93 14.2 —1.36
45 2.15 2.95 14.4 —1.38
m-Chloroaniline
15 2.60 2.89 —4.58 —1.32
25 2.70 2.91 1.28 -do- —4.80 —1.34
35 2.77 2.93 —4.83 —1.36
45 2.63 2.95 —4.24 —1.38
p-Chloroaniline
15 2.67 2.89 —2.79 —1.32
25 2.70 2.91 1.87 -do- —2.78 —1.34
35 2.71  2.93 —2.72 —1.36
45 2.76  2.95 —2.80 —1.38
Discussion

A perusal of dielectric relaxation time values for the
molecules in Table 1 shows that (1) and 7(2) differ and
the difference is beyond the theoretical and experimental
errors involved in computing these with the help of
Egs. (1) and (2). An examination of 7(2) values for
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all the molecules also shows a systematic decrease with
an increase in temperature whereas 7(1) dose not seem
to follow any trend. It might suggest the following:

i) The intra-molecular relaxation mechanism is
such that the dielectric relaxation time associated with
it does not change much with temperature. It might
mean that the amino or substituted amino group relaxes
by an inversion mechanism as postulated by Smyth.16)

ii) The weight factor (C,) for intramolecular re-
laxation mechanism increases with the increase in tem-
perature such that at a higher temperature the total
contribution to 7(l) according to Eq. (6) increases due
to intramolecular rotation term and contribution to
7(1) decreases due to the remaining term for overall
rotation both because of less (1 —C;) value as well as
lesser 7, value.

These suggestions perhaps can be verified if these
types of measurements can be conducted at a few more
frequencies particularly in the range of mm wave-
length. However, the interpretation of the results
might be difficult particularly for the substances like
0, m, and p-chloroanilines, in view of the possibility for
such molecules to have an intramolecular relaxation
time associated with the rotation of the chloro
group.17-20)

N,N-Dimethylaniline and N,N-Diethylaniline. The
values of dielectric relaxation time 7, or 7, for dimethyl-
aniline and diethylaniline are 12.8 ps and 30.5 ps, re-
spectively, at 25°C.  These values show good agreement
with those reportedV from this laboratory i.e., 13.4 ps
and 32.9 ps at 25°C. These also show good agreement
with even 7, values given by Chitoku and Higasi,?
i.e., 14.5 ps and 33.2 ps respectively at 20°C.

Enthalpy of activation for the two molecules is nearly
the same which indicates that both have to overcome
almost the same barrier height for overall rotation
although the molecular size of diethylaniline might be
more comparable to that of dimethylaniline. The
entropy of activation for the two molecules is a small
positive quantity indicating that the activated system
is in a state of slight disorder in comparison to the
initial system.

16) C. P. Smyth, “Molecular Relaxation Processes,”” Chemical
Society Publication No. 20, Academic Press, London (1966), p. 8.

17) The dielectric relaxation time values have been tabulated
in K. Chitoku, K. Higasi, M. Nakamura, Y. Koga, and H. Taka-
hashi, This Bulletin, 44, 992 (1971).

18) J. Ph. Poley, J. Appl. Sci., B4, 337 (1955).

19) G. W. Chantry and H. A. Gebbie, Nature, 208, 378 (1965).

20) M. Davies, G. W. F. Pardoe, J. Chamberlain, and H. A.
Gebbie, Trans. Fraday Soc., 66, 273 (1970).
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o-Chloroaniline. The dielectric relaxation time of
overall rotation for o-chloroaniline at 25°C is 11.5 ps.
This might seem to be small in comparison to the molec-
ular size, but greater than that of the molecule formed
by attaching any of the two groups. The reported?
7 values for chlorobenzene are 7.4 ps to 9.6 ps. Re-
cently 7(1) value of 3.9 ps has been reported!? for this
molecule at 20°C from observations at 100 GHz which
might lead to some very interesting conclusion for the
rigid molecules. For aniline in non-polar solvents,
literature®1? 7 values vary from 1.2—8.1ps. The
most remarkable observation appears to be the large
enthalpy of activation in comparison to that of other
molecules of this type. This suggests that at a parti-
cular temperature there exsits a finite probability of
H-Cl bond formation between one of the amino hydro-
gens and the neighbouring chlorine atom and this
possibility decreases with the increase in temperature.
This conclusion supports that already given by Cumper
and Singleton?)) from the dipole moment studies.

m- and p-Chloroanilines. The value of dielectric,
relaxation time at 25°C incidentally is 15.2 ps for both
the molecules. The value compares favourably well
with 13.2 ps and 15.3 ps determined by Tucker and
Walker in dilute solutions of cyclohexane for m- and
p-chloroanilines respectively. The enthalpy of activa-
tion for both molecules is the same and the order of
magnitude is quite less as compared to o-chloroaniline.
This indicates. that both molecules have the same
potential barrier and H-Cl type of bond formation
as stipulated for o-chloroaniline seems improbable.
This appears quite acceptable due to the large distance
between the amino hydrogens and chloro groups in
these molecules.

The literature values of dielectric relaxation time
of overall rotation are available only for m- and p-
chloroanilines in dilute solutions of cyclohexane. An
agreement with these values suggests that in future z(1)
and 7(2) method given by Higasi et al. might become
a good alternative method for finding the dielectric
relaxation times. Perhaps both 7; and 7, can be esti-
mated with reasonable accuracy provided the measure-
ments are made at two suitably selected frequencies
depending upon the type and nature of the molecule.

One of us (JKV) is grateful to Prof. B. K. P. Scaife
of Trinity College, Ireland, for his useful suggestions.

21) C. W. N. Cumper and A. Singleton, J. Chem. Soc., B, 1968,
645.
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A Study on the Kinetics and Mechanism of the Oxidation
of Carbon Monoxide over Zinc Oxide
Jae Shi Cuor and Bo Won Kim

Department of Chemistry, Yonsei University, Seoul, Korea
(Received December 13, 1971)

A kinetic study on the oxidation reaction of carbon monoxide has been carried out between 260 and 350°C
by means of the static method using n-type ZnO semiconductor as a catalyst under various oxygen and carbon
monoxide pressure. The order of reaction between 260 and 320°C was found to be 1.5, with dPgq,/di=kPq-
P,,'7%. The Roginsky-Zeldovitsch equation,V dPgo,/dt=Fke™*®, fits well at 350°C. The mechanism of the reaction

can be explained by the n-type character of ZnO.2~9

Hauffe,® Wagner,® and Schwab? studied the oxi-
dation reaction of CO using metal oxide semiconduc-
tors. Several papers have affected on the activity
and electronic configuration. Wagner and Schwab,
who measured the conductivity on various metallic
oxides, continued their researches on ZnO containing
impurities such as Al,O; and Li,O. However, their
theories did not agree with each other, or with those
of many other investigators after them. Ambigues and
Teichner® showed that a kinetic study combined with
measurements of catalyst conductivity in the presence
of reagents or products gives valuable information on
the mechanism of the reaction. Chizhikova® studied
the oxidation of CO over pure ZnO, ZnO (0.5 at %,
In), ZnO (0.5 at % Li) and ZnO (1.0 at 9%, Li) in vacuo
(10—2-1 mmHg) from room temperature to 450°C. Their
results and also those of the others did not agree with
each other.

Ambigues and Teichner® showed that correlations
between the electronic conductivity and catalytic activity
could be investigated in two ways. First, a correlation
exists between the conductivity and the rate constant
of the reaction or the apparent activation energy of
the reaction. The conductivity is usually modified by
doping the catalyst with altervalent cations. Second,
the electrical properties of the catalyst without doping
can be studied during the course of reaction. From the
change of the conductivity the state of the solid can be
clarified.

Krause!® conducted research on the oxidation of CO
to GO, on oxide catalysts such as ZnO, NiO, and V,0;,
and offered explanation in term of chemisorption of
oxygen or carbon monoxide on the catalyst and de-
sorption of the oxidized product. Otsuka'® et al.
studied the oxidation of CO over ZnO by measuring the
adsorption of CO, O,, and CO, on the catalyst in the
temperature range 200—250°C under 50—300 mmHg.

1) S.Z. Roginsky and J. Zeldovitsch, Acta Phys., 1, 342, 554,
595, and 651 (1934).

2) N.S. Hannay, ‘“Semiconductors,” Reinhold Publishing.
(1959), p. 580.

3) G. L. Clark and G. G. Howley, “The Encyclopedia of
Chemistry,” Reinhold Publishing Corporation, N. Y. (1958), p. 682.

4) W. E. Garner, “Chemistry of the Solid State,” Academic
Press Inc. Publishers, New York (1955), p. 133.

5) K. Hauffe and C. Wagner, Z. Electrochem., 44, 172 (1938).

6) C. Wagner J. Chem. Phys., 18, 69 (1950).

7) G. M. Schwab, Z. Phys. Chem. (N. F.), 1, 42 (1954).

8) P. Ambigues and S. J. Teichner, Discuss. Faraday Soc., 41,
362 (1966).

They concluded that the reaction rate was independent
of the adsorption of CO and O, Matsuura ef al.l?
also studied the oxidation of CO in the presence of ZnO
as a catalyst at 200—500°C under 0.1—760 mmHg by
both the flow and static methods. They concluded
that the chemisorption of oxygen is the rate determining
step.

We carried out research on the CO oxidation on
pure ZnO prepared under various conditions by the
static method. The kinetics and mechanism are dis-
cussed in this paper.

Experimental

Materials. Four samples A, B, C, and D of ZnO were
prepared under different initial conditions (temperature and
pressure).

Zn0: Sample A: Prepared by the thermal decom-
position of c.p. ZnCO; in an electric furnace at 350°C in air
for 1 hr.

After being cooled to room temperature, it was etched with
(NH,),S,0,4 and dilute HNO,, washed in distilled water
and then dried in a vacuum desiccator.

Sample B: Prepared by the same method as for Sample A
except for the decomposition temperature being 500°C, kept
in a vacuum desiccator until used in experiment.

Sample C: Prepared by the same method as for Sample A
except for the decomposition temperature being 650°C.

Sample D: Prepared by the same method as for Sample C
except for the pressure of 10— mmHg.

Sample of ZnO prepared by the above methods were
verified by X-ray diffraction. The yellow color was found
to deepen in the order A<’B< C<D.

The degree of nonstoichiometry (Zn excess) in Samples A,
B, C, and D increased in the order A<B<C<(D.13)

Carbon Monoxide: The apparatus used for preparation of
the CO gas is shown in Fig. 1.

Carbon monoxide was prepared by the reaction of formic
acid with concentrated sulfuric acid. The reaction was
carried out by passing formic acid through concentrated
sulfuric acid in an evacuated Pyrex flask connected to a
vacuum system. CO was purified with glass wool, KOH,
CaCl,, and P,O;, and stored in a container, which had been

9) G. L. Chizhikova, Kinet. Katal., 7, 660 (1966).

10) A. Krause, Oestar Chemiker-Ztig., 63, 40 (1962).

11) K. Otsuka, K. Tanaka, and K. Tamaru, Nippon Kagaku
Zasshi, 88, 830 (1967).

12) 1. Matsuura, T. Kubokawa, and O. Toyama, ibid., 81,
997 (1960).

13) L. V. Azaroff, “Introduction to Solids,” McGraw-Hill Book
Company, New York (1960), p. 371.
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Fig. 1.

Vacuum system.
4: McLeod gauge,
10: CO Strorage
13: to Vacuum
16: HCOOH

1: Diffusion pump, 2,3: Dry ice trap,
5,6: Manometer, 7,8,9: O, Storage tank,
tank, 11: CaCl, tube, 12: KCIO; flask,
pump 14: CaCl, tube, 15: NaOH tube
flask 17: H,SO, flask.

evacuated to 10~ mmHg.

Oxygen: The apparatus used for preparation of O, gas
is shown in Fig. 1.

Oxygen obtained by heating potassium chlorate at about
600°C1® was purified by passing over glass wool, P,O; and
CaCl,. This was found to give a oxygen sufficiently free of
catalytic poisons when used in catalytic reactions. The
purity of the CO and O, gases was confirmed by gas chromato-
graphy.

Experimental Procedure. A half gram of ZnO (200 mesh)
was distributed uniformly in the reaction chamber. After
the pressure was reduced to 10-*mmHg at room temperature,
oxygen and carbon monoxide were added in a ratio of 70:140
(mmHg). The chamber was then placed in the electric
furnace maintained at a constant temperature.

The change in pressure due to the progress of the reaction
was monitored by a manometer connected to the reaction
chamber at regular time intervals. To check separately
the influence on this reaction of P, and P, which are almost
interdependent, the ratio of Py, and Py, was varied, 70:70,
70:210, and 140:140 (mmHg), and the reaction rate measured
in the same manner.

The resulting gas was confirmed to be carbon dioxide by
gas chromatography after the reaction.

Results

The results from the reactions with Samples A, B,
C, and D as catalysts at 260°C, 290°C, 320°C, and
350°C, respectively are given in Figs. 2—7.

The order of reaction is 1.5 for Samples A, B, C, and D
at 260—320°C giving dPco,/dt=FkPcoPo,/2. At 350°C,
the Roginsky-Zeldovitsch equation, dPeo,/dt=Fke="? (a;
parameter, p; the amount of conversion, k; rate con-
stant) holds; log(t+4t,) =ap—logka (Fig. 6). The rate
constants from Figs. 2—6 are given in Tables 1 and 2.
The activation energies calculated from Figs. 2—5 and
Tables 1 and 2 are 16.04, 15.97, 14.86, and 13.69 kcal/
mol, respectively. To check the influence of Po, and
Peo on these reactions separately, the ratio of Po, and
Pgo was varied; 70:210, 70:140, 70:70, 140:70, and
140: 140 (mmHg) at 260°C on Sample C. The results
can be seen in Fig. 6 and the rate constants in Table 2.

14) J. W. Moeller, “A Comprehensive Treatise on Inorganic
and Theoretical Chemistry,” Vol. 1, Longmans, Green and Co.
Ltd., London (1946), p. 349.
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Discussion

The rate equations on Samples A, B, C, and D can
be classified into two types; one between 260 and 320°C
and the other at 350°C. The 260 to 320°C readings
do not agree with those of Ambigues and Teichner,®
who showed that the rate is proportional to the square
root of the oxygen pressure and independent of CO pres-
sure, nor with those of Chizhikova,® who proposed
that the kinetics of the oxidation of CO over pure ZnO
is given by the equation —dPeo/dt=FkP¢&’ and that over
Li- and In-doped ZnO by the equation —dPco/dt=

kP%'. However, there is an agreement with the results
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Fig. 2. The rates of oxidation reaction of carbon monoxide
on ZnO at 260°C; Po,:Pco=70:140; ZnO, 0.5 g (200 mesh).

A Sample A
O Sample B
X Sample C
@ Sample D

1.0} /+

0.9

1
N
\+
°

0.7F

4(P-/2—PyY/%) (mmHg~/2, g'/2) x 102

0.3 /.i///° . /
01l %/ ,/

Time (min)

Fig. 3. The rates of oxidation reaction of carbon monoxide
on ZnO at 290°C; Po,:Pco=70:140;Zn0, 0.5 g (200 mesh).
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Fig. 6. The rates of oxidation reaction of carbon monoxide
on ZnO (Sample C) under the various Pco and Po, at 260°C;

Fig. 7. The determination of the order of oxygen pressure in
TABLE 1. % VALUES AS A FUNCTION OF TEMPERATURE this kinetic equation at 260°C; Po,:Pco=20:255; dPco,/dt=
" KPo 12
k k(mmHg™V/2 g!/2 min-1) k(g min-1) ’
Sample 9600 290°C 320°C 350°G
- - - Y TABLE 2. k VALUES AS A FUNCTION OF P, AND
A 1.00x10 2.82x10 4.63x 10 1.69% 10 P,, AT 260°C ON samPLE C
B 1.20x107* 3.00x107* 5.52x10°* 1.78x107t —n
C 1.62x10* 3.65x107* 6.70x10™* 2.38x 107 P, Poo k(mmHg™
- - - - 2 g'/?min-1)
D 1.95x10* 4.40x10™* 7.21x107* 2.81x1071
70 210 2.24x10+
of Otsuka et al.,'V who showed that the over all reaction 70 140 1.62x 10::
is dPgo,/dt=kPcoPo,'/?, and those of Matsuura et al.,!? 70 70 0.52x10 s
who explained that the initial rate of reaction as deter- 140 70 0.30x10-
140 140 0.96x 10—+

mined by the static method is dPgo,/dé=kPgoPo,Y2.
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The 350°C reading does not correspond to any of the
above research. We see from Fig. 3 that the catalytic
activity of the ZnO Samples is in the order A<B<C
<D. Thus the effect can be explained by the increase
of n-type characteristic. Oxygen deficiency in ZnQO can
be due to the excess Zn dissolved in the interstitial sites
of ZnO1B-19 when ZnCO, is decomposed thermally.
The catalytic activity of ZnO dependent on the amount
of excess Zn (or the amount of oxygen deficiency).
The mechanism of the CO oxidation reaction is ex-
plained as follows; at first oxygen accepts electrons from
the activated ZnO surface to be adsorbed on the active
sites, O—(ads) being thus formed.

—3—04(g) + ¢ = O~(ads)

Carbon monoxide reacts then with the O—(ads) forming
CO,(ads). Carbon dioxide is then desorbed from the
ZnO surface. This corresponds to Ambigues and
Teichner’s conclusions® that oxygen gas is adsorbed
weakly while carbon monoxide gas is strongly adsorbed
on the ZnO surface and carbon monoxide gas reacts
on the O—(ads) to form COy(g), viz.

3 04(®) + ¢~ = O~(ads)

O~(ads) + CO(g) = CO,(ads) + ¢
CO,(ads) = CO,(g)

where (g) is an abbreviation for the gas state and (ads)
the adsorbed state. The mechanism is explained by

15) Hakze Chon and C. D. Prater, Discuss. Faraday Soc., 41,
380 (1966).

16) H. Krebs, “Fundamentals of Inorganic Crystal Chemistry,”
McGraw-Hill Publishing Company, London (1968), p. 162.

17) F. A. Kraeger, “Chemistry of Imperfect Crystals,” North-
Holland Publishing Company, Amsterdam (1964), p. 692.

18) J. H. Boer, “Reactivity of Solids,”” Elsevier Publishing
Company, Amsterdam (1961), p. 381.

19) B. M. Arghiropoulos and S. J. Teichner, J. Caial., 3, 477
(1964).
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means of the Rideal mechanism. For the same catalyst
the reaction rate at high temperature is greater than
that at a low temperature. At the same temperature
the reaction rate for the catalyst prepared at high tem-
perature is greater than that for the catalyst prepared
at a lower temperature. The reaction rate for the case
in which the catalyst prepared in a vacuum (the same
temperature condition) is used is greater than that for
the catalyst prepared in air (Table 1). At 260°C for
Sample C the reaction rate is small when P,, is greater
than Pco and great when P, is smaller than Py (Table
2). The results correspond to the deductions from the
conductivity data obtained by Ambigues and Teichner®
and also the degree of nonstoichiometry of ZnO (Zn
excess). They correspond also to the result by Teichner.
The conductivity at Po,=3 mmHg was greater than
that at Po,=160 mmHg. After evacuation to 10-5
mmHg again, the conductivity at the initial oxygen
pressure of Po,=3 mmHg became greater than that at
P,,=160 mmHg.

P,
log o 3(mmHg) 160 (mmHg)
log o 6.80 7.1
log o, 3.50 4.50

Cited from Discuss. Faraday Soc., 41, 362 (1966).

These results show that if the oxygen pressure is in-
creased, the amount of irreversibly adsorbed oxygen
is increased, and if the oxygen pressure is decreased, the
amount of irreversibly adsorbed oxygen is decreased.
The mechanism for the CO oxidation reaction pro-
posed here with is in line with the findings of Otsuka
et 2l.1V in that the adsorbed carbon monoxide did not
influence this reaction either. The catalytic effect of
ZnO depends on the sintering temperature and pres-
sure, and the amount of excess Zn (or the amount of
deficient oxygen) has an important effect on these
reaction rates.
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Studies of the Molybdenum Catalysts. Part I. Changes in the State
of the Hydrated Molybdenum Oxide Catalyst during a
Reaction between Thiophene and Hydrogen

Noriyuki Sotant and Masatomo HASEGAWA
College of Liberal Arts, Kobe University, Tsurukabuto, Nada, Kobe, 657
(Received March 31, 1972)

The reaction between thiophene and hydrogen on hydrated molybdenum oxide was studied. Structural
and compositional changes in the catalyst were found during the hydrodesulfurization of thiophene. The main
products of the reaction were n-butane, butenes, and hydrogen sulfide. The conversion of thiophene increased
with the progress of the reaction and reached a steady value after passing through a maximum. This reaction
process was distinguished into two stages. One is the “aging stage,” and the other is the ‘“‘stationary stage.” At
the aging stage, three reactions, that is: i) dehydration, ii) reduction, and {ii) sulfurization occur. The catalyst
reacts with the reactants and changes in structure and composition. Hydrated molybdenum oxide was con-
verted to MoOj by liberating the structural water, and MoOj; was reduced to MoO,. A part of the MoO; was
also sulfurized directly with thiophene to MoS, during the aging stage, but MoO, could not easily be sulfurized.
At the stationary stage, no further change in the catalyst was found, and only the catalytic hydrodesulfurization
of thiophene occurred. The conversion at the stationary stage, when the aging temperature was low, was larger
than the conversion at a high temperature. The difference between the conversions at different reaction tem-
peratures was assumed to result from the structural and compositional changes in the catalyst caused by the dif-

25

ferent temperatures of the aging processes.
of the catalyst.

The mechanism of the hydrodesulfurization of
thiophene has been studied by a number of workers,
and the findings up to 1957 have been reviewed by
McKinley.) Recently, because of the industrial im-
portance of the desulfurization of petroleum, very many
workers have studied the hydrodesulfurization of thio-
phene on cobalt molybdate supported on alumina?-4
as a model reaction for the desulfurization of petroleum,
and several mechanisms have been proposed for the
reaction.

In most of these works, catalysts have been activated
and stabilized by pretreatment with hydrogen,? hydro-
gen sulfide,® or thiophene? before the kinetic measure-
ments. However, only a little attention has been given
to the structural changes in the catalyst during the
reaction and to the relation between such structural
changes and the activities.?

The purpose of this work is to obtain basic information
about such structural and compositional chagnes in the
hydrated molybdenum oxide catalyst during the hydro-
desulfurization of thiophene and the relation between
such changes and the activity of the catalyst.

As a catalyst, we used hydrated molybdenum oxide
powder, without any promoter and supporter, in order
to avoid the complexity introduced by the addition of
these substances.

In this investigation, the structural and compositional
changes in hydrated molybdenum oxide during the
hydrodesulfurization of thiophene were investigated by
means of chemical, X-ray diffraction, and thermal

1) J. B. McKinley, “Catalysis,” Vol 5, ed by P. H. Emmett,
Reinhold Publishing Corporation, New York (1957), p. 405.

2) P.]J. Owens and C. H. Amberg, Advances in Chemistry
Ser., No. 33, p. 182 (1961).

3) Charles N. Satterfied and G. W. Roberts, AICRE J., 14,
159 (1968).

4) J. M. J. G. Lipsh and G. C. A. Shuit, J. Catal., 15, 179
(1969).

5) K. Toyoda and M. Kurita, Shokubai, 11, 115P (1969).

In this reaction, the dehydration at the aging stage controls the activity

analyses. We also tried to learn how the structural
and compositional changes influence the activity of the
catalyst.

Experimental

A usual flow method was used for the reaction. The
reactants and products were analyzed by means of gas chro-
matograph directly connected to the flow line. Hydrogen
purified by passing through the platinum catalyst and molec-
ular sieves flowed at a rate accurately controlled to 0.1 mol/hr
by means of a needle valve and an auxiliary regulator. The
flow rate was measured by means of a rotor meter and a
soap film meter. Thiophene was fed as a liquid to the eva-
porator by means of a calibrated hypodermic pump. The
feed rate of the thiophene, 1.4 10-? mol/hr, was so small
compared with that of hydrogen that the partial pressure had
no effect on the reaction. A small amount of benzene,
1% 10-3 mol/hr, was used as a marker, because benzene did
not decompose under the reaction conditions.

Catalyst. (A) Hydrated molybdenum trioxide, MoQO;-
nH,O, was precipitated from a solution of ammonium molyb-
date by the addition of HNO,;. The precipitate was dried
at 110°C for a day and was then calcined in air at 200°C for 6
hr. By differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA), this oxide was found to be a hydrate
of molybdenum trioxide. The water included in this oxide
was kept at 400°C. This water was assumed to be a struc-
tural water. When this hydrated molybdenum oxide was
left standing in a desicator, it absorbed about 0.26 mol of
water, which was easily removed by heating at 200°C. This
was physically-absorbed water.

(B) Anhydrous molybdenum trioxide, MoQ,, was pre-
pared from hydrated molybdenum oxide by calcination in
air at 600°C for 6 hr.

(C) Anhydrous molybdenum dioxide, MoO, was formed
by reducing hydrated molybdenum oxide with hydrogen at
450°C for 5 hr.

(D) Molybdenum disulfide, MoS,, was purchased from
Wako Chemical Industries.
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The analysis of the sulfur content of the catalyst after the
reaction was done gravimetrically by the BaSO, methods.®)

Results

Conversion of Thiophene. Hydrated molybdenum
oxide (l gram) was used as the catalyst. To begin
with, the catalyst was heated at a reaction temperature,
of 350, 375, or 400°C. Then the reactants were
introduced over the catalyst.
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Time of run (min)
Fig. 1. The conversion of thiophene.

O:350°C, []: 375°C, A: 400°C, @: 350°C after 400°C

The conversion of thiophene, expressed in the ratio
of the concentration decrease to the initial concen-
tration, is shown in Fig. 1. The conversions at all
the reaction temperatures have very similar curves with
the reaction time. The conversion increased gradually
and reached a steady value after reaching a maximum.
We term the period when the conversion reached a
steady value after the maximum, the “aging stage,”
and the period after the conversion reached the steady
value, the “stationary stage.”

The main products were n-butane, 1-butene, cis-2-
butene, trans-2-butene, and hydrogen sulfide. Mer-
captane, tetra-hydrothiophene and butadiene were not
found, though they had been reported in previous
works.%®) The products are also shown in Fig. 2a.
The concentration of nr-butane in the products was
relatively large and reached a maximum when the
conversion showed its maximum, at the aging stage.
The ratio of C, products, calculated from the concen-
tration of ¢is-2-butene as a standard, is shown in Fig.
2b. Only the ratio of n-butane shows its maximum
at the aging stage, that of the butene shows a steady
value. Hydrogen sulfide was not detected during the
“aging stage.” This suggests that most of the sulfur
removed from thiophene by the reaction was consumed
in the sulfurization of the catalyst. This shows that
the reaction at the aging stage between thiophene and
the catalyst is important in producing nr-butane and
molybdenum sulfide.

Reaction during the ““Aging Stage.” (1) Sulfuri-
zation of the Catalyst: sulfur content of the catalyst,
determined by chemical analysis, is shown in Fig. 3
against the reaction time. This clearly shows that the
catalyst was sulfurized by thiophene or by the hydrogen

6) “Bunsekikagaku Binran,” Maruzen, Tokyo (1961), p. 495.
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sulfide produced by the hydrodesulfurization of thio-
phene. The sulfurization proceeded during the aging
process and stopped when the aging process was over.
Only the hydrodesulfurization of thiophene occurred at
the stationary stage. The sulfur content of the catalyst
at the stationary stage was large when the aging tem-
perature was low. It is interesting that the catalyst
is sulfurized more in the bulk when the temperature
is low.

(2) Reduction of the Catalyst: besides the sulfuriza-
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Fig. 3. Sulfur content of the catalyst.
0:350°C, [7:375°C, A:400°C

tion, the catalyst was reduced to MoO, during the
aging stage. During the aging stage, the catalyst was
transformed from MoO;-2H,O to MoO,; and then to
MoO,, as determined by the X-ray diffraction studies.
The catalyst was found to be a mixture of these com-
pounds in the course of the aging process. At the
stationary stage, therefore, the catalyst was composed
of MoO, and molybdenum sulfide.

Conversion during the “Stationary Stage.” The lower
the aging temperature, the larger the stationary value
of the conversion at the stationary stage. The value of
the conversion after the aging stage at 350°C was 0.3,
about twice the value at 400°C.

The conversion was observed after the aging process
at 400°C. The reaction temperature was subsequently
lowered to 350°C, and then the conversion was deter-
mined. The conversion had decreased from 0.15 to
0.10, as is shown in Fig. 1 (the arrowed black point).
We also observed the conversion at different reaction
temperatures in order to obtain the temperature coef-
ficient after the aging process at 350°C. The apparent
activation energies calculated from these values were
3.2—4.4 kcal/mol. Therefore, the high stationary value
of the conversion at a low temperature may be con-
sidered to be caused by chemical changes in the catalyst
at the aging stage. Aging at low temperatures is more
useful in obtaining a high activity for the hydrated
molybdenum oxide catalyst.

Reactions on Other Samples. As has been described
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Fig. 4. The conversion of thiophene on various molybdenum

compounds.

[J: MoO;, @:Mo0O,, (O:MoO;4+Mo0O,, A: MoS,
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above, the catalyst in the course of the reaction con-
sisted of a mixture of MoQO,-nH,O, MoO,, MoQ,, and
MoS, at any reaction time and at any reaction tem-
perature. Therefore, we also studied the conversion
of thiophene, using each of these components as a
catalyst. The results are shown in Fig. 4. In the
case of MoO,, the conversion changed in a manner
similar to that in the case of MoQ;-nH,O, but the
stationary value of the conversion was somewhat smaller.
In the case of MoQO,, the conversion was nearly con-
stant throughout the reaction. On MoS,, the conver-
sion was not reproducible, so it was difficult to compare
it with the conversion on other compounds. However,
on MoS,, the conversion was always high at first,
rapidly decreased with the reaction time, and then
reached a stationary value. We also studied partially-
reduced MoQO; at 350°C for 3 hr prior to the reaction.
The conversion was very high at first, decreased, and
then reached a stationary value.

Discussion

As has been described above, the hydrated molyb-
denum oxide catalyst reacts with reactants at an early
stage of the hydrodesulfurization of thiophene. The
changes in the structure and composition caused by
the reaction influence the final activity of the catalyst.
That is, the aging temperatures dominate the activities
of the hydrated molybdenum oxide catalyst.

Change in the Surface Area. The differences in
the activities may be explained by the changes in the
surface area of the catalyst. The BET surface area of
hydrated molybdenum oxide before use was 3.4 m?/g.
The area increased to 8.6 m?/g when the catalyst was
used for 100 min at 350°C and to 8.0 m?/g at 400°C.
Thus, the difference in the surface area between the
two reaction temperatures is not so large that we can
not explain the difference in the conversion. That is,
the activity does not depend on the surface area.
Therefore, it is reasonable to conclude that the dif-
ference in the activity is attributable to the structural
and compositional changes in the catalyst caused during
the aging process.

Process of Structural Changes in the Catalyst. During
the aging stage, three reactions occurred on the cata-’
lyst: i) dehydration, ii) reduction, and iii) sulfurization.

i) Dehydration: The catalyst removed the structural
water during the aging process. The presence of the
structural water seems to affect the reduction and the
sulfurization. The process of the dehydration will be
reported on in detail later.

i) Reduction: The hydrated oxide was reduced to
MoO, through an intermediate mixture of MoO, and
MoO,. At the stationary stage, a large portion of the
catalyst consisted of MoQO, at either reaction tempera-
ture.

wi) Sulfurization: At the same time, a small portion
of the dehydrated MoOj was sulfurized. On the other
hand, MoO, was not sulfurized easily.

To summarize the processes discussed above, we may
conclude that the catalyst changes during the aging
process as follows;
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MoO,
MoO,-nH,0 —— MoQ, <
MoS,

The catalyst is mainly composed of MoO, and MoS,
at the stationary stage. The aging temperature has
effects on the relative rate of the reduction and the
sulfurization of MoO,. In other words, the dehydra-
tion plays an important role in determining the rates
of the reduction and the sulfurization.

Mechanism of the Sulfurization. The catalyst is
considered to be sulfurized by two possible processes.
One is direct sulfurization by thiophene (I). The
other is sulfurized by hydrogen sulfide produced by
the hydrodesulfurization of thiophene (II). That is:

(I) Mo0y;(MoO,) + CH,S + H,
—— MoS,; + C,-Products + H,O
Catalyst

(I1) a) CH,S + H, H,S + C,-Products
b) H,S + MoO,(MoO,) —> MoS, + H,0

Biltz and Kochen proposed that MoS; is labilized at a
high temperature.” Nanba and Aonuma® reported
that the final state of molybdenum sulfide is MoS, in
the hydrodesulfurization of thiophene. By a hydro-
genation reaction, MoS; is easily reduced at a high
temperature; MoS;+H,=MoS,+H,0.9 It is rea-
sonable to suppose that MoS, is formed under these
reaction conditions, even though the formation of MoS,
has not been confirmed by X-ray diffraction analysis.
It can be assumed that MoS, does not have a perfect
hexagonal crystal structure, but an amorphous mosaic-
like structure.

As is shown in Figs. 1 and 3, the sulfurization of the
catalyst stops and only the (IIa) reaction proceeds at
the stationary stage. During the aging stage, the
sulfurization by two processes (I) and (IIb), is possible.
However, for the following reasons, the (I) process may
be concluded to be the main reaction process.

(1) When hydrated molybdenum oxide was sul-
furized for 60 min at 350°C by a mixture of Hy-H,S,
there was only a trace of sulfur content of the catalyst.
The catalyst was partially reduced to MoO,, but a
large portion of the hydrated molybdenum oxide was
maintained unchanged. This shows that the sulfuriza-
tion by thiophene (I) is easier than that by hydrogen
sulfide (IIb). This is inconsistent with the results of
Tarama ¢t all® on vanadium molybdate. They re-
ported that molybdenum in vanadium molybdate sup-
ported on alumina was more easily sulfurized by hydro-
gen sulfide than by thiophene.

(2) Figure 2b shows the ratio of C, products.
Only the ratio of n-butane shows a maximum, that of
butenes shows a constant value from the beginning.
This suggests that, at the aging stage, the (I) process
occurs much more than the (IIa) process. The sulfuri-

7) W. Biltz und A. Kéchen, Z. Anorg. Allgem. Ciem., 248,
172 (1941).

8) S. Nanba and T. Aonuma, Kogyo Kagaku Zasshi, 74, 1324
(1971).

9) 8. Shono, K. Itabashi, M. Yamada, and M. Kikuchi, itid,
64, 1357 (1961).

10) K. Tarama, S. Teranishi, Hattori, and Azuma, Nenryo
Kyokaishi, 42, 99 (1965,.
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Fig. 5. The rate of the conversion of thiophene and the sul-
furization of the catalyst.
O: conversion, [ ]: sulfurization

zation by the I process occurs more than that by the
(IIb) process.

(3) TFigure 5 shows the rate of the sulfurization
calculated from the sulfur analysis in Fig. 3 and the
rate of the conversion of thiophene. A comparison of
the two curves gives interesting information about the
aging process. The rate of the conversion represents
the rate of the total consumption of thiophene (I4-11a),
which corresponds to the sum of the rate of the sul-
furization of the catalyst (I4+IIb) and the hydrode-
sulfurization (IIa). From these two reasons (I) and
(2), the (IIb) process can be neglected more safely than
the (I) process. Therefore, the difference between the
rate of the conversion and the rate of the sulfurization
represents the rate of hydrodesulfurization (IIa). The
peaks of both curves agree at the aging stage. The
dotted line in Fig. 5, which is the difference between
the rate of the conversion and that of the sulfurization,
shows the rate of net hydrodesulfurization (ITa). As it
is relatively difficult for the (IIb) process to occur ,this
suggests that the maximum of the conversion results
from the overlapping of the sulfurization (I) with the
hydrodesulfurization reaction (IIa).

When anhydrous MoO, was used as a catalyst, the
sulfur content was 1.3 wt9, after a reaction for 100 min
at 350°C. This shows that MoO, is not easily sul-
furized. On the other hand, the sulfur content of
anhydrous MoO, after a reaction for 100 min at 350°C
was 9.0 wt%. The conversion of neither anhydrous
MoO; nor MoO, was very high compared with that
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of hydrated molybdenum oxide at the stationary stage.
Richardson!®) has reported that MoQ, itself has a mild
activity in the hydrodesulfurization of thiophene.
From the results presented above, it may be con-
cluded that the dehydration at the aging stage controls
the rates of the reduction and the sulfurization and,
consequently, influences the activity of the catalyst.

11) J. T. Richardson, Ind. Eng. Chem. Fundamentals, 3, 154 (1964).
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The nature of the structural water in hydrated
molybdenum oxide and the process of the dehydration
of the catalyst will be reported on later.

We are indebted to Dr. I. Motooka for measuring
the DTA and TGA and to Mr. Y. Sasaki for meas-
uring the BET surface area. We also wish to thank
Dr. S. Kishimoto for his helpful discussions.
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The Primary Process of the Photochemical Dimerization of
Carbostyril (2-Quinolone) in an Aqueous Solution

Tetsu YaMAMURO, Norisuke HaTA,* and Ikuzo TANAKA
Department of Chemistry, Tokyo Institute of Technology, Ohokayama, Meguro-ku, Tokyo
* Department of Chemistry, College of Science and Engineering, Agyama Gakuin
University, Chitosedai, Setagaya-ku, Tokyo
(Received March 16, 1972)

Carbostyril dimerizes photochemically in an aqueous solution, in order to investigate the effect of a hydroxide
ion on the primary process of the photochemical dimerization in an aqueous solution, both measurements of the

quantum vyields and flash spectroscopic experiments were carried out under various conditions.

The experiments

revealed that the photodimerization reaction proceeded through a bimolecular interaction between the triplet
and the unexcited carbostyril molecules, although the triplet carbostyrilate ion was in equilibrium with the triplet

carbostyril.

As has been described in a previous paper,) the
photochemical dimerization of carbostyril in deaerated
ethanol proceeds through a bimolecular interaction of
the triplet carbostyril with the unexcited one. Such a
photodimerization has also been reported to take place
in an aqueous solution.? Meanwhile, the acid-base
equilibrium between the carbostyril (S,) and the car-
bostyrilate ion (S,~) in their ground states has been
shown spectrophotometrically in alkaline aqueous solu-
tions as follows:®

YAVAN
| | | + OH =
N N0
H
(So)
VAVAN
L = der | | | + HO (1)
N ONANO \/\121/\\0

(So7)

Therefore, in order to elucidate the primary process
of the photochemical dimerization of carbostyril in such
an alkaline solution, the present authors carried out
investigations by means of measurements of the quantum
yields and by means of flash spectroscopy.

1) T. Yamamuro, I. Tanaka, and N. Hata, This Bulletin, 44,
667 (1971).

2) O. Buchardt, Acta Chem. Scand., 17, 1461 (1963).

3) G. W. Ewing and E. A. Steck, J. Amer. Chem. Soc., 68, 2181
(1946).

The triplet carbostyrilate ion was proved not to be involved in the dimerization process.

Experimental

The carbostyril used in the experiment was prepared by
treating quinoline N-oxide with tosyl chloride.? The product
was purified by recrystallization from methanol several times.
Standard specified solutions of sodium hydroxide (Yoneyama
Yakuhin Co., Ltd.) were used as the solvents.

The light source employed in the steady-light experiments
was a Toshiba high-pressure mercury lamp (H-400 P), while
for the 313 nm irradiation a filter combination of a nickel
sulfate solution with a UV-31 Toshiba filter was used. The
measurements of the quantum yields were carried out by a
procedure described previously.V

The flash photolysis apparatus was the same as was employed
in the previous investigations.! The xenon flash lamp used
for excitation was operated by discharging a bank of con-
densers of 1 uF charged to 14.75kV, 109 joules of energy
being dissipated; the duration time of the flash was 5 usec.

Since the quantum yield of the disappearance of carbostyril
was reduced to almost zero in the presence of oxygen in a
solution, just as in the case of the ethanol solution,? all the
experiments—both steady-light and flash spectroscopic—were
performed on solutions deaerated by flushing nitrogen at
room temperature.

Results

Figure 1 shows the absorption spectra of carbostyril
in aqueous solutions containing different amounts of

4) E. Ochiai and T. Yokogawa, Yakugaku Zasshi, 75, 213
(1955).
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Fig. 1. Absorption spectra of carbostyril in aqueous solution
containing different amounts of sodium hydroxide at room
temperature (C: 1.23 X 10—*m).
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(e) 0.05M, (f) 0.10m,
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sodium hydroxide, where the isosbestic points were
observed at 260.5 and 329.5 nm; that is, an acid-base
equilibrium was indicated to exist between the car-
bostyril (S,) and the carbostyrilate ion (Sy7), as is
represented by Eq. (1). In the present experiments,
therefore, the concentrations of S, and S,~ at equi-
librium were evaluated by the following equations,
respectively:

[Se] = C/(1+K[OHT])

2
[Se™] = CK[OHT)/(1+ K;[OHT) @

where K represents the equilibrium constant, and C,
the sum of [S,] and [S,~]. The equilibrium constant
(Ks) was calculated by means of Eq. (3), where &
or &'y is the molar extinction coefficient of S; or S~
at the 1 wavelength and where D, is the absorbance of
a solution containing S, and S,=. Thus, the slope of
the straight-line obtained by:

(ea—ex)C -

AD,\;—{;’? =14 K;[OH] (3)
plotting (ex—¢'3)C/(Dx—¢",C) against [OH-], gave the
value of K as 62.3m~1.

Steady-light Experiments. The quantum yields (P)
of the carbostyril disappearance were determined as a
function of the concentration of a hydroxide ion in an
aqueous solution (C=1.23x10-*M) at room tempera-
ture. Figure 2 shows the results thus obtained where
the plot of @ against [OH~] was replaced by that of
P ps5. [S,]. As may be seen from Fig. 2, the quantum
yield increased very rapidly with an increase in the
concentration of S, expect at very low concentrations
of Sy, but at higher concentrations the quantum yield

alkaline aqueous solution at room temperature (C=1.23 X
10-4m).

gradually approached about 0.2. Because of such a
characteristic dependence of ® on [S/], it is convenient
for the subsequent discussion to divide the concentra-
tion range of S, into three regions, I, II, and III, as is
indicated in Fig. 2. On the other hand, the quantum
yield in water was 0.21, regardless of the concentration
of 8y (=0).

Flash Spectroscopic Experiments. Figure 3 shows the
T-T absorption of carbostyril in aqueous solutions con-

N
T

410 430 450 470 490 510
Wavelength (nm)

Tig. 3. Transient absorption of carbostyril at room tem-
perature.

: in water (C: 0.16 X 10~*m)

¢ in 0.1 NaOH aqueous solution (C: 1.08 X 10~4m)

/\: in 0.5 NaOH aqueous solution (C: 1.13 X 10~%m)

[TJ: in 1.0M NaOH aqueous solution (C: 1.13 X 10—*m)

@: in 70% ethanol aqueous solution (C: 0.30 x 10—*m)

@O
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in a 709, ethanol aqueous solution at room temperature.
As can be seen from Fig. 3, the transient absorption was
altered significantly when the solvent was changed
from water to alkaline solutions. Figure 4 shows the
plot of the absorbance of the transient absorption at
450 nm against [Sy] in water (a) or a NaOH solution
(b). It is clear from these figures that the transients
observed in alkaline solutions consist of two kinds of
species, the carbostyril (T;) around 420—470 nm and
the carbostyrilate ion (T;~) at about 440—490 nm,
in their lowest triplet states. In addition, the transient
absorption was confirmed to decay by means of first-
order kinetics.
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Fig. 5. Decay rate constant (kr) of transient at various wave-
lengths at room temperature.
@: in water (C: 0.16 X 10*m)
O: in 0.1M NaOH aqueous solution (C: 1.08 X 10~m)
A\ :in 1.0M NaOH aqueous solution (C: 1.13 X 10—*m)

Figure 5 shows first-order decay rate constants (kr)
determined at different wavelengths; the data indicate
that the decay constant of the triplet carbostyril is
nearly equal to that of the triplet carbostyrilate ion.

Next, the effect of the concentration of a hydroxide
ton on the decay constant of the transients at 450 nm
was examined at room temperature (Fig. 6). The (a)

0 1 2 3 4 5 6 7
[S¢] X 10°
Fig. 6. Decay rate constant (kr) of transients at 450 nm os.
[S,] at room temperature.
curve (a), (): in alkaline aqueous solution (C: 1.13 X 10—%m)
curve (b), A: in water ’
curve (c), @: in alkaline aqueous solution ([S,7]: 1.0 X 10~*m)

curve in Fig. 6 shows the plot of k; against [Sy] in the
place of [OH-]. The (b) curve illustrates the plot
of kr vs. [Sy] in water, while the (c¢) curve is the plot of
kr vs. [Sy] when [S,~] was kept to 1.0x10-%*m. The
slope (3.18 x10%sec~'m~1) of the (a) curve in Region
I was in good agreement with that (3.12 X 10° sec~*m~1)
of the (b) curve, whereas the (a) curve in Region III
coincided in slope with the (c) curve. It is obvious
from these results that the dependence of [Sy] of ¢ is
quite similar to that of the quantum yield shown in
Fig. 2.

The decay constants of the transients at 450 nm
were also measured as a function of the concentration
of Sy~, while the concentration of S, was kept constant
at 0.15x10%m (Fig. 7). As a result, it was found to
remain constant at 5.5 X 104 sec~?, regardless of the con-
centration of Sy,=. Therefore, it seems reasonable to
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Fig. 7. Decay rate constant (kr) of transients at 450 nm vs.

[S¢~] in alkaline aqueous solution at room temperature ([S,]:
0.15x 10-*m)
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conclude that the decay rate constant is dependent on
the concentration of only S, not S;-.

Discussion

The experimental results described in the preceding
section suggest that the photochemical dimerization of
carbostyril in an alkaline solution proceeds through a
bimolecular interaction between the triplet and the
ground-state carbostyrils, although the triplet carbo-
styrilate ion is considered to be in equilibrium with
the triplet carbostyril. When we also assume an acid-
base equilibrium between the carbostyril (S;) and the
carbostyrilate ion (S;~) in their excited singlet states,
the following scheme, Scheme 1, can be generally
postulated for the primary process of the photodimeriza-
tion in an alkaline aqueous solution:

) ST K
Dimer «—— (T,S;) «—

l kq[So] \ko

9S0+Sy™ S+ S,

Scheme 1.

where Kg, Ks, and K; represent the equilibrium con-
stant in the ground, the excited singlet, and the lowest
triplet states, and where ¢;,. and ¢';;. are the efficiencies
of the S;—T, and, S;,7—T,~ intersystem crossing.?

Assuming photostationary state conditions, the quan-
tum yield (®) of the carbostyril disappearance can be
given by the following equation:

— kr[sc] ¢isc+K [OH_]¢’sc
== 1+KSS[OH‘] i )
where: ky = (ke +k)[So] + ko )

and where k£, represents the apparent rate constant for
the formation of the transient complex (T,S,), and %,
and k,, the apparent quenching rate constants by S,
or the apparent first-order decay rate constant of the
transient species (T;4T;~). We can then obtain Eq.
(5) by substituting [OH-]=[S,-]/Ks[S,] into Eq. (4):
kr[so] KG[SO]¢isc+KS[SO_]¢;sc (5)
ky Kg[So]+ Ks[So7]

On the basis of Eq. (5), a subsequent discussion of
the primary process of the photochemical dimerization
of carbostyril in an alkaline solution will be made in
the concentration ranges of S, and OH-, each divided
into three regions, I, IT, and III, as has been described
before.

Region I ([Sy]=3.40 x 10-5m or [OH-]<0.052m).

In view of the results shown in Fig. 6 that the slope of

P =

5) Although there exists quenching from the excited singlet
states (S;, S;7) to the ground states (Sy, Sy~), there are not written
in Scheme 1.
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the (a) curve in Region I is substantially equal to that
of the (b) curve, the transient absorption observed may
be regarded as being due mostly to the triplet car-
bostyril; hence, the triplet carbostyrilate ion is assumed
not to exist appreciably in this region (Scheme 2).

So 4—'_’L Se~

o o

Ky
S, =S,

l ¢ISG

. kr[So] ko
Dimer «—— (T,S,) « T, — S,

l kq [Su]

258,
Scheme 2.

According to Scheme 2, Eq. (5) could be approxi-
mately expressed by Eq. (6).

— kr[S()] KG[S0]¢lsc

P Tk KulSo+KlS, ] ©
On the other hand, .4k, and %, were evaluated from
the (b) curve in Fig. 6 to be 3.12x10°sec~m~! and
1.1210* sec! respectively, indicating that (k,+k,)-
[Sol/k, is greater than 9.5. Consequently, Eq. (6)
can be simplified to Eq. (7), if we assume that k, can
be neglected compared with (k,+%,)[S,]:

ke Kq[Sold,

P = GLY0. sC 7
Fotky Koo+ KlS,7] ?
By substituting for [Sy~] its equivalent, C—[S,], we
obtain Eq. (8):

11 kq><1<sc 1 KG—KS>
= ) R wrt ©®
That is, 1/® in Region I is expected to increase in pro-
portion to 1/[Sy]. It is shown in Fig. 8 that the plot
of 1/® against 1/[S,] gives a straight-line relation;
this is consistent with Eq. (8). From the slope (1.24x
10-*m) and the intercept (3.83) of the straight line,
Pisc and Kg were evaluated to be 0.21(1-+£y/k.) and
13.0m™! respectively.

Region IIT ([S,]<1.11 X 1075 or [OH-]=0.23m).
In Region III the concentration of carbostyril is ex-
tremely low compared with that of the carbostyrilate
ion; thus, the latter is considered to be mainly con-
cerned with a light absorption (Scheme 3).

Se (_'—’_G_ Se”

l hv
Ks

S; — S~

l Pise

. ke[S | Ky ;
Dimer «— (T}8¢) «——  T; &= T, |

250+ S4”
Scheme 3.
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Fig. 8. 1/® vs. 1/[Sq] in Regions I.

According to Scheme 3, Eq. (5) can be simplified as
follows:

1 kq > {( k 1 K
— 1 1 0 =8
(I) ¢isc ( + r + kr+kq SO—] KS

K [So]
Ks[Sy7] } ®)

ko 1 )

kr+kq [S()]

On the other hand, the values of k,+k, and &, were
evaluated from the (a) curve in Fig. 6 to be 1.15x
10° sec~m~1 and 3.40 X 10* sec! respectively. In addi-

tion, the concentration of S, in this region is around
11.8 X 10-5M; hence:

ke 1 Kg, k1
kr+kq [SO_] KS kr+kq [So] ~

and Kg[S,]/Ks[S,"]1=0.48; that is, Kgs[S,]/Ks[S,~] is
considered to be negligible compared with the other
terms in Eq. (9). For this reason, we can further
simplify Egs. (9) to (10):

1 1 ( k, > ( ks 1 K
= 1+ 1+ G
D ¢isc r kr+ kq [SO—] KS

P )
Ttk 5]

Accordingly, 1/® in Region III is expected to vary
linearly with 1/[Sg]. In fact, it is shown in Fig. 9
that the plot of 1/® against 1/[S,] gives a linear relation-
ship in accordance with Eq. (10); ¢';,c was estimated
from the slope (9.91 x 10—M) of the straight line to be
3.0x 10-2(1+k,/k,).

Region II (1.11 X 10-5m <5 [Sg] < 3.40 X 10-5M or
0.23M=[OH-]=0.052m). As can be seen from
Fig. 6, both k.+k, and k, in Region II depend on
the concentration of S,. In Eq. (5) the ratio of
Ko [Sel$isc [ (Ko [So] + Ks[Se7]) to Ks[Sy71¢'sisc | (Ko
[Se]+Ks[Se~]) corresponds to [T,]/[T,~], where T,
and T, are the triplet species produced by the inter-
system crossing from S; and S;~ respectively. Assum-
ing that the triplet carbostyrilate ion is not quenched
by Sy, £y/k, should be independent of [S,] and [OH-];
thus, there could be 3.32<[T,]/[T;"]<12.8. Under
these circumstances, the triplet carbostyrilate ion can
be inferred to be mainly produced by the S,—T,—T,-
process, but not from S, (Scheme 4).

1+ =4.0

(10)
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Fig. 9. 1/® vs. 1/[S,] in Region III.

Ky
S, = S,
l bise
kS K
Dimer +— (T,Sy) «—— | T, == T~ §
l kq[S,] \kn
280+ S, Se+Se~

Scheme 4.

According to Scheme 4, Eq. (5) can be approximated
as follows:

11 kq>< k1

£ ¢m<1+ A, [so]“)
KC 1 KG—KS> i
(KG BaT K, (n

Figure 10 shows the plot of 1/® against 1/[S,], where
a clear-cut straight-line relation was not observed in
Region II as has been expected from Eq. (11). The
decay rate (R) of the transient species (T;+7T,") at
equilibrium is given by the following equation:

R= {(kr+ kq) [So] + ko}[Tl‘i‘ Tl—]

Based on the fact that the photochemical dimerization
proceeds through an interaction between T, (not T;~)
and S, the decay rate (R) could also be given by the
following relation:

R = (kro + kqo) [So] [Tl] + kO[Tl + Tl—]

where £, and k,, correspond to £, and k, respectively
in water. Accordingly, Eq. (12) is obtained by a
combination of the equations described above:

kro + kqo

- [T,7]
Aerah (12)

[Ty]
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Fig. 10. 1/® vs. 1/[S,] in Regions I and II.
Since [T;-]/[T]=K.[OH-], Eq. (12) can then be
converted into Eq. (13).
kro+kqo _ —
= 1 + K,[OH"] (13)

That is, if the assumptions that an acid-base equilib-
rium exists between the triplet carbostyril and the
triplet carbostyrilate ion, and that the dimerization
process involves only the triplet carbostyril, not the
carbostyrilate ion, are reasonable, a linear relationship
could be obtained between (k.,+kqo)/(k +k,) and
[OH-].

On the other hand, the values of k/(k.+4%,) at
several concentrations of S, such as 2.77 x10-5m,
2.13x10-%M, and 1.23x10-5M, were calculated, by
substituting the observed values of @ (0.095, 0.057,
and 0.021) respectively at these concentrations of S,
into Eq. (11), to be 0.78x10-%M, 1.79x10-5M, and
3.21 x 10-%m, respectively (Fig. 10). The value of k,/
(kr+%,) in Region I or III was also estimated from
the results in Fig. 6 to be 0.359 X 10-5M or 2.96 X 10-5m.
From such estimations, ko/(k,+k,) in Region II was
shown to exist between those in Regions I and III
obtained from the flash experimental data; this is
parallel to an increase in the concentration of the
triplet carbostyrilate ion with a decrease in the S,
value or an increase in the OH- value.

The decay constant (kr) of the transient species
(T,+T;7) is derived from Egs. (2) and (4') as follows:

c ko
b= Gt (rorT )
Therefore, k,+k, and k, at various concentrations of
OH-, or S,, were estimated by substituting the observed
values of kr into Eq. (14); the results are listed in
Table 1, Both k,+k, and £, in Region II were observed
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TasrLe 1. Varuss oF (k,+£,) AND k, IN REGIONS

I, I1, anp III
Region [OH™] (k,+k;) X107 (sec™m™) £, X 107%(secIm™1)

0.0 3.12 1.12
[0.01 3.12 1.12
10.02 3.12 1.12
0.05 3.12 1.12
0.07 2.%4 1.82

II {0.1 1.68 3.01
1 0.2 1.33 3.53
0.25 1.15 3.40
0.3 1.15 3.40

III {0.5 1.15 3.40
1.0 1.15 3.40
1.5 1.15 3.40

to exist between the corresponding values in Regions
I and III.
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Fig. 11.  (kro+Fkqo)/(ke+kq) vs. aon—in Regions I, II, and II1.®

As can readily be seen from Fig. 11 using the values
in Table 1, the plot between them gave a linear relation-
ship, consistent with Eq. (13); the equilibrium con-
stant (K;) was then estimated from the slope to be
12.5m1

These facts also support the present idea about the
primary process of photochemical dimerization in an
alkaline aqueous solution.

The authors with to express their hearty thanks to
Professor Yuji Mori of the Tokyo Institute of Tech-
nology for his kind discussion and to Professor Shiro
Matsumoto of Aoyama Gakuin University for his per-
mission to use the flash-photolysis apparatus.

6) The activities (agy-) were estimated from the values of
mean activity coefficients described in the following literatures;
H. S. Harned and J. C. Heckel, J. Amer. Chem. Soc., 55, 4838 (1933)
and G. Akerlof and G. Kegels, ibid., 62, 620 (1940).
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Counterion Effect in the Electron-Transfer Reactions between
a Tetracyanoethylene Radical Anion and
Its Neutral Molecule
Masaaki OcasawArA, Hidetoshi TAkAokA, and Koichiro HAyAsHI

Faculty of Engineering, Hokkaido University, Sapporo
(Received April 28, 1972)

The rates of homogeneous electron-transfer reactions between radical anions and neutral molecules were
studied in a variety of tetracyanoethylenide systems in order to obtain information concerning the counterion

effect on the electron-transfer reactions.

The estimated values of the rate constants had the same order of mag-

nitude at room temperature for all the systems, while the activation energies and the preexponential factors were

markedly dependent on the natures of the counterions and the solvents.

terms of the forms and structures of the radical anions.

The mechanism of an electron-transfer reaction be-
tween an organic radical anion and its neutral molecule
is one of the most interesting problems concerning the
relationship between the reactivities and the structures
of radical ions in solution. Since Ward and Weissman?)
established the method for measuring the rapid rate of
electron-transfer reaction by electron spin resonance
(ESR), a number of electron-transfer reaction rates
have been measured and it has been found that they
are essentially dependent on the forms and structures
of radical ions in solutions.2-19

In the systems where radical anions and their coun-
terions exist in the form of an ion pair, any electron-
transfer reaction is thought to be accompanied by a
counterion-transfer through the formation of a sandwich
structure at the transition state, as has been suggested
by Adam et al.»!)  Therefore, it can reasonably be
expected that the natures of the counterions and solvent
molecules coordinated to the ions profoundly affect the
reaction behavior.

As for the radical ions of aromatic hydrocarbons,
many authors?%10 have reported in detail on the
transfer rates in a number of different ion pairs with
various alkali metal ions in various solvents. However,
few studies have been made on the systems of N-con-
taining radical anions.?%1216) In this article we will
report the results obtained by the ESR technique on
the electron-transfer reactions between the tetracyano-
ethylene radical anion (TCNE-) and neutral tetra-
cyanoethylene (TCNE) in 1,2-dimethoxyethane (DME)

1) R. L. Ward, and S. I. Weissman, J. Amer, Chem. Soc., 79,
2086 (1957).

2) F. C. Adam, and S. 1. Weissman, ibid., 80, 1518 (1959).

3) P.]J. Zandstra, and S. I. Weissman, thid., 84, 4408 (1962)

4) N. Hirota, and S. I. Weissman, ibid., 86, 2537 (1964).

5) J. M. Fritsch, T. Miller, and R. N. Adams, Nature, 205,
382 (1965).

6) W. Bruning, and S. I. Weissman, J. Amer. Chem. Soc., 88,
373 (1966).

7) R. Chang, and C. S. Johnson, Jr., ibid., 88, 2338 (1966).

8) T. M. Miller, and R. N. Adams, ibid., 88, 5713 (1966).

9) N. Hirota, R. Carraway, and W. Schook, #id., 90, 3611
(1968).

10) G. L. Malinoski, Jr., W. H. Bruning, and R. G. Griffin,
ikid., 92, 2665 (1970).

11) A. C. Aten, J. Dieleman, and G. Holijtink, Discuss. Faraday
Soc., 29, 182 (1960).

12) W. D. Phillips, J. C. Rowell, and S. I. Weissman, J. Chem.
Phys., 33, 626 (1960).

The obtained results are discussed in

and tetrahydrofuran (THF). The effect of different
counterions on the reaction rate was studied; the results
will be discussed in terms of the ionic forms and struc-
tures of the radical ions in solution.

Experimental

Materials. TCNE of a guaranteed Reagent grade was
purified by repeated sublimations in vacuo. The DME and
THF were fractionally distilled over sodium metal, and the
middle portions were stored over calcium hydride. They
were rigorously dried with sodium mirror or sodium-potassium
alloy in vacuo and degassed until 10-5 Torr before use. The
alkali metal tetracyanoethylenides were prepared by reactions
between alkali metals and TCNE dissolved in DME or THF.
All the operations were carried out on the vacuum line.

The tetra-n-butylammonium salt was generated electro-
chemically in the solvent, using 0.1M tetra-n-butylammonium
perchlorate as the supporting electrolyte. Alternatively, the
crystalline tetra-n-butylammonium tetracyanoethylenide was
prepared from tetra-n-butylammonium iodide and TCNE®)
and was dissolved in the solvent before use.

Measurements of Reaction Raltes. Each radical anion
solution for a rate experiment was sealed in vacuo into a ESR
sample tube made of Pyrex, and then a known amount of
TCNE was added through a break seal. The second-order
rate constants were evaluated from the linewidth broadening
in the ESR spectra produced by the addition of neutral TCNE.
All the experiments were carried out at a slow exchange limit.?
The ESR measurements were made with a JES-NE-2X
spectrometer equipped with 100 kc field modulation. The
temperature was kept constant within =+1° with a JES-UCD-
2X variable-temperature adaptor on the ESR cavity. The
temperatures were determined by means of a copper-con-
stantan thermocouple placed just under the sample tube in
the cavity.

Results

The obtained ESR spectrum of a dilute solution of
TCNE- was the same as that reported by Phillips
et al.'® No alkali metal splitting was observed in the
various tetracyanoethylenide systems studied here. The
increase in linewidth produced by the addition of
neutral TCNE was linearly dependent on the concen-
tration of added TCNE in the range from 1 to 6 X 10—2m.

13) O. W. Webster, W. Mabhler, and R. E. Benson, J. Amer.
Chem. Soc., 84, 3678 (1962).
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TaBLE 1.
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RATE CONSTANTS AND ACTIVATION ENERGIES FOR THE ELECTRON-TRANSFER

REACTIONS BETWEEN TETRACYANOETHYLENE RADICAL
ANIONS AND THEIR NEUTRAL MOLECULES

Solvents Counterions Temp, °C Mk_f ls(e);cil kcaf‘li )01_1 Log 4%
DME
Li* 20 1.8 3.840.4 11
Na* 20 1.7 6.040.6 13
K+ 20 1.5 7.640.6 14
Bu,N* 10 1.3 6.5+0.6 14
THF
Li* 20 1.5 2.240.4 10
Na* 20 1.3 3.64+0.5 11
K* 20 1.6 3.240.7 11
Bu,N*® 20 1.9 4.740.6 12

a) Determined from the equation k=A exp (—E4/RT).
b) Electrochemically prepared radical anion was used.

The estimated values of the rate constants were of the
same order of magnitude at room temperature in all
the systems, as is shown in Table 1.

The temperature dependence of the rates was inves-
tigated in the temperature range from —30° to 20°C.
The plots of log k vs. 1/T gave almost straight lines,
as is shown in Fig. 1. The apparent activation energies,
calculated from the Arrhenius plots, are summarized
in Table 1, together with the rate constants and the
preexponential factors. The activation energies were
markedly dependent on the natures of the counterions
and the solvents. In DME it was found that the
activation energies for alkali metal salts were in the order
of Lit+<Nat< K+, and that of tetra-n-butylammonium
salt gave a value intermediate between those of sodium
and potassium salts. In THF, the evaluated activation
energies were rather small in comparison with DME.

180F o~ 4190
™~ +
\¢ (I
180} \¢\ ]a&o
190F \\ -1’19.0
AN
180F \ NG 4180
e
£ 70t ¢\§\—”'°
19,; I \‘> ;1 90
N
180F \é 18,0
\é\K“
17.0f —17.0
1 1 1 %\ 1

33 3.5 3‘.7 39 41
1/T'x 108

Fig. 1. Temperature dependence of the electron-transfer rates
of various alkali metal tetracyanoethylenide systems in DME
at the temperature range from —30° to 20°C; upper line:
lithium salt; middle line: sodium salt; lower line: potassium
salt.

The values for the alkali metal salts were found to be
close to each other. Especially, almost the same value
was obtained for the sodium and potassium salts,
within the limits of experimental error. The system
of tetra-n-butylammonium salt showed the largest acti-
vation energy in the solvent.

We also studied the cesium tetracyanoethylenide
system, but the anomalously large ESR linewidth at
higher concentrations of TCNE- prevented us from
obtaining reliable data for this counterion.

Discussion

In order to understand the ionic forms and structures
of the radical anions, it is profitable to compare the
rate constants and activation energies obtained in this
study with those of naphthalenide-naphthalene systems.
Hirota et al.9 clearly demonstrated the relationship
between the structures of ion pairs and the kinetics of
electron-transfer reactions in this system. The rate
constants for solvent-separated ion pairs at 25°C were
found to be of the order 10°M—1sec—!, while those for
contact ion pairs range from 5Xx10% to 108mM—lsec—l.
The activation energies were 2.9—3.6 kcal/mol for sol-
vent-separated ion pairs and 4—6 kcal for contact ion
pairs.

Although it is expected, on the basis of the informa-
tion described above, that DME-alkali metal tetra-
cyanoethylenide systems involve contact ion-pair struc-
tures, no metal splittings and spectral distortions
characteristic to contact ion pairs were observed in
the ESR spectra of these systems. Consequently, it
may be supposed that these systems involve essentially
solvent-separated ion pairs. This consideration is in
accordance with the fact that small alkali metal ions
are well solvated by DME and THF molecules.14:1%)
Since normal straight lines are obtained in Arrhenius
plots for these systems, we can conclude that essentially
only one ionic form is present, at least in this tempera-
ture range.” This conclusion can be applied to all

14) D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc,
J. Phys. Chem. 69, 608 (1965).

15) C. Carvajal, K. J. Télle, J. Smid, and M. Szwarc, J. Amer.
Chem, Soc., 87, 5548 (1965).
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the systems investigated, since similar straight lines are
obtained in the remaining systems, also. Accepting the
solvent-separated ion-pair model, the order of the activa-
tion energies in DME-alkali metal tetracyanoethylenide
systems can easily be understood in the following
manner. The thickness of the solvation shells around
the metal ions is presumed to be in the order of
Lit>Nat+ >K+, therefore, the reverse order can be
expected in the electrostatic interactions between metal
ions and TCNE-.19) Accordingly, it seems reasonable
that the activation energies estimated in this experiment
are in the order of Lit<Nat<Kt*, since a higher
electrostatic interaction of the ion pair is thought to
give a higher activation energy in the electron-transfer
reactions.

In THF-alkali metal tetracyanoethylenide systems,
the observed values of the rate constants suggest the
contact-ion-pair model, whereas the values of the acti-
vation energy suggest the solvent-separated ion-pair
model. However, the latter structure is more realistic
in these systems, because no metal splittings and spectral
distortions were observed in the ESR spectra, as in
the case of DME. The activation energies for the
alkali metal salts are rather small in comparison with
those in the DME systems and are close to each other.
These results suggest that alkali metal ions paired with
TCNE- are well solvated in THF. In fact, it is re-
ported that sodium ions have a larger solvated radius
in THF as compared with DME.1» A small but not
negligible difference in the activation energies between
lithium and the other metals can be attributed to the
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fact that the former ion is more highly solvated than
the latter.14)

In both solvents, tetra-n-butylammonium salt gives
relatively large activation energies, indicating a strong
electrostatic interaction between the alkylammonium
ion and the radical anion in spite of its bulkiness.
This is because bulky ammonium ions are not coor-
dinated with either DME or THF molecules, as has
been suggested by Szwarc ef al.1®)

The magnitudes of the preexponential factors esti-
mated increase with an increase in the activation
energies. This is connected with the fact that nearly
the same rate constant is obtained for all the systems.
The preexponential factors for the THF systems range
from 10 to 10'?mM~1sec™’. These values are within
the limits of those observed in usual liquid-phase
reactions. However, rather unexpectedly large pre-
exponential factors are evaluated in all the DME
systems except for the lithium salt. It is likely that
such large preexponential factors are characteristic of
N-containing radical anions, because a similar pheno-
memon has been reported in the potassium 2,2’-bipyri-
dinide system.'® However, we cannot exclude another
possibility that the activation energies are partly con-
tributed by charge-transfer interaction between DME
and neutral TCNE. In order to make a conclusive
discussion of this problem, more detailed studies should
be done in the future.

16) W. L. Reynolds, J. Phys. Chem. 67, 2866 (1963).




38 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VOL. 46, 38—42 (1973)

Group Interactions in Polyelectrolytes. VL."

[Vol. 46, No. 1

Amination Kinetics

of Chloromethylated Polystyrene in N, N-Dimethyl-

formamide and Dimethyl Sulfoxide

Hiroshi KawaBe and MASAYA YANAGITA

The Institute of Physical and Chemical Research, Wako-shi, Saitama

(Received May 2, 1972)

Although the apparent second-order rate constant of the amination of chloromethylated polystyrene with
n-butylamine or with 2-aminobutanol decreased or increased, respectively, during the course of the amination
in dioxane, as has been reported previously, both aminations as well as the aminations of benzyl chloride have
been found to conform to the ordinary second-order kinetics in DMF and DMSO. The viscometric measure-
ments have indicated that the viscosity of the reaction mixture decreased during the amination with n-butylamine
and increased slightly during the amination with 2-aminobutanol, but no relation between the kinetic behavior
and the viscometric changes in the reaction mixtures could be found. The magnitude of the rate constants was
comparable to that of the amination of benzyl chloride, and it increased with an increase in the dielectric constant
of the solvents in this order: dioxane DMF< DMSO. The effects of the solvents on both the kinetic behavior
in the aminations of the polymer and the magnitude of the rate constants have been discussed in terms of the inter-

actions between the solvent and the solute molecules.

The quaternization of chloromethylated polystyrene
(CMPS) with tertiary amines in various solvents was
studied by Noda and Kagawa.?? They reported that
the initial rate of the quaternization with triethylamine
increased with an increase in the dielectric constant
of the solvents, like in ordinary Menschutkin reactions;
they also reported that the rate in N,N-dimethylforma-
mide (DMF) conformed completely to the ordinary
second-order equation. Kawabe and Yanagita®? in-
vestigated the aminations of CMPS with some primary
and secondary amines in dioxane and found that the
aminations apparently did not obey the second-order
rate law. In the amination with n-butylamine or
di-n-butylamine, the apparent second-order rate con-
stant decreased as the amination proceeded, whereas
it increased in the amination with 2-aminobutanol.
In these cases, the amination kinetics could be expressed
by rate equations which were derived by assuming
that the reaction is subjected to the steric hindrance
or “hydrophilic effect” of the already-aminated neigh-
boring groups.

In the present study, the authors will deal with the
amination of CMPS with rn-butylamine in DMF and
with that with 2-aminobutanol in DMF and dimethyl
sulfoxide (DMSO); they will show that the rates con-
form to the second-order equation and that the rate
constants in these solvents are markedly higher than
those in dioxane. The effects of the solvents on the
kinetic behavior in the aminations of CMPS, and
also the dependence of the rate constants on the polarity
of the solvents, will be discussed.

Experimental

Materials. The polystyrene and chloromethylated
polystyrene (CMPS) were prepared and purified by the pro-

1) Part V; H.Kawabe and M. Yanagita, This Bulletin, 44, 896
(1971).

2) I.Noda and I. Kagawa, Kogyo Kagaku Zasshi, 66, 857 (1963).

3) H. Kawabe and M. Yanagita, This Bulletin, 41, 1518
(1968).

4) H. Kawabe and M. Yanagita, ibid., 44, 896 (1971).

cedures described in previous papers.®¥ The chlorine
contents and the molecular weights of CMPS used in the pre-
sent study are tabulated in Table 1. The 2-aminobutanol
was prepared by the procedure described in a previous paper.?
The other amines, benzyl chloride and the solvents, all of a
reagent grade, were distilled before use; they were proved to
be pure by their refractive indices. All the other chemicals
were of a reagent grade, and de-ionized, de-carbonized water
was used throughout the experiments.

TABLE 1. CHLOROMETHYLATED POLYSTYRENE

Code Content of Cl Degree of Molecular
% Chloromethylation  weight
SC-4 22.04 0.93  7.3x10°
SC-5 21.15 0.87 10.3 x 104
SC-6 18.76 0.74 —

Kinetic Measurements. As has been described in the
previous papers,®% 150 m! of a solution containing one gram
of CMPS or benzyl chloride and a large excess of amine
(about twenty times as many moles as the chloromethyl group)
was stirred at a constant temperature (within+0.1°). At
appropriate intervals, aliquots were taken out, poured into
dilute nitric acid, and titrated with 0.1~ silver nitrate. The
experimental conditions in the aminations of CMPS are
listed in Table 2, where a denotes the initial concentration of an
amine, and b, the initial concentration of the chloromethyl
group of CMPS. In the amination of benzyl chloride, a was
1.06 mol/l and b was 0.053 mol/l. All the reaction except the
amination of CMPS with di-n-butylamine, which was accom-
panied by the emulsification of the reaction mixture, were
homogeneous and reached completion.

Viscometric Measurements. In the amination of CMPS,
the viscosity change in the reaction mixture was also checked.
After the reaction mixture had been prepared, a 10 m!/ portion
of the solution was taken out and put into an Ostwald-type
viscometer, while the temperature was kept constant (within
+0.1°). At appropriate intervals, the flow times were
measured, and the relative viscosity (7,,) and the reduced
viscosity (ng,/c,) were determined:

TNrel — ppt/POtO’ Nsp = TNrel — 1

where ¢, is the concentration of CMPS expressed by g/100 m/
where p, and p,, are the densities of a pure solvent and 2 CMPS
solution of the same concentration as the reaction mixture
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TABLE 2. AMINATION OF CHLOROMETHYLATED POLYSTYREHE

Run Amine® Solvent Teolélp CMPS nf(:; /i nf(ji I alb
1 A Dioxane 50 SC-4 0.8353 0.0415 20.1
2 A Dioxane 55 SC-4 0.8480 0.0421 20.1
3 A Dioxane 60 SC-4 0.8304 0.0414 20.1
4 A Dioxane 65 SC-4 0.8346 0.0414 20.2
5 A Dioxane 70 SC-4 0.8470 0.0416 20.9
6 A DMF 18 SC-5 0.8211 0.0397 20.7
7 A DMF 30 SC-5 0.7523 0.0375 20.1
8 A DMF 40 SC-5 0.8205 0.0399 20.6
9 A DMF 50 SC-5 0.8236 0.0400 20.6

10 B DMF 30 SC-5 0.8046 0.0409 19.7
11 C DMF 20 SC-4 0.8853 0.0422 21.0
12 C DMF 30 SC-4 0.8862 0.0464 19.1
13 C DMF 40 SC-4 0.8580 0.0409 21.0
14 C DMF 50 SC-4 0.8852 0.0437 20.3
15 C DMSO 20 SC-6 0.7123 0.0341 20.9
16 C DMSO 25 SC-6 0.7005 0.0339 20.7
17 C DMSO 30 SC-6 0.7070 0.0339 20.9
18 C DMSO 35 SC-6 0.7077 0.0339 20.9
19 C DMSO 40 SC-6 0.7100 0.0341 20.8
20 C DMSO 20 SC-6 0.3557 0.0355 10.0
21 C DMSO 20 SC-6 0.1800 0.0355 5.1
22 C DMSO 20 SC-6 0.0362 0.0355 1.0

a) Amine A: n-butylamine; Amine B: di-n-butylamine;Amine C: 2-aminobutanol

b) a: Initial concentration of amine

c) b: Initial concentration of the polymer expressed in moles of chloromethyl group per litre

respectively, and where ¢, and ¢ are the flow times of a pure
solvent and the reaction mixture respectively. The values of
¢, were 0.67—0.69, and those of p,/p, were lower than 1.01
in the present experiments. The observed viscosity change
in the reaction mixture was expressed in terms of the visco-
sity ratio (H), defined by the following equation:

H = (T)sp/cp) /I(nsp/cp) -0

where f is the fractional conversion of the chloromethyl group.
The numerical values of (15,/¢;),-0, Which are the extraporated
values of »/c, to f=0, are as follows:
n-butylamine: 0.5 (dioxane, 50°C), 0.46 (DMF, 50°C)
2-aminobutanol: 0.67 (dioxane, 40°C), 0.8 (DMF, 40°C),
0.51 (DMSO, 30°C)

Results

Amination with n-Butylamine. As has been re-
ported previously,® the amination of benzyl chloride
with n-butylamine in dioxane obeyed the second-order
rate law, and the rate constant, £, was given by:

1 bla—x) _
= = 1

@5 " ab—x) (1)
where a and b are the initail concentrations of an amine
and the chloromethyl group respectively, while x is
the concentration of chloride ions after time ¢ The
dependence of £ on the temperature was expressed by:

k= Aexp (—E,/RT) (2)
where 4 is the frequency factor and E,, the activation
energy.

In the amination of CMPS with n-butylamine in
dioxane, the rate constant computed by Eq. (1) was
not constant, but decreased as the amination proceeded,

kt

and the plot of Z# against ¢ could be expressed approxi-
mately by two lines which intersected near the half-
amination. This behavior can be explained by the
assumption that the amination of the chloromethyl
group situated between two already-aminated neigh-
boring groups is sterically obstructed, and the over-all
kinetics in the presence of a large excess of the amine
(a>»b) can be expressed by Eq. (3):

— — _ kl—kZ e—zk,at _ kl e Lt

B=alb=1— oeky’ 3
_ 1 1—8

b= ke " To@—keB ®)
B 1 l—a_ 1-Za

k= ha=0 (ln —p ! 1—X/b> ()

where £, and £, are the rate constants of the elementary
reactions which are independent of the neighboring
groups and under this influence respectively. In Egs.
(4) and (5), a=x/a,  and X are the values of ¢ and «
respectively when x;2~b/2, and x; is the concentration
of the group which is aminated independently of its
neighbors.

TABLE 3. AMINATION OF CHLOROMETHYLATED
POLYSTYRENE WITH 7-BUTYLAMINE
IN DIOXANE

Temp kyx 108 kyx 103 E, AXx10-¢
°C I/mol-min [/mol-min  kcal/mol //mol-min
50 6.59 3.84
55 8.66 6.27 | (k) 12.140.1 1.01
60 11.4 7.82
65 15.0 9.44 | (ky) 12.14£0.9 0.601
70 19.8 12.2
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Fig. 1. Amination of chloromethylated polystyrene with -

butylamine in dioxane.
: calculated values,

(O: observed values

The rate of the amination of CMPS with n-butyl-
amine in dioxane has been re-mesaured in the present
study in order to obtain a more accurate value for E,;
the results are shown in Fig. 1 and Table 3. The
solid lines in Fig. 1, calculated on the basis of Eq. (3)
by using the numerical values for £, and £, listed in
Table 4, are in good agreement with the observed
values of f, represented by the white circles. The
values of E, and A, computed by the least-squares
method on the basis of Eq. (2), are also listed in Table 3.

TABLE 4. AMINATION OF CGHLOROMETHYLATED
POLYSTYRENE AND BENZYL CHLORIDE
WITH n-BUTYLAMINE IN DMF

Temp kp® x 102 kg™ X 102 E, Ax 1076
°C l/mol-min [/mol-min  kcal/mol //mol-min
18 1.26 —

20 — 1.61 l(kp) 11.440.1 4.89
30 2.78 3.21
40 5.24 6.10 {(kB) 11.640.2 7,42
50 8.89 10.2

a) ke: Rate constant of chloromethylated polystyrene
b) ks: Rate constant of benzyl chloride

In DMF, on the other hand, the aminations of both
CMPS and benzyl chloride have turned out to obey
the second-order law; their rate constants can be deter-
mined on the basis of Eq. (1). The rate constants are
tabulated in Table 4. The figures of E, and 4 are
also listed in Table 4. The rate constants in DMF
are much higher than those in dioxane.

In contrast to the amination of CMPS with a-butyl-
amine, the amination of CMPS with di-n-butylamine
in DMF showed a kinetic behavior similar to that in
dioxane.® The results of the amination in DMF at
30°C are shown in Fig. 2. The %i-¢ plot can be ex-
pressed approximately by two lines which intersect near
B=0.5, and %, and k, are given by Eqs. (4) and (5)
as follows:

ky = 1.83x 1072, k, = 4.98 X 103 //mol - min

In Fig. 2, the solid line was calculated on the basis of
Eq. (3), and the observed values, represented by the
white circles, fall substantially on the line.
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Fig. 2. Amination of chloromethylated polystyrene with di-
n-butylamine in DMF.

The amination rates of CMPS with these amines
could not be determined in DMSO, because the polymer
was precipitated in the initial stage of the amination
with n-butylamine and di-n-butylamine was not dis-
solved in DMSO.

Amination with 2-Aminobutanol. Although self-
acceleration was observed during the amination of
CMPS with 2-aminobutanol in dioxane,® in DMF or
DMSO the amination of CMPS as well as that of benzyl
chloride has been found to conform to the second-order
rate equation. The rate constants computed by Egq.
(1) are tabulated in Tables 5 and 6. The rate con-
stants in DMF are much higher than those in dioxane,¥
and the rate constants in DMSO are even higher than
those in DMF. The numerical values for E, and 4
are also listed in Tables 5 and 6.

As has been mentioned above, the aminations of
CMPS with n-butylamine and 2-aminobutanol, which
show abnormal kinetic behavior in dioxane, are normal

TABLE 5. AMINATION OF CHLOROMETHYLATED
POLYSTYRENE AND BENZYL CHLORIDE
WITH 2-AMINOBUTANOL IN DMF

Temp kp» X 108 kg X 108 E, AX 1077
°C  I/mol-min [/mol-min kcal/mol  I/mol-min
20 2.73 3.35
30 6.18 7.20 | (kp) 13.1+£0.2  1.53
40 11.6 14.7 (kg) 13.34+0.1 2.93
50 22.3 28.1

a) kp: Rate constant of chloromethylated polystyrene
b) kg: Rate constant of benzyl chloride

TABKE 6. AMINATION OF CHLOROMETHYLATED
POLYSTYRENE AND BENZYL CHLORIDE WITH
2-AMINOBUTANOL IN DMSO
Temp kp» x 102 kg™ x 102 E,
°C  I/mol-min [/mol-min kcal/mol

Ax1077

{/mol - min

20 1.06 1.40
25 1.55 1.97 l(kp) 12.24+0.2 1.24
30 2.06 2.75
35 2.97 3.89 J(kB) 12.540.2 3.08
40 4.08 5.56

a) kp: Rate constant of chloromctil;'acd polystyrene

b) ks: Rate constant of benzyl chloride
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in DMF and DMSO; that is, their rates, like those of
benzyl chloride, are fully represented by the ordinary
second-order equation. In these cases, therefore, even
the amination of CMPS is considered to be controlled
by the bimolecular reaction of chloromethyl groups
“and amine molecules, and the rate constants are con-
sidered to be independent of the initial concentrations
of these amines. This has been confirmed in the
amination of CMPS with 2-aminobutanol in DMSO.
The rate constants computed by Eq. (1), which are
shown in Table 7, are much the same over a wide
range of amine concentrations.

TABLE 7. DEPENDENCE OF RATE CONSTANTS ON INITIAL
CONCENTRATION OF AMINE IN THE AMINATION OF
CHLOROMETHYLATED POLYSTYRENE WITH
2-AMINOBUTANOL IN DMSO (20°C)

alb 21 10 5 1
a, mol/l 0.712 0.356 0.180 0.036

kx10% [/mol-min 1.06 1.13 1.13 1.43(1.46)»

a) The figure in parenthesis was computed by the
equation, kt=x/b(b—x).
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Fig. 3. Viscosity change of reaction mixture in the aminations
of chloromethylated polystyrene.
[]: n-butylamine in dioxane, [1: a-butylamine in DMF
(O 2-aminobutanol in dioxane, &: 2-aminobutanol in
DMF, @: 2-aminobutanol in DMSO

Viscosity Change in the Reaction Mixture During the
Amination of Chloromethylated Polystyrene. The vis-
cosity change in the reaction mixture in the amination
of CMPS (a/b=20) is shown in Fig. 3, where the vis-
cosity ratio, H =(np/c,){(Nsp/ep)a-o» is plotted against f.

In the amination with r-butylamine, H decreases
with an increase in f (H<l), whereas H increases
slightly with an increase in § (H>>1) in the amination
with 2-aminobutanol. On the other hand, the in-
fluence of the solvent is less marked. These results
show that there is no relation between the kinetic
behavior in the amination of CMPS and the viscometric
changes in the reaction mixtures.

Discussion

The apparent second-order rate constant of the
amination of CMPS with n-butylamine in dioxane
decreases as the amination proceeds, but the rate in
DMF conforms to the ordinary second-order equation.
This difference is considered to be related to the ex-
pansion and contraction of butylamine molecules in
the two solvents, which are present as reagent mole-
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cules and also as substituents of the polymer. The
Hildebrand solubility parameter, d, is an index of
cohesive interaction among molecules in a solution,
and the calculated values of § at 25°C are as follows:
9.15 (n-butylamine), 9.98 (dioxane), and 12.11
(DMF).» Since DMF is a poorer solvent for n-butyl-
amine than dioxane, it may be possible that the rela-
tively long molecule of n-butylamine contracts in DMF
because of the attraction among segments of the mole-
cule. On the other hand, in the amination of CMPS
with di-z-butylamine (6=8.429), a decrease in the
rate constant with an increase in 8 has been observed
even in DMF. In this case, however, di-n-butylamine
is a secondary amine of a larger molecular weight
than n-butylamine, and so the former is more bulky
than the latter. The contraction of #-butylamine mole-
cules in DMF may not be pronounced, but it seems to
be sufficient to cancel a small steric obstruction of the
neighboring groups, because no such steric effect has
been observed in the amination of CMPS with ¢- or
s-butylamine in dioxane.?

Although the rate of the amination of CMPS with
2-aminobutanol is self-accelerated in dioxane as a result
of the “hydrophilic effect” of the neighboring hydroxyl
group,? it conforms to the ordinary second-order
kinetics in DMF and DMSO. The effect of the sol-
vents on the kinetic behavior may be explained in
terms of interactions between 2-aminobutanol molecules
and solvent molecules. The additional solubility para-
meters of the related substances are: 16.17 (2-amino-
ethanol) and 13.31 (DMSO).» Dioxane must be a
poorer solvent for 2-aminobutanol than DMF and
DMSO. Not only are DMF and DMSO better sol-
vents for aminoalcohol, but also these dipolar aprotic
solvents are hydrogen-bond acceptors; therefore, they
may interact with the hydroxyl groups to obstruct the
accelerating effect of the neighboring hydroxyl group
on the polymer.

The enthalpy of activation, 4H*, the entropy of
activation, 48*, and the free energy of activation,
AG*, are computed by these equations:

AH~ = E, — RT
A[60 = ¢(kTh) exp (4S*/R)
AG* = AH* — TAS*

The numerical values for these thermodynamic quan-
tities at 25°C, obtained on the basis of the E, and A4
values, are summarized in Table 8.

The value of the rate constant of CMPS is about the
same as that of benzyl chloride in any solvent; this is
indicated by the AG* values in Table 8. Provided
that benzyl chloride is a proper model for DMPS,
this fact suggests that the intrinsic reactivity of the
functional group of CMPS may be essentially inde-
pendent of its molecular weight.

The rate constant of the amination with 2-amino-
butanol is lower than that of the amination with n-butyl-

5) The & values are calculated at 25°C on the basis of the data
given in Ref. 6.

6) J. A. Riddrick and W. B. Banger, “Organic Solvents,”
third edition, Wiley-Interscience (1970).

7) The present author’s unpublished data.
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TABLE 8. THERMODYNAMIC QUANTITIES AT 25°C IN
THE AMINATION OF CHLOROMETHYLATED
POLYSTYRENE AHD BENZYL CHLORIDE

Amine Solvent  Chloride  ATT" 45" 40"
n-Butyl- CMPS, k 11.5 —41.2 23.8
amine DioxaNe 11.5 —42.2 24.1
Benzyl” 12.0 —41.5 24.3
CMPS 10.8 —38.1 22.2
{ Benzyl 11.0 —-37.2 22.1
2-Aminobutanol ( CMPS,k; 13.0 —40.3 25.0
Dioxane® { k, 13.0 —38.2 24.4
Benzyl 12.8 —40.3 24.8
CMPS 12.5 —35.8 23.1
{ Benzyl 12.7 —8%4.5 23.0
J CMPS 11.6 —36.2 22.4
DMSO | Benzyl 11.9 —34.4 22.2

a) Calculated on the basis of the data given in Ref. 3.
b) Calculated on the basis of the data given in Ref. 4.

amine; e.g., in DMF the former is about 209, of the
latter, corresponding to a difference in 4G* of 0.9 kcal,
and the AH* of the former reaction is about 1.7 kcal
higher than the latter. Accordingly, the lower rate
in the amination with 2-aminobutanol seems to be
related to the inductive effect of the hydroxyl group;
however, it is necessary for a strict interpretation to
compare 2-aminobutanol with 2-aminobutane.

On the other hand, the magnitude of the rate con-
stants is greatly influenced by the solvents. The
approximate values for the relative rate, expressed on
the basis of the rate constant of benzyl chloride or
CMPS in dioxane, are as follows:

n-butylamine (benzyl chloride): dioxane (1)< DMF (40)
2-aminobutanol (benzyl chloride and CMPS): dioxane(1)
< DMF(20)< DMSO(80)
In the amination of both CMPS and benzyl chloride
with 2-aminobutanol in dioxane, the rate constant is
somewhat influenced by the initial concentration of the
amine;? the relative rates, expressed on the basis of

the rate constant extrapolated to a zero concentration
of the amine, are:

2-aminobutanol (benzyl chloride and CMPS) : dioxane(1)
< DMF(40)<” DMSO(160)

The order of the rate constants is in agreement with
that of the dielectric constants of the solvents, D:
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dioxane (2.21)<DMF (36.71)<DMSO (46.68). It
should be noted, however, that the plot of log £ against
1/D is not linear.

In the amination with n-butylamine, the change of
solvent from dioxane to DMF lowers the AH* and
increases the AS*. The lower AH* in DMF may be
explained principally in terms of the solvation of the
transition state in this dipolar aprotic solvent. This
solvation, however, is considered to be accompanied
by a lowering of AS*. The observed enhancement of
AS* must be caused by some other factors, one of
which may be the change in the configurational entropy
of the solvent in the reaction mixture. The solubility
parameter of benzyl chloride (§=9.79%) is almost the
same as that of dioxane, but the transition state is rather
ionic and may have a considerably higher value for 4.
The formation of the transition state may thus be
accompanied by a decrease in the entropy of the
solvent, dioxane. Since the 0 value of DMF is much
higher than that of dioxane, its entropy change may
be relatively small.

In the amination with 2-aminobutanol, the lowering
of the AG* from dioxane to DMF is principally ascrib-
able to the increase in the AS*, and the lowering of
the AH™ is not so marked as in the case of n-butylamine.
This discrepancy cannot be explained at the present
time; further investigation is needed, especially in order
to establish the dependence of the rate constant on
the initial concentration of 2-aminobutanol in dioxane.
On the other hand, the lowering of the AG* from
DMF to DMSO is substantially caused by the lowering
of the AH*. This small entropy change can be under-
stood if we assume that both DMF and DMSO are
dipolar aprotic solvents and that their § values are
approximately the same. The lowering of the AH*
is brought about by the lowering of the potential
energy of the activation complex, which may be more
strongly solvated in DMSO than it is in DMF, for
the former is more polar than the latter.

The authors wish to express their thanks to Mr.
Masayuki Takahashi, Mr. Akihiro Kishi, and Mr.
Sachio Fukushima for their helpful assistance in pre-
paring the polymer and in carrying out the measure-
ments.

8) The § value is calculated on the basis of the data given in
the book: Kirk-Othmer “Encyclopedia of Chemical Technology,”
second edition, Vol. 5, Interscience Publishers (1964), p. 282.
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Kinetic Studies of the Dissociation and the Recombination
Reaction in Aqueous Solutions of Monocarboxylic Acids
by Means of Ultrasonic Absorption Measurements

Takayuki SaNo, Tomohiro Mivazaki, Nobuhide TaTsuMoTo, and Tatsuya YASUNAGA
Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima
(Received April 25, 1972)

The ultrasonic absorptions were measured in aqueous solutions of acetic, propionic, butyric, valeric, and
chloroacetic acids as a function of the pH over the frequency range from 1.5 to 220 MHz at 25°C. From the
dependences of y/ ., and f, on pH, it was deduced that the perturbation of the ionization equilibrium of acids

was the cause of the excess absorptions in dilute aqueous solutions.

compared with those obtained by other methods.

It is well known that the ionization equilibrium
exists in aqueous solutions of carboxylic acids. Their
equilibrium constants have thus far been determined
by means of static methods. However, the reaction
is so rapid that the kinetic studies of this process could
not be done until the appearance of the relaxation
methods.

In 1964, Niirnberg and his co-workers) determined
the dissociation and the recombination rate constants
for a number of carboxylic acids by a kind of the
relaxation method, the high-level faradaic rectification
method. Eigen and his co-workers? have also deter-
mined the rate constants for some acids by the electric-
field method.

On the other hand, the ultrasonic absorption measure-
ments in liquid carboxylic acids have been carried out
by many investigators.?» As a result, it has been con-
cluded that the absorption in pure carboxylic acid is
due to the perturbation of the equilibrium between
the cyclic dimer and the open dimer. However another
type of absorption different from that in the liquid of
pure acids has been observed in comparatively dilute
aqueous solutions. The perturbation of the ionization
equilibrium® has been expected to be a cause of this
type of absorption, but no thorough consideration has
been done of this absorption. Therefore, it seems that
it would be very interesting to clarify the mechanism
of the absorption and to compare the kinetic para-
meters obtained by the ultrasonic method with those
obtained by other methods.

Experimental

In aqueous solutions of monocarboxylic acids, the ultra-
sonic absorption was measured by means of the pulse tech-
nique® over the frequency range from 1.5 to 220 MHz at

1) H. W. Niirnberg and H. W. Diirbeck, Z. Anal. Chem., 205,
217 (1964).

2) M. Eigen and J. Schoen, Z. Elektrochem., 59, 483 (1955),
M. Eigen and K. Tamm, ibid., 66, 93 (1962).

3) B. Spakowski, C. R. Acad. Sci. URSS., 18, 169 (1938), ]J.
Lamb and J. M. M. Pinkerton, Proc. Roy. Soc., Ser. A, 199, 114
(1949), J. E. Piercy and J. Lamb, Trans. Faraday Soc., 52, 930
(1956).

4) L. G. Jackopin and E. Yeager. Technical Report No. 35
(1969).

5) N. Tatsumoto, J. Chem. Phys., 47, 4561 (1967).

6) T. Yasunaga, N. Tatsumoto, and M. Miura, This Bulletin,
37, 1655 (1964). .

The kinetic parameters thus calculated were

various concentrations and pH’s. The sing-around® method
operated at 1.92 MHz was used to measure the sound velocity.
The concentrations of the hydrogen ion were determined with
a Hitachi-Horiba F-5 type pH meter. The densities were
measured using a pycnometer. All the measurements were
made at 25°C.

The monocarboxylic acids used were acetic, propionic,
butyric, and valeric acids, in which the alkyl group consists of
hydrocarbon only, and monochloro-, dichloro-, and trifluoro-
acetic acids, which contain halogen atoms in the alkyl group.
Guaranteed reagents were used throughout this study without
further purification.

Results

The spectra of the ultrasonic absorption in the
aqueous solutions of acetic acid are shown in Fig. 1.
Double relaxations are observed in 3—6m solutions and
are expressed by the following equation:

r_ x — 4, 4,
@ = (f-8) = o[ ) O
where o« is the ultrasonic absorption coefficient, A is
the wavelength of the acoustic wave, («d)’ is the excess
absorption per wavelength, v is the velocity of sound,
f1is the frequency of sound, 4 and B are the relaxational
and classical absorptions respectively, and f, is the
relaxation frequency, and where the subscripts 1 and
2 refer to the absorption at the lower and higher fre-

| 10 T
f, MHz

Fig. 1. Ultrasonic absorption spectra of acetic acid in aqueous
solutions at 25°C. (1): 8.02mM, (2): 6.01mM, (3): 4.01M, (4):
(4): 3.00M, (5): 1.45M, (6): 1.00M.
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quencies respectively.
In 1, 1.5, and 8m solutions single relaxations are
observed; they may be represented as follows:

[ * — _A_——

@ = f-8) = oy @
The solid lines in Fig. 1 are theoretical curves which
are expressed by either Eq. (1) or (2). The values of
the parameters, the relaxation frequency (f,), and the
maximum absorption per wavelength (u'.,) are listed
in Table 1, together with the velocity of sound (v),
and the density (p).

TABLE 1. THE ACOUSTICAL CHARACTERISTICS OF ACETIC
ACID AT VARIOUS CONGENTRATIONS AT 25°C

/max v
M (M{Iz) (6% PH (105 cmesec ) (g-cm™)
8.02 3.8 95.0 1.43  1.498¢  1.0494
6.02 4.0 51.9 1.67  1.5255  1.0392
240 35.8
401 4.3 21.3 1.85  1.5369  1.0270
180  17.8
3.00 3.5 13.9 1.93  1.5341  1.0147
130 10.8
1.45 60 5.2 2.23  1.5216  1.0066
1.00 35 3.1 2.26  1.5160  1.0047

As can be seen in Fig. 1, the excess absorption at
the lower frequency decreases with a decrease in the
concentration, and it entirely disappears in 1 and 1.5M
solutions over the frequency range measured. This
behavior of the spectra shows that the excess absorp-
tions in 1 and 1.5M solutions correspond to those at
the higher frequency in 3—6M solutions. On the other
hand, the excess absorption in 8M, and that at the
lower frequency in 3—6M solutions, seem to be identical
with that in pure acetic acid. The mechanism of these
absorptions has been discussed in detail by Atkinson
and his co-workers.” Since our purpose in this paper
is to investigate the mechanism of the absorption at
higher frequencies, the measurements of the ultrasonic
absorption were carried out in detail for a 1M solution,

[Vol. 46, No. 1

in which the absorption at lower frequencies disappears.

Now, assuming that the excess absorption is associated
with the dissociation and the recombination reaction
of the acetic acid, the best way to justify the above
assumption is to measure the ultrasonic absorption at
various pH’s in the IM solution, in which the excess
absorption disappears at lower frequencies. Under
these conditions, the results obtained are shown in
Fig. 2, while the values of the ultrasonic parameters
are listed in Table 2. It can be seen from Fig. 2 that
both f, and p',,, are dependent on the pH. This
fact may imply the validity of the above assumption.

(2
) m

N o
2 (3)
3 -
= 04 L __
1 1
10 100
f, MHz
Fig. 2. Ultrasonic absorption spectra in 1.00M solution of acetic

acid at 25°C.  (1): pH 1.76, (2): pH 2.26, (3): pH 3.20.
In the dissociation and the recombination reaction

of acid, which is generally represented by’ the following
equation:

ka

AH — A~ + H*

kr
the relaxation time, 7, and u',,, are given by the
following equations:

T =2nf, =k k(AT HY) = K+ AHHY (9

TABLE 2. THE ACOUSTICAL CHARACTERISTICS OF CARBOXYLIC ACIDS AT vVARIous pH’s AT 25°C
1%

/max v

M pH (L/Iff-Iz) (675 (105 cm-sec™1) (g-cm-)

Acetic acid 1.00 1.76 4913 2.6 1.5156 1.0059
2.26 3542 3.1 1.5160 1.0047

2.75 40+5 2.8 1.5169 1.0062

3.20 4515 2.4 1.5189 1.0070

Propionic acid 1.01 2.42 62+5 4.4 1.5275 1.0025
3.16 4045 1.9 1.5294 1.0030

3.40 58410 2.6 1.5307 1.0026

Butyric acid 0.507 1.90 5043 1.5 1.5198 0.9992
2.21 4043 2.7 1.5197 0.9977

2.55 4542 3.1 1.5197 0.9966

2.76 5642 2.3 1.5199 0.9979

3.00 6515 1.8 1.5577 0.9982

Valeric acid 0.103 2.95 4349 1.8 1.5034 0.9959
2.67 2842 1.4 1.5400 0.9958

7) R. D. Corsaso and G. Atkinson, J. Chem. Phys., 55, 1971 (1971).
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Fig. 3. Plot of the relaxation frequency versus pH; the experi-
mental values of f; are indicated by circles, and solid line
shows the dependence of the calculated concentration term
on pH.

Fig. 4. Plot of maximum of the absorption per wavelength
versus pH ; the experimental values of 4'max are indicated by
circles, and the solid line shows the calculated concentra-
tion terms.

. @ver 1 1 1!

”m‘"szT[Zﬁ+Zf+H*] )
where k4 and &, are the rate constants of the dissocia-
tion and the recombination respectively, K is the
equilibrium constant, f, is the adiabatic compress-
ibility, R is the gas constant, 7 is the absolute tem-
perature, and AV is the volume change per mole for the
reaction.

In Eqgs. (3) and (4), k,, kg, and n(4V)?/28,RT may
be taken as constant, so both f,, and y',, are directly
proportional to the concentration. The concentration
terms at various pH’s can be calculated by using the
equilibrium constant listed in the literature.® From
the calculation of the terms in Egs. (3) and (4), it is
found that these terms have a maximum and a mini-
mum at the corresponding pH. The results are pre-
sented in Figs. 3 and 4, together with the experimental
values of f; and p',,, respectively. In view of the
similarity of the behavior of the experimental values
to that of the calculated terms against the pH, the
assumption that the excess absorption in aqueous acetic
acid is to be attributed to the perturbation of the
ionization equilibrium of acid is strongly supported.

8) Landolt-Bérnstein, “Physikalish-Chemische Tabellen,”
Springer (1936).

Ultrasonic Studies of Dilute Aqueous Solutions of Carboxylic Acids 45

TABLE 3. THE KINETIC PARAMETERS FOR THE DISSOCIATION
AND RECOMBINATION REACTION OF CARBOXYLIC
Acips AT 25°C

ky k, AV®

(105 sec™?) (101°m~1l.sec™l) (cc-mol™?)

Acetic acid 3.1+1.3 1.840.8 12.942.9
(12.5)

Propionic acid 3.4+2.8 2.61L2.1 15.842.1
(13.7)

Butyric acid 6.4+2.6 4.341.7 12.341.1
(13.7)

Valeric acid 5.84+3.2 3.9+2.2 13.9+0.5

Monochloro- 26030 1.940.2 7.940.2
acetic acid (9.2)

a) The values presented in parentheses have been
repoted by Kauzman.®)

16° .
3
= 16°+ -
o
(6) °
0
[+]
34 1 1
107y 10 100
f,MHz

Fig. 5. Ultrasonic absorption spectra of propionic acid at 25°C.
(1): 13.6Mm, (2): 4.98m, (3): 2.98M, (4): 2.49m, (5): 1.96Mm,
(6): 1.01m, (7): 0.49m.

The k4, k., and AV values were calculated by using
Eqgs. (3) and (4); they are listed in Table 3.

Secondly, in aqueous solutions of propionic, butyric,
and valeric acids, the ultrasonic absorption were meas-
ured by the same procedure as was used in the acetic
acid. The ultrasonic absorption spectra of the propionic
acid at various concentrations are represented in Fig.
5. It may be seen from the figure that the excess

TABLE 4. THE ACOUSTICAL CHARACTERISTICS OF PROPIONIC
ACID AT VARIOUS CONCENTRATIONS AT 25°C

/m,ax v

M (hf%:) Q6% PH (105 cmusec ) (g-cm-9)

13.6 2.2 148 — 1.1524  0.9886

498 3.2 7.1 1.94  1.5142  1.0187
120 6.4

2.98 3.4 22.4 2.13  1.5453  1.0119
130 2.7

2.49 4.0 11.8 2.19  1.5463  1.0108
110 1.6

1.96 3.8 7.4 2.26  1.543¢  1.0089
90 8.8

1.01 62 4.4 243 15275  1.0025

9.49 55 3.4 2.58  1.5139  0.9986
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Fig. 6. Ultrasonic absorption apectra of 1.01M solution of
propionic acid at 25°C. (1): pH 2.42, (2): pH 3.16, (3):
pH 3.40.
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Fig. 7.
butyric acid at 25°C.
3.00.

Ultrasonic absorption spectra of 0.507M solution of
(1): pH 1.90, (2): pH 2.55, (3): pH

absorptions at the lower frequency correspond to those
in pure propionic acid, and that the absorptions in
0.5 and 1M solutions, represented by the single relaxa-
tion curves are identical with those at higher frequencies
in solutions more concentrated than 2m. The relaxa-
tion parameters are listed in Table 4.

Next, Fig. 6 shows the ultrasonic absorption spectra
in a 1M solution of the propionic acid at various pH’s.
Similarly, as is shown in Fig. 7, the ultrasonic absorp-
tions were observed in 0.5M solutions of butyric acid
at various pH’s. In the butyric acid, however, the
low solubility prevented the measurement of the de-
pendence of the absorption on the concentration of
the acid. Valeric acid is less soluble than butyric
acid, so it is very difficult to investigate the dependence
of the absorption not only on the acid concentration,
but also on the pH. As the result of our great effort,
however, the absorptions were measured in a 0.1m
solution of the valeric acid at the values of pH, 2.69
and 2.75. The spectra are shown in Fig. 8. The
relaxation parameters for propionic, butyric, and
valeric acids are presented in Table 2.

As can be seen in Figs. 6—8, both f; and 4., are
dependent on the pH. The mechanism of these
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Fig. 8. Ultrasonic absorption spectra of 0.103M solution of
valeric acid at 25°C.  (1): pH 2.75, (2): pH 2.69.

acid. The kinetic parameters based on the reaction
for each acid are calculated in a manner similar to the
case of the acetic acid; they are listed in Table 3.
The kinetic parameters for the acetic and propionic
acids at various concentrations are presented in Table 5.

TABLE 5. THE KINETIC PARAMETERS FOR THE DISSOCIATION
AND RECOMBINATION REACTION OF ACETIC AND PROPIONIC
ACIDS AT VARIOUS CONCENTRATIONS AT 25°C

M kg k, AV
(105 sec™) (102 M~1.sec™!) (cc-mol~1)

Acetic acid  6.02 9.3 5.5 25.0
4.01 10 5.9 17.9

3.00 8.6 5.1 15.0

1.45 6.3 3.7 11.9

1.00 4.3 2.6 10.2

Propionic  4.98 5.7 4.4 33.8
acid 2.98 8.3 6.4 23.8

2.49 7.8 6.0 19.1

1.96 7.2 5.5 15.1

1.01 7.0 5.4 12.7

0.49 8.8 6.8 13.5

absorptions, therefore, may be due to the dissociation
and recombination reaction of acid, as in the acetic

Thirdly, it is very interesting to study the variation
in the kinetic parameters of monocarboxylic acids with
the change in molecular structure. For this purpose,
the ultrasonic absorptions were measured in aqueous
solutions of halogeno carboxylic caids, which have
quite different electronegativities from the above acids.
The single relaxation curves obtained from the measure-
ments of the absorption in 0.5 and Im solutions of
monochloro acetic acid are graphed in Fig. 9. The
relaxation parameters are listed in Table 6. As the
values of f;, 180, and 220 MHz are near the end of the
frequency range measured, it is thought that the experi-
mental error may be larger than that of other acids.
In this case, the kinetic parameters were also calculated
on the basis of the expectation that the absorptions are
associated with the perturbation of the ionization equi-
librium of acid. The results are listed in Table 3.
The ultrasonic absorptions were measured in 1M solu-
tions of dichloro- and trifluoroacetic acids, but in both
acids no excess absorption was observed in the fre-
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Fig. 9. Ultrasonic absorption spectra of 1.00M and 0.503M
solutions of monochloroacetic acid at 25°C.

TABLE 6. THE ACOUSTICAL CHARACTERISTICS
OF CHLOROACETIG ACID AT 25°C

f .u’max v [
M PH ) (1659 (105 cmesec?) (g-cm™?)
0.50 1.56 180 10.9  1.5079  1.0131
1.00 1.36 200 17.5  1.5175  1.0299

quency range from 15 to 95 MHz. The values of
aff2 are 31 x10-17 and 36 X 10-¥ cm~1sec? in solutions
of dichloro- and trifluoroacetic acids respectively, so
the f, values associated with the ionization equilibrium
of acid can be expected to be higher than the frequency
measured in this work.

Discussion

As can be seen in Table 3, the values of AV are in
close agreement with those determined from the density
measurements by Kauzman and his co-workers.? The
values of the recombination rate constant, ~101°M-1-
sec™!, may be of an adequate order of magnitude as
the rate of the diffusion-controlled reaction. As for
the acetic acid, the values of the parameters may be
comparable to those obtained from the ultrasonic
absorption measurement by Yeager,® k,=5.5x1010
M-Isec!, ky=1.0 X 108 sec~!, and 4V=12.2 cc-mol-1.

Next, the Taft rule!® can be applied to the relation-
ship between the rate constants and the polar sub-
stituent constants. Taft’s equation is given by:

log k = p¥*o*

where £ is the rate constant, g* is the constant charac-
terized by only the type of the reaction, and o* is the
polar substituent constant. In Fig. 10, the plots of
log k4 and log £, against ¢* are presented, together with
the values for formic and benzoic acids obtained by
Eigen and his co-workers.? log kg4 is linearly correlated
with o*, whereas log k£, is nearly constant within the
experimental error. From the linear relationship be-
tween log k4 and o*, p* was determined to be 1.7.

9) W. Kauzman, A. Bodanszky, and J. Rasper, J. Amer. Chem.
Soc., 84, 1777 (1962).

10) R. W. Taft, Jr., ibid., 74, 2729 (1952).

11) A. L. Henne and C. J. Fox, ibid., 76, 479 (1954).
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Fig. 10. Plot of logks (open circles) and logk: (solid circles)
versus polar substituent parameter ¢* for the various car-
boxylic acids. 1: acetic, 2: propionic, 3¢ butyric, 4: valeric,
5:monochloroacetic, 6: benzoic, 7: formic acids.

The value!® of p* found in the literature, estimated
from the relationship between the ionization equi-
librium constants of the carboxylic acids and o*, is
1.72140.025; this is in good agreement with that
obtained for the recombination rate constants in the
present work. This result suggests that the difference
in the values of the equilibrium constants among the
various -carboxylic acids results not from the recom-
bination rate constant, but from the dissociation rate
constant. From these discussions, it can reasonably
be concluded that the excess absorptions in dilute
aqueous solutions of the carboxylic acids measured in
the present work are associated with the perturbation
of the ionization equilibrium of acids.

Finally, the kinetic parameters obtained from the
ultrasonic absorption measurements of the acetic and
propionic acids at various concentrations are listed in
Table 5. As is shown in this Table, the rate constants
for both the acids may be considered to be independent
of the concentration, but the values of AV increase
with an increase in the concentration of the solutions
for each acid. For this result, the following three
causes may be considered as the origin of the change
in AV: 1) the experimental error, 2) the neglect of the
activity coefficient, and 3) the change in the state of
carboxylic acids in the solutions. The change in AV
with the concentration, however, is far greater than
the effects of 1) and 2). On the other hand, in the
case of the ionization reaction of carboxylic acids it
seems that the difference in the amount of hydration
between the two species gives rise to the volume change,
AV. The carboxylic acids form dimeric and polymeric
molecules by intermolecular hydrogen bonding in con-
centrated solutions, and become electrically more neu-
tral than the monomeric molecule. Therefore, the
amount of hydrating water may decrease in the follow-
ing order: ionic_>monomeric_>dimeric molecules, and
the volume change between ionic and nonionic mole-
cules may increase with an increase in the concen-
tration. Consequently, the above feature in AV seems
to result from the 3) effect, although this conclusion
cannot be confirmed quantitatively at present.
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Heat Capacity of Tetramethylsilane in the Region from
2 to 26 K and Premelting Range”
Takako SuiNopa, Hisae ENokipo, Yoji MAEDA,* Hiroshi ToMita, and Yo-ichiro MasHIKO

National Chemical Laboratory for Industry, Shibuya-ku, Tokyo
(Received April 26, 1972)

The heat capacity of tetramethylsilane was measured at temperatures from 2 to 26 K and in the premelting

temperature range for two crystalline forms.

There are two crystalline forms in solid tetramethylsilane.

The

heat of fusion and triple point temperature of a stable form were found to be 1611.2+0.9 cal/mol and 174.049 K,
while those of a metastable form to be 1396.04-0.8 cal/mol and 170.981 K. Tetramethylsilane was highly purified
by preparative gas chromatography. The amount of impurity in the specimen of Si(CH,), was estimated to

be 0.004; mol%, from measurement of the melting point range for two crystalline forms.

The Debye characteristic

temperature at 0 K, 8,(0), was derived from low temperature heat capacity data, and the ;,(7")/0p(0) curve was
compared with those for C(CH,), and CF,. Despite high purity, €, values for two crystalline forms in the region
below melting points increases abnormally with the rise of temperature. The phenomena were interpreted as
due to effects of formation of vacancies in the crystals and of melting accompanied by molecular orientation transi-
tion; analysis of heat capacity curves for the two crystalline forms was made in the region befow the melting point.

In previous papers?:3 we reported on the thermodynam-
ic properties of tetrahedral molecules, C(CHjg), and
CF,, which undergo orientationally disordering transi-
tion below their melting point. In the present paper
we treat tetramethylsilane Si(CH,), which does not
undergo phase transition below its melting point.

Heat capacity data for Si(CHj), were given by Aston
¢t al. In their work the sample used was of 99.88
molY%, purity, and the heat capacity data were reported
for temperatures 12 to 290 K. We have attempted to
prepare Si(CH,), of higher purity, and provide more
complete and accurate data on the heat capacity at
lower temperatures and in the premelting range, sup-
plementing the data for T<{12 K.

The Debye characteristic temperature at 0 K, 05(0),
is derived from the low temperature heat capacity data,
and a comparison of the temperature dependence of
05(T)]05(0) is made with that for other tetrahedral
molecules reported by the present authors taking into
account the octupole interaction of molecules in the
crystals.

A possible interpretation of premelting anomalies in
two crystalline forms of Si(CHj), is offered by theories
of lattice vacancies and simultaneous positional and
orientational transitions, and the activation enecrgies are
estimated from the analysis of the heat capacity curves
in the region below melting point.

Experimental

Materials. Tetramethylsilane was obtained from
Matheson Coleman & Bell Co. In analytical experiments,
a Shimadzu 4AT gas chromatograph was used with a thermal
conductivity detector under the following conditions:

*  Present address: Research Institute for Polymers & Textiles,
Sawatari, Kanagawa-ku, Yokohama, Japan.

1) Presented at the 23rd Annual Meeting of the Chemical
Society of Japan, Tokyo, April, 1970.

2) H. Enokido, T. Shinoda, and Y. Mashiko, This Bulletin,
42, 84 (1969).

3 )H. Enokido, T. Shinoda, and Y. Mashiko, ibid., 42, 3415
(1969).

4) J. G. Aston, R. M. Kennedy, and H. G. Messerly, J. Am.
Chem. Soc., 63, 2343 (1941).

Column 3 mm X 3 m, Silicone SE 30 (20%) on
Shimalite W (80—100 mesh)
Temperature 30°C

Carrier gas Helium at 40 m//min.
A chromatogram of crude Si(CH,), is shown in Fig. 1. Reten-
tion times and percentage composition of crude Si(CHj), are
shown in Table 1. The percentage composition was calcu-
lated by means of area under peaks.

=
Tetrahydrofuran
v X 64
g T™S
=
=
g
!
8
]
~ 2-Methylpentane
n-Butane 3-Methyl-
pentane
X1 / \J
0 1 2 3 :1
Retension time (min)
Fig. 1. Analytical gas chromatogram of crude Si(CH,),.
TaBLE 1. RETENTION TIMES AND PERCENTAGE
CcOMPOSITION OF CRUDE Si(CHj),
Components Retention Calculated
—_— time  composition
Peak No. Compound (min) (%)
1 n-Butane 1.3 0.02
2 Tetramethylsilane 1.6 98.12
3 2-Methylpentane 2.8 0.29
4 3-Methylpentane 3.1 0.03
5 Tetrahydrofuran 3.8 1.52

Attempts to remove impurities by a fractional distillation
or zone refining were unsuccessful, but they were completely
removed by preparative scale gas chromatography. A Varian
Aerograph Autoprep 712 preparative instrument with a
hydrogen flame ionization detector was used to prepare a
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total of 100 ml of pure Si(CHj), under the following condi-
tions:

Column 3/8 in (O.D.) x 50 ft Silicone SE 30 (10%,)
on Chromosorb A (60—80 mesh)

Temperature 80°C

Carrier gas Nitrogen at 150 m//min.

Sample size 2.0 ml injected manually
No impurities of the collected Si(CH,), were detected by
analytical gas chromatography. However, the amount of
solid-insoluble liquid-soluble impurity was determined by the
measurement of melting point, the purity being found to be
99.995, mol%.

Apparatus. A new calorimeter was constructed to
measure the heat capacity of substances which are solid or
liquid at room temperature in the range from 2 K to 150°C.
In basic design the cryostat is similar to the adiabatic calori-
meter for condensed gases described previously.® The general
assembly is illustrated in Fig. 2. About three liters of liquid
helium can be held by a coolant container F (brass cylinder)
which allows measurement to continue for a period longer
than 12 hours at low temperature. A thermal station E
(copper cylinder) has an internal volume of about 500 cc,
and can contain liquid helium in the measurements at low
temperature. A heater (#34 manganin) is wound around E,
and a difference thermocouple is placed between the thermal
station and the top of an adiabatic shield B. Thermocouple
junctions (chromel p—constantan) are provided at the bottom
of F and at E for their absolute temperature measurements.
All electrical lead wires come from the top of the cryostat
through a stainless steel pipe at the center. They wound
round the cylinder at the bottom of F and also round E and B,
entering inside the shield through 30 holes drilled at the bottom
edge of the side of the adiabatic shield. In assembly, an
inside jacket G is soldered to the bottom of F and an outside
jacket H to the top plate both with Wood’s alloy or solder.

A sectional view of the calorimeter vessel, made of silver-
plated copper (0.2 mm thick) and with an internal volume
of about 60 cc, is shown in Fig. 3. It is hung by means of

|

e

=

UL,
I oy
G L
E
B
A +c
D

Fig. 2. Cross-section diagram of the cryostat.

A: calorimeter vessel, B: adiabatic shield, C: platinum
thermometer, D: germanium thermometer, E: thermal
station, F: coolant container, G: inside jacket, H: outside

Jjacket.

5) T. Shinoda, T. Atake, H. Chihara, Y. Mashiko, and S.
Seki, Kogyo Kagaku Zasshi, 69, 1619 (1966).
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nylon cords within the adiabatic shield. Eight vanes are
soldered inside the vessel. The cap of the vessel is made of
Kovar and attached to a Pyrex glass tube through which the
vessel can be evacuated and sealed in a vacuum. A platinum
thermometer with a heater (434 manganin, 65 (3} wound on
it is cast into a re-entrant well with Wood’s alloy. A german-
ium thermometer is attached to the bottom of the vessel by
means of a sheath (copper). The platinum resistance thermo-
meter used above 13.5 K had been calibrated at the National
Bureau of Standards (J. L. Riddle, 1959). The temperature
scale was re-calculated on the International Practical Tem-
perature Scale of 1968 by using the tables of differences be-
tween the NBS-535 scale, the IPTS-48 and the IPTS-68
derived by Douglas®? and Bedford ¢ al.”? The germanium
resistance thermometer (Cryocal, Inc.) which had been
calibrated on the thermodynamic scale at the NBS (Jacquelyn
A. Wise, 1969) was used in the temperature range below
13.5 K. All measuring operations of the heat input and the
resistances of the thermometers were manually carried out.
The monitoring and control of adiabatic conditions were
automatically made.?

Vacuum

Fig. 3. Cross-section diagram of calorimeter vessel.
a: Pyrex glass tube, b: Kovar tube, c: vane, d: manganin
heater, e: copper sheath, f: silver-plated copper vessel,
g: platinum thermometer, h+ germanium thermometer.

Results and Discussion

Heat Capacity of Si(CH,),. The amount of sample
in the calorimeter was determined to be 23.0475 g
(=0.261233 mol, 35 cc) as liquid by measuring the
filling weight. The measured values of heat capactiy
in the region 2—26 K and in the premelting range
are listed in Table 2. Corrections were made for
curvature where necessary. At low temperature, tem-
perature increments were about 0.3—1°. These in-
creased to about 2° at higher temperature. The
measurements of heat capacity below melting point
were also made several times with various small tem-
perature rise (0.1—0.8°) to determine detailed shapes
of heat capacity curves for two crystalline forms in the
premelting region. Equilibrium time after heating
varied from less than one minute at low temperature
to about 7—8 min at higher temperature. In the

6) T. B. Douglas, J. Res. NBS, 73A 451 (1969).
7) K. E. Bedford, M. Durieux, R. Muijiwijk, and C. R. Barver,
Metrologia, 5, 47 (1969).
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TasLE 2. Heart capacrty oF Si(CH,),
(Molecular weight 88.226; 1cal=4.1840 absolute joules; 0°C=273.15 K)

c C, G, C,
T (K) (calfdeg T(K) (cal/deg T(K) (cal/deg T(K) (cal/deg
mol) mol) mol) mol)
(Stable form) 12.568 1.095 129.930 26.95 167.726 32.94
2.178 0.004609 12.699 1.127 131.739 27.19 168.747 33.24
2.211 0.005407 13.235 1.269 131.891 27.23 169.761 33.70
2.378 0.005865 13.418 1.321 132.842 27.39 170.764 34.21
2.758 0.008470 14.007 1.474 133.834 27.53 171.581 35.02
3.104 0.01149 14.174 1.524 134.903 27.69 171.753 35.14
3.111 0.01112 15.037 1.793 135.909 27.86 172.441 36.93
3.462 0.01563 15.637 1.977 136.686 27.98 173.193 49.69
3.685 0.01862 15.900 2.056 136.946 28.06 (Metastable form)
3.822 0.02022 16.520 2.259 137.964 28.20 136.092 28.44
4.104 0.02649 16.828 2.354 138.971 28.36 138.103 28.80
4.165 0.02739 17.371 2.532 140.000 28.51 140.117 29.13
4.478 0.03380 17.803 2.676 140.679 28.60 142.110 29.49
4.673 0.03953 18.288 2.837 140.978 28.64 144.155 29.78
4.804 0.04296 18.488 2.888 141.025 28.66 146.223 30.13
5.068 0.05152 19.243 3.154 142.730 28.91 148.252 30.46
5.121 0.05318 19.643 3.293 142.969 28.96 150.261 30.76
5.454 0.06620 20.146 3.451 144.714 29.22 152.249 31.11
5.470 0.06675 20.869 3.696 144.945 29.25 154.488 31.45
5.814 0.08241 21.019 3.755 146.747 29.53 156.501 31.76
5.880 0.08547 21.915 4.046 148.832 29.85 158.496 32.10
6.194 0.1025 22.196 4.144 150.345 30.08 160.474 32.45
6.292 0.1080 22.784 4.336 151.143 30.21 161.980 32.72
6.583 0.1269 23.491 4.566 152.388 30.39 163.025 32.93
6.700 0.1348 24.202 4.807 153.188 30.53 164.008 33.13
6.982 0.1558 24.666 4.950 155.045 30.81 164.938 33.35
7.111 0.1660 25.142 5.098 155.215 30.84 165.864 33.58
7.385 0.1901 25.749 5.289 157.049 31.13 166.584 33.89
7.522 0.2027 26.023 5.371 157.227 31.18 167.555 34.81
7.788 0.2283 105.995 23.29 159.058 31.42 168.506 36.07
7.939 0.2453 107.960 23.61 159.221 31.46 168.891 36.34
8.196 0.2732 109.905 23.92 159.803 31.52 169.420 39.11
8.364 0.2938 111.822 24.21 159.896 31.53 170.200 57.12
8.613 0.3243 113.764 24.51 161.200 31.71 170.294 89.21
8.792 0.3485 115.730 24.83 161.491 31.77 (Liquid)
9.232 0.4117 117.756 25.14 162.238 31.90 172.372 38.95
9.665 0.4808 119.839 25.47 162.910 32.00 172.895 39.06
10.076 0.5528 121.898 25.78 163.269 32.06 173.939 39.07
10.333 0.6035 123.935 26.07 164.268 32.26 174.793 39.12
10.855 0.7014 125.952 26.36 165.320 32.46 175.985 39.23
11.832 0.9153 127.861 26.66 165.566 32.50 176.078 39.27
11.849 0.9205 127.951 26.67 166.702 32.74 177.448 39.33

vicinity of melting point and for the melting duration,
it became about 14—30 min. We observed heat capa-
city anomaly to have a very large value (i.e. 49.69
cal/mol deg at 173.193 K for a stable form, and 135.4
and 308.7 cal/mol deg at 170.623 and 170.776 K for
a metastable form). No hysteresis was observed.
Triple Points of Two Crystalline Forms of Si(CHy),.
When a sample of Si(CHj), is cooled from room tem-
perature, it crystallizes in a metastable form and is
then transforms into a stable form. The transition
temperature is dependent upon the cooling rate.
The triple point of each form was obtained from a
plot of equilibrium temperatures against reciprocals of
the fraction melted. The result is summarized in Table

3. The triple point temperature for the sample of the
stable form of Si(CHj), was found to be 174.049 K,
and that of the metastable form 170.981 K. The
values are also compared with those given by Aston
et al. in Table 3.

Heats of Fusion of Two Crystalline Forms of Si(CHy),.
Data of the heat of fusion for the-two crystalline forms
are summarized in Table 4 together with those obtained
by Aston ef al. The agreement is not very good, being
beyond assigned uncertainties. This is probably due
to the fact that it is difficult to estimate exactlya §C,dT
correction at temperatures slightly below melting point,
because C, value in the premelting range increases
unusually with temperature, despite high purity of the
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and unreasonable for the enthalpy of formation of
vacancies as compared with the value of 32404220
cal/mol obtained for neopentane. We attempted to
interpret these values by assuming that Si(CHj),
undergoes simultaneous positional and orientational
transitions at melting point. According to a statistical
treatment®) of Ising lattice of three dimensions in terms
of a series expansion method, the tail of heat capacity
at sufficiently low temperature is given by the first
term of low-temperature expansion:

C(trans.) ~ (1/k)(E/T)? exp (— E/(kT)), (4)

where E corresponds to total (positional and orienta-
tional) energies of molecular interaction. It was also
found by Aston et al.® that the height of potential
barrier hindering internal rotation of methyl groups
was considerably lower than that of neopentane. Thus,
the values obtained may be regarded as the summation
of the enthalpy of vacancy formation and the total
energies of positional and orientational disordering of
the molecules and internal rotation of methyl groups.
However, it is very difficult to estimate each value
from the summation without some information on
crystal structure and molecular motions in the two
forms of Si(CHy),.

The calculation of the difference in entropy of
metastable and stable forms at 170.981 K is sum-
marized in Table 5. If the metastable form is cooled,
it is transformed into the stable form with heat evolu-
tion. The entropy of transition is equal to the dif-
ference in the entropies of metastable and stable forms
at transition temperature.

TABLE 5. ENTROPY DIFFERENCE BETWEEN METASTABLE
AND STABLE FORMs OF Si (CH,),

48 (e.u.)
Liquid from 174.049 to 170.981 K —0.693
Crystallization of Metastable Form —8.165
—8.858
Crystallization of Stable Form —9.257
Stable Solid from 174.049 to 170.981 K —0.663
—9.920
Stable— Smetastabte at 170.981 K —1.062

Low Temperature Heat Capacity of Si(CH,),.
Figure 6 gives a graph of heat capacity measurement
for solid Si(CHj), expressed in the form C,/T3 versus
T?2. In the region T2<10 (i.e., T<3.1 K), the experi-
mental value of €,/ T3 increases sharply as T decreases.
The situation resembles that of CD, crystal in the
region T<20K reported by Colwell et al® The
anomalous shape of the graph of C,/T? versus T? may
be accounted for by a certain amount of crystalline
disorder, removal of the spatial degeneracy by crys-
talline field, isotope effects of partially deuterated
methyl groups and some experimental errors. How-
ever, it does not seem worthwhile to do any analysis
of heat capacity at this stage without further evidence.

If we are to describe the extra contribution to heat
capacity as a Schottky-type anomaly, the heat capacity

8) C. Domb, Advan. Phys., 9, 289 (1960).
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may be separated into a 7-2 term and normal lattice
terms. In a graph of C,Xx T2 versus 7%, the intercept
is the coeflicient of extra contribution in 7-2 to the
heat capacity. The value 0.0051052 was used for the
cocfficient derived from the heat capacity data. The
calculated (C,—0.0051052)/T? values are shown as a
dashed curve in Fig. 6. This curve continues to
decrease and approaches a constant value asymptoti-
cally, as shown in usual crystals. The constant value
obtained corresponds to the Debye characteristic tem-
perature of 136.84-2.0° at 0K, 6,(0). In order to
compare the temperature dependence of 0p(7") assum-
ing 6N degrees of freedom for Si(CH,;), with those for
C(CH,), and CF,, the values of 0p(T) were plotted
against temperature on a reduced scale using the
65(0), as shown in Fig. 7. Here the mean intramolec-
ular rotational frequency of the methyl group in Si-
(CH,),, 170.5 cm1, obtained by Durig et al.1% from
their far-infrared spectrum, was used and C,—C, cor-
rection was neglected. In Fig. 7 the shape of the
0p(T)/05(0) curve for Si(CH,), is rather similar to that
for C(CH,), and CF,, although there are differences
in detail. This seems to demonstrate that the Si(CHj),
crystal does not differ from a tetrahedral plastic crystal.
Only its transition point of orientational disordering is
very close to melting point as observed in the pre-
melting phenomena in the heat capacity curve.

5.5¢F

5.0r©

4.5r

104X Cp/ T (cal/mol deg*)

3'50 50 100 150

T2
Fig. 6. Plot of Cp/T? versus T*? for Si(CH,),.
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Fig. 7. 0p(T) curve on a reduced basis of tetrahedral molecules
O: Si(CHy), ®: C(CH,), A: CF,

9) J. H. Colwell, E. K. Gill, and J. A. Morrison, J. Chem.
Phys., 39, 635 (1963).

10) J. R. Durig, S. M. Craven, and J. Bragin, J. Chem. Phys.,
52, 2046 (1970).
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The Crystal Structures of Methyl Bromide and Methyl Iodide
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The crystal structures of methyl bromide and methyl iodide have been determined by the X-ray diffraction
method at about —120°C and about —80°C respectively. Both the crystals are isomorphous, with orthorhombic

space group D,;— Pnma.

Unit cells containing four molecules have the dimensions: a=4.47,(1), =6.42,(2),

and ¢=9.15,(1) A for methyl bromide, and : a=4.59,(2), 6=6.98,(1), and ¢=10.11,(1) A for methyl iodide. These

structures are quite different from that of methyl chloride, which has a symmetry of C}:—Cmc2,.

In the three

crystals, all the molecules are found on the mirror planes; the difference lies in the mutual orientations of the mole-

cules.

As part of a series of investigations of various halogen-
ated methanes, the crystal structures of methyl bromide
and methyl iodide have been determined by the X-ray
diffraction method. Since Burbank reported the crys-
tal structure of methyl chloride,! several spectroscopists
have discussed whether or not the crystal structures of
methyl bromide and methyl iodide are isomorphous
with that of methyl chloride.?? The present authors
will here report the crystal structures of these two
compounds.

Experimental

Methyl bromide and methyl iodide, both from commercial
sources (Tokyo Kasei Industries, Ltd. and Wako Pure Chemi-
cal Industries, Ltd., respectively), were purified repeatedly
by recrystallization by cooling and by vacuum distillation,
followed by sealing in thin-wall glass capillaries in vacuum
(0.3 mm in internal diameter and 0.01 mm in wall thickness).
The specimen was placed on an X-ray goniometer head and
was crystallized by letting flow thereby a cold gas stream from
liquid nitrogen. By means of careful temperature control,
it was possible to grow a seed of a crystal very near to the size
of the capillary at temperatures directly below the melting
point (—93.7°C for methyl bromide and —66.5°C for methyl
iodide) ; the crystal was then cooled gradually. It was found
later that a single crystal of methyl bromide was grown with
the [110] axis, and that a single crystal of methyl iodide was
grown with the [100] axis, of the respective orthorhombic
lattices nearly along the capillaries.

The cell dimensions of the two crystals were determined
from oscillation and Weissenberg photographs around the
axes mentioned above. These measurements were made at
about —120°C for methyl bromide and at about —80°C for
methyl iodide. From systematic extinctions (0k/ with k+/
odd and #k0 with % odd) and intensity distributions, both the
crystals were found to belong to space group Pnama or Pn2a,
with four molecules per cell. The crystal data for these two
compounds are summarized in Table 1. The intensity data
were collected by means of multiple-film oscillation photo-
graphs, using Ni-filtered Cu Ke radiation; 212 independent
reflections around the [110] axis for methyl bromide, and 177

¥ To whom all correspondence should be addressed. Present
address: Department of Research and Development, Nippon
Crucible Co., Ltd., 925 Inada, Higashi-Osaka 577.

t Deceased on May 3lst, 1967.

1) R. D. Burbank, J. Am. Chem. Soc., 75, 1211 (1953).

2) D. A. Dows, J. Chem. Phys., 29, 484 (1958); M. E. Jacox
and R. M. Hexter, ibid., 35, 183 (1961); M. Ito, ibid., 41, 2842
(1964); R. Kopelman, ibid., 44, 3547 (1966).

TaBLE 1. CRYSTAL DATA
Methyl bromide, CH,Br Methyl iodide, CH,4I
MW 94.94 MW 141.94
Mp —93.7°C Mp —66.5°C
Tr. p. —99.4
Exp. temp. —120 Exp. temp. —80
Orthorhombic Orthorhombic
a =4.4744-0.012A a = 4.597+0.016 A
b =6.4204-0.019 b = 6.987+0.012
¢ =9.15040.013 ¢ =10.1174-0.011
V= 262.8A3 V= 324.9A3

Dy =2.399 g/cm3
D,»=2.346 (at —195°C)

Dy =2.901g/cm?
D_»=2.840 (at —79°C)

1 =188.64 cm™ (Cu K«) u =815.77 cm™! (Cu Ka)
D — Prma D! — Pnma

such reflections around the [100] axis for methyl iodide, were
used for the following analyses. The intensities measured
visually were corrected for Lorentz-polarization and absorp-
tion effects by the cylindrical approximation, after which
they were brought into respective common scales by con-
sidering different time exposures.

Structure Determination and Results

Approximate co-ordinates of the halogen (bromine
or iodine) and carbon atoms, deduced from the three-
dimensional Patterson diagrams, indicated that these
atoms lie on the mirror planes given by the space
group Pnma. Least-squares refinement, omitting the
hydrogen atoms, was applied by using isotropic tem-
perature factors. No positive evidence was found that
the space group should not be Pnma. The discrepancy
indices, R=31||F,|—|F,||/3|F,|, dropped to 0.1l for
methyl bromide and to 0.12 for methyl iodide.

The observed and calculated structure factors are
listed in Table 2, while the final sets of the positional
and thermal parameters of the halogen and carbon
atoms are listed in Table 3. The two crystal structures
are isomorphous, having the symmetry Dif-Pnma.
There are four molecules in each unit cell. The
halogen and carbon atoms lie on the mirror planes.
Figure | shows a schematic drawing of the molecular

3) W. Blitz and A. Sapper, Z. Anorg. Allgem. Chem., 203, 277
(1932).
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TABLE 2. OBSERVED AND CALCULATED STRUCTURE FACTORS

(a) Methyl bromide

F,
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=-75.26
-60.50

4,99
-62.08
-84.70

-3.93

40.83

-124.91
-40.03

63,58

52.83

=4,39

43.22

62,39

3,22
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-14,83

73.31
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=41.64
-36.36
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(b) Methyl iodide
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TABLE 3. POSITIONAL AND THERMAL PARAMETERS OF THE
HALOGEN AND CARBON ATOMS, WITH THEIR
e.s.d.’s IN PARENTHESES

;(?1?111::1 atom X Y VA B (A?)
CH,Br Br 0.1544( 9) 1/4(—) 0.0968( 4) 3.51( 7)

C 0.3330( 88) 1/4(—) —0.0871( 42) 3.35( 73)

CH,I I 0.1571( 15) 1/4(—) 0.0946( 4) 4.60( 9)
C 0.3144(214) 1/4(—) —0.1039( 61) 4.00(128)
Fig. 1. Schematic drawing of the crystal structure of methyl

bromide and methyl iodide, projected along the b axis.
Interatomic distances and angles between neighboring
molecules for methyl bromide and those for methyl iodide
(in parentheses) are given.

arrangement of the two crystals, projected along the
b axis. In this figure, an assumed orientation of the
methyl group, as will be described later, is given, and
the interatomic distances and angles between neigh-
boring molecules for methyl bromide and those for
methyl iodide (in parentheses) are given.

The bond distances between the halogen and carbon
atoms are found to be 1.86;4-0.04 for Br-C and 2.13,4+
0.06 A for I-C. The corresponding values obtained
by a microwave study?® in the gaseous state are 1.9391
and 2.1392 A. Because of the large e.s.d.’s of the
carbon positions, it can not be said that these bond
distances are different in their gaseous and crystalline
states.

Each halogen atom is in contact with two halogen
atoms of the neighboring molecules lying on the same
mirror plane, with distances of 3.5874-0.008 for Br---Br
and 3.895+0.010 A for I---I. These distances are
much shorter than twice the conventional van der
Waals radii, 3.90 for the bromine atom and 4.30 A
for the iodine atom. The juxtaposition of the mole-
cules is such that:

4) S. L. Miller, L. C. Aamodt, G. Dousmanis, C. H. Townes,
and J. Kraitchman, J. Chem. Phys., 20, 1112 (1952).
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Z C-X.-.X
Methyl bromide 116° and 167° = 1°
Methyl iodide 124° and 164° =+ 2°,

where X denotes the halogen atom. It should be
noted that the smaller values, 116° and 124°, can be
compared to the sp? tetrahedral angle, while the larger
ones are not far from 180°.

Discussion

Egan and Kemp® have reported that there is a
first-order phase transition in the crystal of methyl
bromide, occurring at —99.4°C with a latent heat of
0.113 kcal/mol. Although the present structure deter-
mination was carried out for the crystal at about
—120°C, much lower than the transition point, it
might have been of a supercooled form of the high-
temperature one («). In order to clarify this question,
the following experiment was carried out.

Fig. 2. Powder patterns for methyl bromide at various tem-
peratures. a—d correspond to the low-temperature phase,
¢ and f to the high-temperature phase, and g to the liquid
phase.

A polycrystalline specimen of methyl bromide was
heated to almost its melting point (—93.7°C), then
cooled slowly, and subsequently repeatedly warmed-up
and cooled-down. Powder patterns, given in Fig. 2,
were taken at several temperatures, from —120° to
—90°C. These patterns clearly show the existence of
the phase transition between the temperatures of —102°
and —98°C. The low-temperature phase (f) was
identified as the crystal structure described in the
previous section. The crystal structure of the high-
temperature phase («) must be of a form related to
that of the low-temperature form, since the heat of
transition is very small.

It is found that the crystal structure of methyl bromide
(8) and methyl iodide are isomorphous and that they
are quite different from that of methyl chloride. The
crystal of methyl chloride is orthorhombic, with a
tetramolecular cell with dimensions of a=6.495, b=
5.139, and ¢=7.523 A, and it belongs to space group
C}—Cme2,.) However, if one replaces the methyl
group by its counterpart halogen atom, the three

5) GC.]J. Egan and J. D. Kemp, J. Amer. Chem. Soc., 60, 2097
(1938).
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crystal structures will become almost the same as the
structures of solid halogen crystals, Cl,, Br,, and I,,
which are known to be isomorphous.® The difference
between the crystal structure of methyl chloride and
those of methyl bromide and methyl iodide can be
seen in the mutual orientation of the molecules. In
the crystal of methyl chloride, the molecules lying on
the mirror plane are aligned head to tail and are
parallel with the molecules lying on the adjacent
mirror planes. On the other hand, in the crystals of
methyl bromide (f) and methyl iodide, the molecules
lying on the mirror plane are aligned head to head
and are antiparallel with the molecules lying on the
adjacent mirror planes.

It was previously inferred by one of the present
authors? that, in the crystals of Br, and, particularly,
I,, partial covelency, based upon the charge transfer
from the pn*- to the po*-orbitals between the neigh-
boring molecules lying on the mirror plane, plays a
part in the intermolecular bonding. In the crystals of
methyl bromide () and methyl iodide also, the mutual
orientation of the molecules lying on the mirror planes
seems to favor a covalent bonding between the halogen
atoms of the neighboring molecules. It may be sug-
gested that this intermolecular bonding is responsible
for the exceedingly short distances for X:--X; it can
also explain why those crystal structures differ from
that of methy! chloride.

As can be seen in Fig. 1, the methyl groups are
loosely packed in the structures; this suggests that
these groups are in a state of hindered rotation or
reorientation. Indeed, an NMR study® of methyl
iodide has shown that the observed second moment,
AHR2, at —183°C is 8.4 gauss? and that the rotation
sets in at about —150°C, where the line width, 6H,

6) L. W. G. Wyckoff, “Crystal Structures,” Vol. 1, New York,
London, Sydney: Wiley-Interscience (1964), p. 52.

7) Y. Tomiie, Kwansei Gakuin Univ. Ann. Studies, 10, 208 (1961).

8) H. S. Gutowsky and G. E. Pake, J. Chem. Phys., 18, 162
(1949).
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decreases from 5 to 3 gauss. When an NMR study of
powdered specimen of methyl bromide was carried out,
it showed that an appreciable rotation of the methyl
group occurred from its melting point down to the
boiling point of liquid nitrogen. The line width,
0H=~4.7 gauss, and the second moment, A4H,%~7.5
gauss?, remain constant in this temperature range.
Here, the theoretical values for the second moment
are 27.6 and 5.0 gauss? for the stational and rotational
states respectively. Figure 1 gives the most stable
orientation of the methyl group, as suggested by the
lattice-energy calculations.®

The actual alignment of molecules should correspond
to the potential energy minimum. By keeping the
unit-cell dimensions and the crystal symmetry, varia-
tions in the potential energies with the positional and
orientational parameters of the respective molecules,
which are X, Z, and 6 for methyl bromide and methyl
iodide and Y and 6 for methyl chloride, were calculated
by means of the lattice-energy calculations, as cited
in the previous paper.” It was found that the poten-
tial minima based upon the rotational models of the
methyl groups are in better agreement with the respce-
tive molecular arrangements than those based upon the
stational models. Burbank assigned the crystal struc-
ture of methyl chloride the stational orientation of the
methyl group by comparing the observed structure
factors. However, it can be expected from the lattice-
energy calculations that the rotation of the methyl
group also occurs in the crystal of methyl chloride.

The authors wish to thank Professor Tokunosuké
Watanabé for his helpful discussions during the pre-
paration of this manuscript. They are also indebted
to Dr. Akio Furusaki and Mr. Hiroyuki Utsumi for
their assistance in these analyses, and to Dr. Asako
Kawamori for her assistance in the NMR measurements.

9) T. Kawaguchi, K. Takashina, T. Tanaka, and T. Wata-
nabé, Acta Crystallogr., B 28, 967 (1972).
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The Crystal Structures of Methylene Dibromide and Methylene Diiodide
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The crystal structures of methylene dibromide and methylene diiodide (Form II) have been determined by
the X-ray diffraction method at about —90°C and about —20°C respectively. Both the crystals are isomorphous,

with monoclinic space group C%,—C2/c.

Unit cells containing eight molecules have these dimensions: a=12.239

(12), b=4.459(15), c=15.212(16) A, and f=113.54(7)° for methylene dibromide, and a=13.346(3), 6=4.720(90),

¢=16.479(5) A, and $=114.48(8)° for methylene diiodide.

obtained by lattice-energy calculations.

As part of a series of investigations of molecular
interactions on various halogenated methanes, the
crystal structures of bromoform,) iodoform,? methyl
bromide and methyl iodide® have already been re-
ported. It has been found that bromoform and iodo-
form are isomorphous, and that methyl bromide and
methyl iodide are also isomorphous, but their chlorine
congeners have quite different structures. In this and
succeeding papers, the crystal structure sof methylene
diiodide, methylene dibromide, and methylene dichlo-
ride will be reported.

Marzocchi et al.9 ascertained, by their spectroscopic
studies, that methylene diiodide exists in two solid
phases; one is a metastable form, I, melting at 5.54°C,
while the other is a stable form, II, melting at 6.01°C;
Form I is easily and irreversibly transformed to Form
IT at temperatures above 0°C. They also reported
that methylene dibromide and methylene diiodide (II)
are isomorphous and have a structure based on P2,/c,
while methylene dichloride has a structure based on
Phen.

Experimental

Methylene dibromide and methylene diiodide from Nakarai
Chemicals, Ltd., were purified by vacuum distillation and
were sealed in thin-wall glass capillaries (0.3 mm in internal
diamter and 0.01 mm in wall thickness). A single crystal
was carefully produced in a way which has previously been
described.»® In all the experiments on these two crystals
thus far carried out, it has been found that only one kind of
zone axes grows nearly along the capillaries. This is the
[010] axis of a monoclinic lattice. The single crystal obtained
was gradually cooled to about —90°C for methylene di-
bromide and to about —20°C for methylene diiodide for the
taking of oscillation and Weissenberg photographs.

The cell dimensions of both the crystals were determined

* To whom all correspondence should be addressed. Present
address: Department of Research and Development, Nippon
Crucible Co., Ltd., 925 Inada, Higashi-Osaka 577.
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Phys., 45, 1400 (1966) ; M. P. Marzocchi, P. Manzelli, V. Schettino,
and S. Califano, ibid., 49, 5438 (1968); M. P. Marzocchi, and P.
Maznelli, #bid., 52, 2630 (1970).

The orientations of the methylene groups have been

TaBLE 1. CRYSTAL DATA
Methylene dibromide, CH,Br, Methylene diiodide, CH,I,
MW 173.85 MW 267.84
Mp —-52.8°C Mp (II) 6.01°C
(I) 5.54

Exp. temp. —90 Exp. temp. —20
Monoclinic; C§,—C2/c Monoclinic; C%,—C2/c
Z= 8 Z= 8
a= 12.23940.012A a= 13.34610.003 A
b 4.4594-0.015 b= 4.724-0.09
c 15.2124-0.016 ¢ = 16.4794-0.005
p=113.54 +0.07° B =114.484-0.07°
V=761.4A3 V=944.7 A3
D, =2.994 g/cm? D, =3.765 g/cm?
D_,=2.4953 (at 20°C) D, =3.3326 (at 15°C)
2.999 (at —79°C) 4.013 (at —195°C)
14=274.0 cm™ (Cu K«) u=1121.2 cm™ (Cu Kax)
139.2 (Mo Ka)

from oscillation and Weissenberg photographs taken around
the [010] axis, using Cu K« radiation. Intensity distribu-
tions and systematic extinctions (h+% odd for #4/ and ! odd for
h0l) showed that the crystals belong to space group Cc or C2/c,
with eight molecules per cell. The crystal data are summa-
rized in Table 1. The densities calculated are much larger
than that for liquid, much as in the cases of bromoform, methyl
bromide, and methyl iodide. These intensity distributions
and the cell dimensions strongly suggest that the two crystals
are isomorphous.

Integrated intensities were collected by means of the mul-
tiple-film method and the equi-inclination Weissenberg
technique, using Ni-filtered CuKx radiation for methylene
dibromide and Zr-filtered MoKx radiation for methylene
diiodide. Here, the intensity data for methylene diiodide
were recorded jointly by means of different time exposures.
Reflections were observed up to the third layers around the
[010] axes, though for methylene dibromide, 205, and for
methylene diiodide, 244 independent reflections from the
zero-th and first layers were used in order to determine the
respective structures. The intensities were measured visually
and corrected for Lorentz-polarization and absorption effects
with the cylindrical approximation; then the intensities
were brought into respective common scales by considering
them at different time exposures.

Structure Determination

Approximate co-ordinates of the iodine atoms of
methylene diiodide were found from the Patterson
diagrams. With isotropic temperature factors, these
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co-ordinates were refined by the least-squares method,
based upon the centrosymmetric space group, C2/c.
The reliability factor, R=3}||F,|—|F,||[3]|F,|, dropped
from 0.25 to 0.16. The difference Fourier synthesis
gave merely a hint of the position of the carbon atom.
Further refinement was applied in order to determine
the positions of the iodine atoms with anisotropic tem-
perature factors, where the anomalous dispersion effect
was considered. The R values were finally indicated
to be 0.12.

Another refinement based upon the non-centrosym-
metric space group, Cc¢, was made in parallel. How-
ever, this gave no significant improvement. It was,
therefore, concluded that the crystal structure of
methylene diiodide belongs to the space group C%,—
C2/e.

The crystal structure determination of methylene
dibromide was started using the least-squares method
by substituting the final co-ordinates of the iodine
atoms of methylene diiodide for those of the bromine
atoms. The R value was about 0.3 at the begining
and decreased to 0.25 with isotropic temperature factors
of bromine atoms, where the anomalous dispersion
effect was also considered. The difference synthesis
gave merely a diffuse indication of the position of the
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carbon atom, much as for rﬁethylene diiodide. The
least-squares refinement with anisotropic temperature
factors for the bromine atoms reduced the R value to
0.21.

Results and Discussion

X-Ray Analysis. The observed and calculated
structure factors are listed in Table 2, and the final
sets of the positional and thermal parameters of the
halogen atoms are summarized in Table 3. The two
crystal structures are isomorphous, with the symmetry
of C2jc. As has been mentioned in the previous
section, Marzocchi ef al. reported that the crystal of
methylene diiodide has two forms, I and II, and that
Form II is isomorphous with the crystal of methylene
dibromide. In view of our experimental procedure
in obtaining the single crystal, the measurement for
methylene diiodide must have been carried out on the
stable form, II.

The interatomic distances for X:--X in the mole-
cules, where X denotes the halogen atom, are calculated
to be 3.174-0.02 A for methylene dibromide and 3.56 4
0.01 A for methylene diiodide. These values are in
excellent agreement with those given by electron dif-

TABLE 2. OBSERVED AND CALCULATED STRUCTURE FACTORS

(a) Methylene dibromide

O A A I T A N A
( k=0 ) 12 -8 92.93 103.26
0 6 104.02 54.83 14 -8 16.41 22.97
0 8 292.76 279.05 4 10 128.u7 81.07
0 10 86.21 52.23 8 10 40.19 S5u.43
0 12 149.10 1u45.80 2 =10 12.00 13.87
0 14 53.78 40,54 4 -10 138.24 162.66
0 16 53.u5 60.70 6 -10 18.33 48.78
2 0 24,20 19.45 8 -10 211.12 211.74
4 0 248.16 275.51 10 -10 19.82 31.09
6 0 90.82 46.79 12 -10 104.76 75.26
8 0 §5.01 50.02 14 =10 §3.71 42.29
10 0 44,86 22.00 2 12 21.47 1.76
12 0 89.29 80.11 4 12 15.11 76.62
1y 0 8.82 7.31 6 12 13.20 9.34
2 2 14.40 12.80 4 =12 180.37 100.28
6 2 34,45 32.33 6 =12 50.37 21.35
8 2 206.58 202.21 8 -12 49,88 14.90
10 2 28.41 34,92 10 -12 49.43 2,21
12 2 29.26 84,21 12 =12 84,563 82.18
2 =2 35.71 2.40 14 =12 12.55 25.26
10 -2 32.82 40.72 4 1y 50.05 41.76
12 -2 63.60 101.77 2 -1y 22.19 13.97
% =2 39.44 29.89 b -1% $3.00 89.10
2 4 25.69 12.72 6 -14 13.72 35.05
4 4 166.13 217.93 8 -1y 124,97 135.52
6 4 58.42 33.39 10 -1u 15.24 18.71
8 4 §9.91 §1.27 12 -14 90.17 43.20
10 4 31.01 19.80 14 -1y 29.26 36.15
12 4 49.43 S2.41 4 -16 101.16 50.26
2 =4 25.95 8.23 8 -16 4u.08 21.72
4 =4 302.52 256.37 10 -16 33.38 5.70
6 -u 98.02 49.25 12 -16 29.26 49.76
8 -4 16.90 30.70 4 -18 12.07 37.69
10 -4 58.80 18.66 8 ~-18 35.68 72.35%
12 =4 111.64 101.59
4 -4 15.57 16.20 ¢ k=1)
4 6 219.55 1u5.95 3 0 94.41 114.95
6 6 18.03 13.61 5 0 84.90 81.82
8 6 108.92 121.21 7 0 137.99 135.98
10 6 20.01 27.10 9 0 78.02 63.87
6 -6 22.77 §7.72 11 0 79.94 67.03
8 -6 258.73 267.55 3 1 209.39 227.79
10 -6 26.69 39.83 5 1 148.89 161.00
12 -6 100.87 98.88 7 1 161.09 149.83
14 -6 S4.04 40.09 9 1 63.98 49.88
2 8 24,94 5.72 11 1 45.77 39.73
6 8 32.95 19.74 3 -1 74.97 78.61
8 8 43.33 39.22 5 -1 §3.u44 43.61
10 8 11.45 14,81 7 -1 84,03 72.31
6 -8 76.03 36.92 g -1 79.24 81.20
8 -8 29.84 3.87 11 -1 108.53 95.85
10 -8 54,26 10.89 1 2 191.34 221.56

o1 1Pl 17 A1 1Foh [Pl

3 2 131.98 118.75 1 8 34.96  28.13
5 2 91.27  63.81 3 8 40.62  53.05
3 =2 147.06 125.42 7 8 51.69  43.63
5 -2 81.85 65,22 1 -8 40.45 45,49
11 -2 55.88  56.28 3 -8 95.63  79.35
1 3 157.78 123.90 5 -8 73.66  62.54
3 3 100.25 73.26 7 -8 84.21 141.62
7 3 50.73  49.28 3 -8 55.79  72.96
3 3 40.19  56.74 11 -8 79.76  59.42
11 3 72.53  66.40 1 9 94.15  94.35
1 -3 192.13 218.52 3 9 102.95 90.50
3 -3 263,87 2u43.05 5 9 73.31  69.15
5 -3 190.73 172.56 79 70.09  58.55
7 =3 143.75 171.0§ 1 -9 33.82  45.96
3 -3 49.16  51.00 3 -9 36.79  32.35
11 -3 47,25  46.58 5 -9 63.72  48.69
3 73.57  85.71 7 -9 92.40  72.11
5 4 45.59  62.33 9 -9 79.15  81.62
74 90,57  89.26 11 -9  128.14 103.12
3 48.6%  39.06 110 88.7%  84.20
11 4 48.47 52,19 3 10 59.10 5§3.56
1 -4 35,22  41.29 5 10 38.36  29.76
3 -4 102.16 109.75 1 -10 79.50  87.22
5 -4 92.75  82.09 3 -10 51.69  62.61
7 -4 205.90 158.41 5 -10 26.33  32.00
9 -4 78.83  77.79 11 -10 69.74  52.69
11 -4 66.16  70.96 1 11 79.33  55.31
1 5 159.09 160.63 3 11 41.49  32.65
3 5 144,18 157.74 1 -11 97.63  90.54
5 5 109.23 116.83 3 =11  120.38 117.35
7 5 109.49 103.90 5 -11  72.09 86.16
3 5 53.44  37.94 7 -11  79.15 106.86
115 28.9%  27.26 1 12 42,89  27.55
1 -5 75.40 86,86 1 -12 38.70  37.72
3 -5 42,80  58.35 3 -12 69.48  45.62
5 -5 72.61 54,01 5 -12 50.91  36.11
7 -5 12.90 82.02 7 -12 75.84 101.15
9 -5 100.68 92.11 9 -12 43,15  S4.41
1 6 1u43.40 149.00 11 -12 48.03  38.08
3 6 100.25 87.83 1 13 27.98  47.02
5 6 71.57  48.61 5 -13 43.59  34.58
1 -6 121.43 157.52 7 -13 66.95  50.07
3 -6 87.u43 98.52 9 -13 48.03 57.6L
5 -6 43,15  51.26 11 -13 88.39  76.62
11 -6 79.24%  61.43 11 -1y 40.80  34.15
1 7 125.70  90.34 3 -15 68.26  61.80
3 7 80.98  53.78 5 -15 39.23  4u4.23
1 -7  144.79 152.95 7 =15 43.50  60.81
3 -7 179.22 187.13 3 -16 45.68  18.35
5 -7 125.18 137.43 5 -16 30.68  1b4.24
7 =7 141,30 152.33 7 -16 50.12  60.63
11 -7 66.60  43.18 7 -17 43.50  28.52
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(b) Methylene diiodide
BT R (Fl | 2 1 IR I | BTV i7dl LI 17l R S X 1F)
- - - 219.97
= -6 4  146.97 124.40[C k=1 ) 5 6 134.81 96.58 [-11 13  227.85
¢ ﬁ ° % 316.36 302.45| - 6 217.83 172.76] 1 5 261.40 244.85| -5 7 243,68 205.24% |-11 1§ 73.74 82,63
% % 432.69 451.28| - 8 145.33 106.70} 1 9 174,37 149.30) -5 8 112.66 82.36 |-11 16  1u4.94 114,54
% 6 204.31 181.64| -6 10 171.36 163.46f 1 10 170.57 158.71) -5 9 62.98 62.19 [-11 17  133.55 170,59
4 8 369.74 332.05| -6 12 95.90 65.99| 1 11 177.22 155.62| -5 10 74.69  64.69 |-15 0 67.41 83,73
4 10 107.43  91.40{ -6 14 134,12 132.19| 1 12 83.86 58.11| -5 11  181.97 137.59 [-15 1 123.74 150.60
4 12 213.87 218.07| -6 18 71.18  93.74| 1 13 88.29 76.51| -5 12 81.65 56.73 =15 2 71.20  71.83
4% 16 110.07 130.44| -8 2  407.97 429.61| 1 1b 82,60 94.67| -5 14 55.06  41.09 [-15 & 80.38  96.69
6 0 138.41 98.57| -8 4 179,93 153.27] 1 15 104,43 107.61| -5 1§ 83.86 81.17 |15 5  151.27 184.58
6 2 158,51 118.28| -8 6 uu6.,20 457.11( 3 7 158.55 128.12( -7 0 220.89 218.38 [F15 6 86.71  9u,21
6 6 117.65 89.74/ -8 8 118.96 82.31| 3 9 207.60 178.02| -7 1 100.00 89.41 [15 8 71.84  95.87
6 10 §7.89 69,90 -8 10 390.50 395.72| 3 10 125.95 113.02{ -7 2  121.8% 124.60 [-15 9 154,75 197.23
8 0 220.79 192.55| -8 14 289.34 287.98| 3 11 104.12 83,22 -7 3  367.41 364.57 [-15 10 121.21 108.10
8 2 352.94 331.41] -8 18 147.63 163.84( 3 12 57.28 43.63| -7 4  260.45 259.78 |15 12 93.36  79.67
8 4 205.96 186.46|-10 2 193.77 179.15| 3 13 101.59 106.33| -7 5 160.13 124,07 |15 13 156.65 182.90
8 6 266.27 218.27[-10 6 231.34% 203,52 3 1 83.23 69.89| -7 6 127.85 100.56 [15 14 95.00 106.64
8 8 119.95 151.56/.10 10 221.u5 198.90| 5 9  1us.9u 119.92} -7 7  380.07 3u4.26 | 1 3 190.51 221.20
8 10 140.38 126.35|-10 14 177.62 166.22| S 10 98.10 96.81| -7 8 273.11 253.06 | 1 5 208.23 244.85
8 12 75.1% 106.96/ -10 18 107.76 119.34| 5 13 61.71 67.53| -7 9 186.08 139.90 | 1 6 215.51 238.63
10 2 170.76 140.02{-12 2 253,75 256,71 7 13  100.64 93.19| -7 10 82.60 §7.01f 1 7 211.08 199.74
10 6 107.10 101.88|-12 4 92.93 70.19| -1 S 180.38 135,23| -7 11  281.65 268.66 | 3 1  330.39 388.23
10 10 75.79  70.97|-12 6 259.68 264.81] -1 6 235.13 221.14{ -7 12 198,11 205.09 f 3 2 197.16 220.30
12 2 238.59 212.39/-12 8 121.27 112.39{-1 7 288.30 246.12) -7 13 128,17 129.63 | 3 3  156.97 166.71
12 6 155.87 153.16(-12 10 237.60 230.04| -1 9 106.02 80.76| -7 15 172.16 179.40 | 3 4 68.99 107.62
12 10 125.23 98.67|-12 12 142,03 128.40| -1 10 130.70 138.11} -7 16 109.81 143.59 3 5 247.48 278.91
1 2 118.63 81.ulj-12 1y  181.25 170.00| -1 11  180.70 161.50} -7 17 80.70 103.01 | 3 6 153.49 168.93
ST 93.59  73.55|-12 16 111.06 116.08] -1 13 54.75  47.07| -7 19 94,62 104.1% | § 1  250.32 240.86
16 0 94.58  55.41| =12 18 85.35 107.51| -1 14 88.61 80.56( -9 0 84.81 7u.u4 | § 2 132,60 138.30
16 2 104.13 104.00(-12 20 76.45 86.19| -1 15 109.50 95.02( -9 1 58.86 58.31 | 5 3 54,43  33.68
18 0 98.86  94.16| =14 0 89.31 90.37| -3 0 -120.26 147.99| -9 3 96.84 84.68 | 5 4 67.72 58.15
0 6 163.45 110.02|-14 2 126.87 115.23| -3 1 159.18 170.25| -9 4 106.02 85.93 | 5 5 175.64 184.88
0 8 u453.78 500.04[-1u & 112,37 105.91} -3 2  255.70 239.87| -9 5 96.21 85.10 | § 6 110.13 125.17
0 10 148.62 11u4.63|-14 6 152,58 143.20f -3 3  407.92 434,09| -9 6 50.00 34.83 | 7 1 284,82 317.10
0 12 318.99 306.90[-14 8  131.49 118.44 =3 4 194,94 165.91| -9 7 86.39 55.55 | 7 2 87.66 116.72
0 14 105.78 92.93|-14 10 162.79 151.15{ -3 5 150,95 116.90{ -9 8 101.90 77.08 | 7 4 121.52 156,39
0 16 150.27 173.47{-14 12  110.40 122.62] -3 6 252.54 206.19{ -9 9 101.27 88.58 | 7 5 185.45 234.08
-2 8 91.94  65.64|-14 14 144,67 133.50| -3 7  381.66 376.24| -9 12 77.53  s4.10 | 7 6 54.43  88.67
-2 10 80.74  45.56| -1% 16 106,12 114.55( =3 8 193.04 156.46| -9 13 68.36 69.17 | 7 8 84.81 101.02
-2 14 64.59  53.02] -14 18 93.26 98.49| -3 9 51,90 51.55|-11 0 142.73 164.49 | 7 9  129.43 153.72
-4 2 327.23 398.71|-16 2 136.10 115.43| -3 10 137.66 145.19]/-11 1  160.76 186.13 [ 9 1 126.27 97.09
-4 4 376.01 488.50/-16 4 111.38 92.05( -3 11  277.22 276.77|-11 3 173.74% 174.09 [ 9 2 65.82 75,27
-4 6 379.96 398.52|-16 6 115,01 108.3%} -3 12 131.65 127.87(-11 4 183.87 189.72 | 9 5 70.26  88.65
-4 8 363.48 359.02|-16 8 143,02 121.89f -3 1 68.04 86.59/-11 5 238.93 230.90 |11 1 146.52 152.47
-4 10 350.30 324.77|-16 10 94.25 82.67] -3 15 174.69 178.88|-11 6 92.72 51.41 {11 3 130.70 131.65
-4 12 2u4,.52 225,66{ -16 12 133.46 132.69] -3 16 80.70 92.22|-11 7 188.30 166.39 | 11 ] 88,93 125.1%
-4 14 254,73 229.07|-16 16 94,25 119,72f -5 0 67.72 89.09|-11 8 171.84% 187.53 |11 § 95,57 115.17
-4 16 115.34 126.45(-18 4 96.56 117.32| -5 1 47,15 11.14[-11 9  259.50 243.95 |11 7 71.20  84.57
-4 18 121.93 144,.31|-18 8 134,12 135.51| -5 2 128.u8 125.84{.11 10 68.36 64.91 |15 3  109.50 110.0%
-6 2 191.46 152.46/-18 12  135.u4 142,32 -5 3 294,00 251.41}-11 11  142.09 129.88
-5 5 39.24 51.72|-11 12 160.45 158.11
TaBLE 3. POSITIONAL AND THERMAL PARAMETERS, WITH THEIR €.5.d.’s IN PARENTHESES
*The anisotropic thermal parameters for the halogen atoms are the form;
2 2
exp[~(B11h?+ Bask®+ Bssl? + Brohk+ Boskl+ Bsylh) ]
Methylene dibromide Methylene diiodide
Parameter
Br (1) Br (2) I(1) I(2)
X 0.0920 ( 7) 0.3499 (  7) 0.0945 ( 4) 0.3591 ( 4)
Y 0.6639 ( 53) 0.6330 ( 54) 0.6650 ( 35) 0.6398 ( 32)
VA 0.1279 ( 7) 0.1270 ( 7) 0.1309 ( 4) 0.1276 ( 4)
P 0.0047 ( 6) 0.0050 ( 7) 0.0046 ( 3) 0.0022 ( 2)
Boe —0.1232 (377) —0.1070 (391) 0.0190 (235) 0.0550 (221)
Bas 0.0050 ( 5) 0.0055 ( 6) 0.0040 ( 3) 0.0025 ( 2)
B, —0.0009 ( 68) —0.0075 ( 75) —0.0018 ( 42) 0.0020 ( 38)
Bas —0.0044 ( 60) —0.0051 ( 64) —0.0039 ( 36) 0.0001 ( 34)
Bay 0.0053 ( 10) 0.0050 ( 10) 0.0066 ( 5) 0.0015 ( 4)

fraction studies for the gaseous state—3.16,5 and
3.57, A9 (see Table 4). It may, therefore, be permis-
sible to assume a rigid molecule in these crystals.
Schematic drawings of the crystal structures of meth-
ylene dibromide and methylene diiodide are given in
Figs. 1 and 2. Figure 1 is the projection of the struc-
ture on the (010) plane, and Fig. 2, the bounded
projection on the (001) plane of the molecules lying in
Z=~+40.13. In these figures, the orientations of the

5) H. A. Levy and L. O. Brockway, J. Amer. Chem. Soc., 59,
1662 (1937).
6) O. Bastiansen, Tidsskr. Kjemi Bergv., 6, 1 (1946).

methylene groups shown are those derived by the
following lattice-energy calculations.

Lattice-energy Calculations. Though the carbon
atoms of the two crystals were not located accurately
on the basis of the X-ray intensity data, the most
probable positions of these atoms could be derived by
the following two methods. The first was to find the
most plausible orientation of the methylene groups
among their neighboring molecules. When the posi-
tions of the halogen atoms in the unit cell are accurately
known, intermolecular atomic contacts can be obtained
for various orientations by subjecting a rotation, 6,
around the axis connecting the two halogen atoms,
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TABLE 4. POSITIONAL PARAMETERS OF THE CARBON
AND HYDROGEN ATOMS FOR THE MOST PROBABLE
ORIENTATION, §=190°.

The molecular structures used are also listed.

T. KawacucHi, A. Wakasavasuar, M. Matsumoto, T. TAkeucHI, and T. WATANABE

[Vol. 46, No. 1

Methylene dibromide Methylene diiodide
——
G H(1) H(2) G H(1) H(2)
X 0.2105 0.2347 0.1740 0.2164 0.2405 0.1810

Y 0.4129 0.2398 0.3143 0.4124 0.2490 0.3190
Z 0.1120 0.1651 0.0420 0.1148 0.1642 0.0498
Br-C 1.91A® I-C 2.12A
H-C 1.07A» H-C 1.07A»
/BrCBr 112°9 ~ICI 114.7°®
~/HCH 109.5°® ~/HCH 109. 5°%
(Br...Br 3.16,A)»  (I..I 3.57,A)D

a) Assumed.
b) Calculated by the present authors,

(3.5

ol

Fig. 1.

'~/
(k)
5
L 1w/ €
Schematic drawing of the crystal structure of methylene

dibromide and methylene diiodide, projected along the b
axis. Numbers within circles indicate fractional co-ordinates,

Nk
b =~

1 o VR
e <,
%

Y, of the iodine atoms. Interatomic distances for methylene

bromide and those for methylene iodide (in parentheses)
are also given.

Fig. 2. Bounded projection of the crystal structure on the
(001) plane. Molecules lying in Z~0.13 are drawn with thick
lines and those lying in Z~~—0.13 with thin lines. Interatomic
distances and angles for methylene dibromide and those
for methylene diiodide (in parentheses) are also given.

X(1)---X(2), of a reference molecule, A (see Fig. 1),
accompanied by the rotations of other molecules around
their similar axes in accordance with the symmetry of
the space group C2/c. The starting point of § is taken
as the orientation where the X-C-X plane of the A
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Fig. 3. Variation of number of contacts between neighboring
molecules less than the van der Waals contacts, plotted by
curve —()—. Curve—@— shows comparison with the van
der Waals contacts multiplied by 0.9.

(a) for methylene dibromide and (b) for methylene diiodide.

molecule is parallel to the & axis. Figure 3 shows the
variations with 6 of a number of contacts. (a) indi-
cates methylene dibromide, and (b), methylene di-
iodide. Both of them indicates that the most plausible
orientation located in the vicinity of 6~190°.

The most reasonable orientation of the methylene
group can also be found quantitatively by obtaining the
potential energy minimum of the crystal, which can
be calculated from the molecular interactions. Here,
it is assumed that the potential energy can be described
by the dispersion, the exchange repulsive, the dipole-
dipole coupling, and the induced dipole interactions.
Calculations were carried out by using Eq. (2) and the
constants of 4;;, B;;, and C,,, which have been given
in a previous paper,} together with the following
constants:

Dipole Molecular
Molecule moment polarizability
(debye) (10724 cm?)
CH,Br, 1.39 8.30
CH,I, 1.10 11.84

The rotating scheme about the methylene group is the
same as that described above.

In Fig. 4, (a) and (b) show the variations in the
interaction energies for methylene dibromide and for
methylene diiodide respectively. One can find results
similar to those indicated in Fig. 3; the most probable
orientation of the methylene group was found in the
vicinity of ~190° for both the crystals. In Table 4
the positional parameters of the carbon and hydrogen
atoms corresponding to the §=190° orientation are
given. As has been mentioned ealier, the X-ray inten-
sity data were not sufficient to be used in the refinement
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Fig. 4. Variations of the interaction energies with rotation 4.
(a) for methylene dibromide, and (b) for methylene diiodide.

of the structures. In these orientations, the lattice
energies arising from the four kinds of interaction
amount to 14.4 for methylene dibromide and to 14.3
kcal/mol for methylene diiodide. The lattice energy of
methylene diiodide can be compared with the sum of
the experimental heats of vaporization, 10.2, and
of fusion, 3.00 kcal/mol, for the stable form, II.”
Most of the energies calculated came from the dis-
persion and the exchange repulsive interactions (see

7) “Amercican Institute of Physics Handbook,” McGraw-
Hill Book Comp. Inc. (1957).

The Crystal Structures of CH,Br, and CH,I, 61

TABLE 5. CALCULATED LATTICE ENERGIES FOR THE
MOST PROBABLE ORIENTATION, 6= 190°, OF THE
METHYLENE GROUP (in kcal/mol)

Exchange Dipole Induced

Compound Dispersion repulsive dipole dipole Total
CH,Br, —20.57 7.24 —0.82 —0.26 —14.41
CH,I, —23.06 9.35 —0.40 —0.15 —14.26

Table 5). As is shown in Fig. 4, the orientation of the

methylene group is dominated by the repulsive term.

The crystal structure can be described as a sort of
a layer structure parallel to the (001) plane. The
X-C-X planes of all the molecules lie nearly on the
layer planes. As can be seen in Fig. 1, the orientations
of the molecular axes or the dipoles in the two imme-
diate layers are almost parallel and almost antiparallel
respectively.

Within the layer, the molecules are held together by
noticeable short contacts. The interatomic distances
between halogen atoms are 3.63 and 3.77 A for Br---Br,
and 3.84 and 3.98 A for I---I; these are far less than
twice the van der Waals radii, 3.90 for bromine and
4.30 A for iodine. The two kinds of angles, C-X---X,
between the neighboring molecules are not far from
90° (or the tetrahedral angle, 109.5°) and 180°. The
quite close contacts and the characteristic geometries
presented above with regard to the halogen atoms can
be seen in other crystals, for example, solid bromine
and iodine,® methyl bromide and methyl iodide,®
and bromoform? and iodoform.? The partial inter-
molecular bonding effect between the bromine and,
particularly, iodine atoms, which was suggested by
Tomiie,” may contribute appreciably to the molecular
arrangements of simple molecules with bromine or
iodine atoms.

The authors wish to express their thankfulness to
Dr. Akio Furusaki and Dr. Akio Takenaka for their
help in these analyses.

8) L. W. G. Wyckoff, “Crystal Structures,” Vol. 1, New York,
London, Sydney: Wiley-Interscience (1964), p. 52.
9) Y. Tomiie, Kwansei Gakuin Univ. Ann. Studies, 10, 208 (1961).
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The Crystal Structure of Methylene Dichloride, CH,CI,

Takemi KawacucHL* Kazuo TANAkA, Toru TakeucHi, and Tokunosuké WATANABE

Faculty of Science, Kwansei Gakuin University, Nishinomiya
(Received May 6, 1972)

The crystal structure of methylene dichloride has been determined by the X-ray diffraction method at about
—120°C. The structure has a symmetry D}, — Pbcn, and its orthorhombic tetramolecular cell has these dimensions:
a=4.2494-0.001, 5=28.13840.020, and ¢=9.4924-0.002 A. The positional parameters of the chlorine and carbon
atoms are obtained by a three-dimensional Patterson function, followed by a least-squares refinement including
the hydrogen atom. The structure thus obtained is in excellent agreement with the results of lattice-energy cal-

culations.

The crystal structures of various halogenated meth-
anes have been reported on in previous papers in
order to elucidate the molecular interactions in these
molecular crystals. It has been shown that, in the
crystals of mono- and tri-halogenated methanes, CHzX
and CHX,, those of bromine- and iodine-substituted
methanes are isomorphous, while those of chlorine-
substituted methanes are quite different.l—2

Marzocchi ef al. reported, based upon their spectro-
scopic measurements, that the crystals of methylene
dibromide and the stable form of methylene diiodide,
Form II, are isomorphous, but not with that of meth-
ylene dichloride.#® In the preceding paper, it has
been shown that the crystals of methylene dibromide
and methylene diiodide (II) are isomorphous, with a
symmetry C%,—C2/¢.®

In this paper the crystal structure of methylene
dichloride, as determined by the X-ray diffraction
method, will be reported. It will also be shown that
the structure is in good agreement with that derived
by means of lattice-energy calculations.

Experimental

Methylene dichloride from Wako Pure Chemical Indus-
tries, Ltd., was sealed in thin-wall glass capillaries (0.3 mm in
internal diameter and 0.01 mm in wall thickness). A single
crystal was carefully produced in the way described in pre-
vious papers.’® The crystal used grew with the [010] zone
axis of an orthorhombic lattice nearly along the capillary, and
was then gradually cooled to about — 120°C.

The unit-cell dimensions were determined from oscillation
and Weissenberg photographs around the [010] axis taken by
using CuKx radiation. The intensity distributions and sys-
tematic extinctions (none for #kl, Okl with k odd, #k0 with h++k
odd and k0! with ! odd) indicated that the crystal belongs to

* To whom all correspondence should be addressed. Present
address: Department of Research and Development, Nippon
Crucible Co., Ltd., 925 Inada, Higashi-Osaka, 577.

1) T.Kawaguchi, K. Takashina, T. Tanaka, and T. Watanabé,
Acta Crystallogr. B 28, 967 (1972).

2) Y. Iwata, M. Oyama, T. Kawaguchi, T. Watanabé, to be
published.

3) T. Kawaguchi, M. Hijikigawa, Y. Hayafuji, M. Ikeda,
R. Fukushima, and Y. Tomiie, This Bulletin, 46, 53 (1973).

4) M. P. Marzocchi, V. Schettino, and S. Califano, J. Chem.
Phys., 45, 1400 (1966); M. P. Marzocchi, P. Manzelli, V. Schet-
tino, and S. Califano, ibid., 49, 5438 (1968).

5) M. P. Marzocchi and P. Manzelli, ibid., 52, 2630 (1970).

6) T. Kawaguchi, A. Wakabayashi, M. Matsumoto, T.
Takeuchi, and T. Watanabé, This Bulletin, 46, 57 (1973).

The crystal structure is quite different from that of methylene dibromide (and of methylene diiodide).

the orthorhombic system, with a symmetry of space group
D3} —Pben.  There are four molecules per cell and the X-ray
density amounts to 1.718 g/cm?, where the observed densities,
1.327 at 20° and 1.761 g/cm?® at —194°C,? are referred to.
The crystal data are summarized in Table 1.

TaBLE 1. CRYSTAL DATA
Compound methylene dichloride, CH,Cl,
MwW 84.83
Bp 39.95°C
Mp —96.8°C
Exp. temp. —120°C
Orthorhombic; D} — Pben
Z = 4
a =4.249+0.001A

1.761 (at —194°C)
u =153.2 cm™ (for CuKe radiation)

Integrated intensities of reflections, taken from six layers
between the zeroth and the fifth layers around the [010] axis,
were collected by means of the multiple-film method and the
equi-inclination Weissenberg technique. The X-rays used were
Ni-filtered CuKo radiations. The intensities were measured
visually and were corrected for Lorentz-polarization and
absorption effects by cylindrical approximation, followed by
bringing them into a common scale by considering with
different time exposures. Inorder to determine the structure,
226 independent reflections were used.

Structure Determination

Since the crystal has the symmetry Pbcn, each mole-
cule should be located on the C, site in the tetramolec-
ular cell. Approximate co-ordinates of the chlorine
and carbon atoms were immediately found with the
aid of the three-dimensional Patterson function. A
least-squares refinement was made for these co-ordi-
nates with isotropic temperature factors. The reli-
ability factors, R=>]||F,|—I|F_||/>IF,|, decreased from
0.25 to 0.17.

Further refinement was made for the relative scales
of the intensities from the six different layers, followed

7) W. Blitz and A. Sapper, Z. Anorg. Allgem. Chem., 203, 277
(1932).
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Table 2. (Cont.)

h k ! [Fol || h k ! |Fol ol

1 3 4 67.60 64.06 1 4 8 21.40 20.35
1 3 5 5.07 4.41 1 4 9 26.71 19.14
1 3 6 8.24 6.72 1 4 10 31.59 35.82
1 3 7 12.64 11.49 1 4 11 10.23 14.04
1 3 8 26.50 23.31 2 4 0 72.81 68.71
1 3 9 4.38 5.45 2 4 1 40.13 35.44
1 3 10 9.22 9.35 2 4 3 16.08 16.30
2 3 1 18.01 11.81 2 4 4 46.83 42.17
2 3 2 84.06 81.32 2 4 5 9.90 9.17
2 3 3 12.76 8.54 2 4 6 22.15 20.81
2 3 4 5.77 3.57 2 4 7 24.12 26.27
2 3 5 14.72 10.08 2 4 8 35.80 36.86
2 3 6 62.02 56.15 2 4 9 10.39 13.05
2 3 8 9.98 8.47 2 4 10 9.94 10.32
2 3 9 9.73 7.87 3 4 1 8.61 3.72
2 3 10 34.35 36.30 3 4 2 28.73 25.05
3 3 0 82.81 78.82 3 4 4 9.25 7.65
3 3 1 6.93 3.64 3 4 6 20.51 18.59
3 3 2 7.85 3.75 3 4 7 4.60 0.15
3 3 3 21.31 18.29 3 4 8 8.91 9.39
3 3 4 57.64 55.47 3 4 9 2.07 3.81
3 3 5 13.62 11.26 4 4 1 15.81 12.78
3 3 6 16.01 14.25 4 4 2 5.20 6.45
3 3 7 10.20 6.68 4 4 3 4.01 2.23
3 3 8 40.75 48.11 4 4 4 6.48 7.59
4 3 1 12.08 10.34 4 4 5 5.49 4.05
4 3 2 41.79 45.25 4 4 7 3.79 7.50
4 3 3 10.82 8.25 5 4 1 4.86 9.12
4 3 4 7.36 5.93 5 4 2 1.58 4.65
4 3 5 11.18 9.15 1 5 0 23.44 20.47
4 3 6 30.18 35.54 1 5 1 21.61 18.93
4 3 7 4.33 3.19 1 5 2 10.06 9.39
5 3 0 11.74 18.78 1 5 3 42.97 39.80
5 3 1 7.16 8.54 1 5 5 34.14 30.25
5 3 2 3.23 6.27 1 5 7 17.08 15.49
5 3 3 3.33 5.12 1 5 8 12.87 11.18
0 4 2 24.60 26.76 1 5 9 7.43 6.89
0 4 3 66.74 71.11 1 5 10 5.02 5.01
0 4 4 96.80 102.74 2 5 1 49.24 45.48
0 4 5 54.53 52.00 2 5 2 16.48 13.31
0 4 6 14.34 11.47 2 5 3 41.23 38.04
0 4 7 36.20 35.76 2 5 5 43.44 41.01
0 4 8 48.96 48.68 2 5 6 13.29 11.61
0 4 9 17.88 19.20 2 5 7 26.16 25.23
0 4 10 22.90 24.49 2 5 9 30.75 29.06
0 4 11 24.99 30.78 3 5 1 49.48 48.51
1 4 1 46.35 53.07 3 5 3 32.36 34.97
1 4 2 90.61 92.76 3 5 4 11.82 12.44
1 4 3 44.20 42.41 3 5 5 24.91 23.40
1 4 4 16.50 13.59 3 5 7 33.61 39.38
1 4 5 47.04 44.30 4 5 1 23.50 29.58
1 4 6 61.84 60.97 4 5 3 20.47 23.33
1 4 7 27.74 27.61 4 5 5 25.42 29.38

by the least-squares refinement, where the anomalous an isotropic temperature factor for hydrogen atom
dispersion effect was taken into consideration for the finally decreased the R value to 0.109.

chlorine atom. The difference Fourier synthesis indi-

cated the probable coordinates of the hydrogen atoms. Results

Successive refinement with anisotropic temperature

factors for the chlorine and carbon atoms and with The observed and calculated structure factors are
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POSITIONAL AND THERMAL PARAMETERS WITH
THEIR €.5.d.’s (IN PARENTHESES)
* The temperature factors are of the form

exp[— By,h2+ Byok?+ Byyl2 + Byyhk -+ Bygkl-+ By, lh) ]
for the chlorine and carbon atoms, and of the form
exp[— B(sind [A)?] for the hydrogen atom.

TABLE 3.

Parameter Cl C H
X 0.1846 ( 8) 0 (=) 0.1747 (266)
Y 0.1522 ( 6) 0.0307 (28) —0.0369 (199)
VA 0.1195 ( 3) 1/4 (—) 0.2859 (109)
By 0.0529 (19) 0.0384 (97) 0.2 (27)
B,, 0.0095 (10) 0.0060 (50)
B, 0.0053 ( 3) 0.0053 (15)
By, —0.0164 (21) 0 (—)
By, 0.0034 ( 8) 0 (—)
By, —0.0077 (12) 0.0065 (65)

listed in Table 2, while the final set of the positional
and thermal parameters of the atoms is summarized
in Table 3. It is found that the bond distances and
angles of the molecule calculated by using these co-
ordinates are much closer to those of the gas molecule
obtained by a microwave study.® A comparison
between the two is shown in Table 4.

TABLE 4. COMPARISON OF THE MOLECULAR STRUCTURES

Microwave study®  Present work

C-H 1.068 +0.005A 0.99 +0.13A
C-Cl 1.77244+0.0005 1.7684+0.013
Cl..Cl 2.935% 2.9321+0.004
ZCl-C-Cl 112.04+0.3° 112+1°
/H-C-H 118.8 (C-H=C-D, 11247

ass.)

a) calculated by the authors.

The crystal structure is illustrated in Figs. 1 and 2.
Figure 1 shows the projection along the b axis, and
Fig. 2, the projection along the a axis.

K |+ .

In these figures,

—

Fig. 1. Projection of the crystal structure along the b axis.

8) R. J. Myers and W. D. Gwinn, J. Chem. Phys., 20, 1420
(1952).

The Crystal Structure of CH,ClI, 65

1
B

I3 Iy

Projection of the crystal structure along the a axis.

Fig. 2.

several interatomic distances between neighboring mole-
cules are also shown. Here, the e.s.d.’s are about
0.005 for Cl---Cl and 0.1 A for Cl---H. The inter-
molecular atomic distances were found to be close to
the sums of the van der Waals radii.

Lattice-energy Calculations

In this section, it will be described how the same
conclusion was obtained by means of lattice-energy
calculations, given the unit-cell dimensions and the
symmetry of the crystal.

If the molecular structure of methylene dichloride
and the symmetry and dimensions of the crystal are

¢

"
T T T 90°

Urty, ¢y, CH2Cl»

480

470

Fig. 3. Potential map, U(Y,4). Contours with solid lines
are at 1 kcal/mol intervals and contours with dashed lines
show positive energy region, being at 25 kcal/mol intervals.
Sign X indicates the crystal structure determined by the
X-ray analysis,
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TaABLE 5. CALCULATED LATTICE ENERGIES FOR METHYLENE DICHLORIDE
AND ITS RELATED COMPOUNDS, IN kcal/mol.

Compound Note Total Dispersion Exchange Dipole- Induction
repulsion coupling
CH,(Cl, A® —13.07 —13.35 3.08 —2.51 —0.29
B —13.03 —13.23 2.95 —2.47 —0.29
X-ray —12.74 —13.22 3.04 —2.27 —0.29
CH,Br, C2/c —14.41 —20.57 7.24 —0.82 —0.26
CH,I, C2/e —14.26 —23.06 9.35 —0.40 —0.15

a) A and B denote the structures obtained by the lattice energy calculations.

given, one can describe the crystal structure, by using
two structural parameters, ¥ and ¢, where Y is the
co-ordinate of the carbon atom, and ¢, the angle of
tilt of the reference molecule located on the two-fold
axis, as is shown in Fig. 1. Lattice-energy calculations
were made by using four kinds of molecular inter-
actions; the dispersion, the exchange repulsion, the
dipole-dipole coupling, and the induction effects, using
the constants cited in the previous paper,? together
with a dipole moment of 1.62 Debye and a molecular
polarizability of 6.48x 1024 cm3. Calculations of the
dipole-dipole interaction were carried out for every
pair of molecules within a range of 40 A, while those
of the other three interactions were carried out for
every pair of atoms within a range of 20A. The
dipole-dipole interactions between eight nearest neigh-
boring molecules were substituted for interactions
between the divided bond moments (referred to 2.3
for C®—Cl1- bond and 0.4 debye for GV —H
bond?).

A potential map, U(Y,¢), was obtained; it is given
in Fig. 3. Contours with solid lines are located at
1 kcal/mol intervals, while contours with dashed lines
show the positive energy region, being at 25 kcal/mol
intervals. Two stable structures were found as deep
ravines, A and B, in the map, (Ravine A’ is crystallo-
graphically equivalent to A): Ua(¥Y=0.0, ¢=35°)=
—13.08 and Us(Y=0.25, ¢=35°)=—13.03 kcal/mol.
The present X-ray analysis gives a structure which is
very close to Structure A, corresponding to ¥=0.030,4-
0.003 and ¢=232.34-0.1°, as is indicated by X in the
map.

The lattice energy for the structure obtained by the
X-ray analysis, together with those for Structures A
and B, are given in Table 5. In this table, the lattice

9) R. Daudel, R. Lefebver, and C. Moser, “Quantum Chem-
istry, Methods and Applications,” Interscience Publishers, Inc.,
New York (1959), p. 206.

energies calculated for the crystals of methylene di-
bromide and methylene diiodide are also summarized
for the sake of comparison.

Discussion

On the basis of an infrared spectroscopic study,?
Marzocchi and Manzelli reported that all the observed
data on methylene dichloride are consistent with an
orthorhombic Pben unit cell, in which four molecules
are located on C, sites and tilt their symmetrical planes
at 2942° from one of the crystal axes. These spectro-
scopic conclusions, except for the mutual molecular
arrangement, are in excellent agreement with those of
the present work.

The potential map, U(Y,$) in Fig. 3, suggests another
probable crystal structure corresponding to the ravine,
B. This structure can be derived from Structure A
by a translation (0.25) of Y, while keeping ¢ constant.
This structure can also be looked upon as being derived
by orienting every molecule inversely along the & axis.
It might be possible to obtain crystals with this struc-
ture by means of different procedures of crystallization.

The crystal structures of methylene dibromide and
methylene diiodide, which are isomorphous with the
symmetry C2/¢, are quite different from that of meth-
ylene dichloride. The lattice energies calculated for
the two crystals are added in Table 5. It is noticeable
that the contribution of the dipole-dipole interactions
in the crystal of methylene dichloride is much larger
than those in the crystals of methylene dibromide and
methylene diiodide. This suggests that the dipole-
dipole interactions play an important role upon solidi-
fication, leading to a different crystal structure from
those of methylene dibromide and methylene diiodide.

The authors are indebted to the Kwansei Gakuin
University Computing Center for calculations.
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The Vacuum Ultraviolet Photolysis of Liquid n-Hexane
in the Presence of SF,

Vadim I. PrrcaoozukIN,* Hideo YaMazaki, and Shoji SHIDA
Laboratory of Physical Chemistry, Tokyo Institute of Technology, Meguro-ku, Tokyo
(Received May 10, 1972)

The photolysis of liquid n-hexane has been studied at room temperature and at — 78°C by using the resonance

lines of Xe and Kr.

The main process is hydrogen detachment, giving the same amount of hydrogen and of

hexenes; relatively small amounts of the decomposition and dimer products were also formed. Upon the addi-
tion of SF, the yield of the hydrogen detachment decreased strongly with an increase in the concentration of SFg,

and then approached a constant value of 0.65 relative to that in pure n-hexane.

The total amount of fluorine-

containing products detected in the presence of SFg was relatively small compared with the amount of the decrease

in the hydrogen detachment.
hydrogen detachment was quite small.

The ionic process in the radiolysis of hydrocarbons
is one of the most important problems in radiation
chemistry; as chemical approaches to this problem,
various charge scavengers are used to elucidate the
reaction mechanism.»® By using this technique, a
number of interesting results, such as the existence of
ion-molecule reactions in liquid hydrocarbons,® have
been obtained. However, the charge scavengers added
may possibly react as radical scavengers or as deacti-
vators of the excited states.¥ For quantitative experi-
ments, the suitability of the charge scavenger should,
therefore, be tested by using various methods. Along
those lines, Holroyd®$ examined the energy-transfer
process by using vacuum ultraviolet light in the system
of liquid cyclohexane with N,O; he observed a marked
decrease in the photoproducts upon the deactivation
of the solute. Lipsky and Hirayama?-19 found that
the donor fluorescence state in a hydrocarbon solution
of the scintillator was deactivated by the addition of
various electron scavengers, such as O,, SFg, N,O, and
CO,. These experiments seem to indicate that the
excited states of hydrocarbons can be quenched by
electron scavengers. However, the details of this pro-
cess are still unknown, so the present experiment was
undertaken in order to clarify this process and to find
ideal electron scavengers.

Experimental

The Xe and Kr lamps were constructed by the usual
method.’Y The LiF window of the lamps was jointed with

* Present address: Laboratory of Radiation Chemistry,
Department of Chemistry, Moscow Lomonosov State Univer-
sity, Moscow, USSR.

1) G. Scholes and M. Simic, Nature, 202, 895 (1964).

2) F. Williams, J. Amer. Chem. Soc., 86, 3954 (1964).

3) A. A. Scala and P. Ausloos, J. Chem. Phys., 47, 5129 (1967).

4) M. B. Muratbekov and V. V. Saraeva, Khim. Vys. Energ.,
4, 365 (1970).

5) H. A. Holroyd, Adv. Chem. Ser., 82, 488 (1968).

6) J. Y. Yang, F. M. Servedio, and H. A. Holroyd, J. Chem.
Phys., 48, 1331 (1968).

7) F. Hirayama and S. Lipsky, International Conf. Scintil-
lation Count. San-Francisco, p. 205 (1970).

8) S. Lipsky, J. Chem. Phys., 38, 2786 (1963).

9) C. W. Lawson, F. Hirayama, and S. Lipsky, ibid., 51, 1590
(1969).

10) F. Hirayama, and S. Lipsky, ibid., 51, 3616 (1969).

As another electron scavenger, C;H,,F was also tested; here, the decrease in the

Araldite, and a Ba getter was used to obtain an intense reso-
nance line by the removing impurity lines. The Xe and Kr
lamps were operated with a microwave generator of 2450 MHz
and 200 W made by the Ito Chotanpa Co. The intensities
of the lamps were about 1015—5 x 1014 photon/sec, depending
on the diameter of the lamps.

A sample of n-hexane (99.999%, purity) was obtained from
the Phillips Co.; it was purified by passing it through Mg-
(ClO,), and NaOH column to remove any CO, and H,O and
then led into the reaction vessel through a greaseless stopcock.
SFg of a spectroscopic purity obtained from the Takachiho Co.
and CgH,,F (purum) obtained from the Fluka A. G. Co. were
used as electron scavengers without any further purification.
The concentrations of SFg in the liquid n-hexane in the samples
were determined by means of the partition ratios of SF,
between the gas and liquid phases at room temperature and
at —78°C, as measured by the use of a large amount of n-
hexane.

LiF Window
Apparatus of photolysis in liquid phase.

Fig. 1.

The apparatus for the photolysis of liquid n-hexane is shown
in Fig. 1. In the present experiment, the distance between
the outer surface of the LiF window and the liquid surface was
maintained at about 1 mm. Some experiments were also
carried out by placing the LiF window in contact with the
liquid surface. In the former case, the temperature of the
reaction system was kept at —78°C to prevent direct photo-
lysis in the gas phase. The intensity of light absorbed in the
case of —78°C was fairly constant compared with that in
the latter case.

After each run, the reactant and the products were con-
densed in a liquid-nitrogen trap. The noncondensable gases
were gathered and measured by means of a Teopler-McLeod

11) J.R. McNesby and H. Okabe, Adv. Photochem., 3, 157 (1964).
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Fig. 2. Gas chromatogram of condensable products.

system. The noncondensable gases were mainly hydrogen.
The condensable products, such as olefins and dimers, were
analyzed by means of a Shimadzu gas chromatograph (Silicone
D.C. 550, 5 m at 140°C and dimethyl sulpholane (10 m) at
room temperature), equipped with a flame ionization detector.
A Shimadzu electron-capture gas chromatograph was also
used to detect the fluorine-containing products. The gas
chromatograms of the condensable products are shown in
Fig. 2, where (A) stands for the electron-capture detector,
and where (B) and (C) indicate the flame-ionozation detector.
The two peaks, Peak 1 and Peak 2, of the fluorine-containing
products are magnified by the use of the electron-capture
detector.

Results and Discussion

In the photolysis of liquid n-hexane, the main prod-
ucts were hydrogen and hexenes in almost identical
amounts; small amounts of dimers and the decomposi-
tion products were also found. This means that the
molecular detachment of hydrogen is the main process,
unlike the radiolysis, where the hydrogen-atom splitting
is the more important process. No difference was
observed in the products between the Xe and Kr
resonance lines. Holroyd® obtained almost the same
results in his photolysis of liquid cyclohexane.

In the presence of SFg, the relative yields of the
major products, i.e. hydrogen and hexenes, decrease
greatly, as is shown in Fig. 3. For sufficiently high

o
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Fig. 3. The relative yields of hydrogen (@1470 A, x 1236 A)

and hexenes (A1470 A, []1236 A) as a function of concent-
ration of SF.
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concentrations of SFg, the yields of hydrogen and the
total hexenes approach a constant value (ca. 0.65
relative to that of pure hexane), irrespective of the Kr
and Xe resonance lines; a preliminary experiment with
the Br resonance line showed the same tendency.
The photolysis of n-hexane in the gas phase was also
carried out, but no decrease in the relative yield was
observed upon the addition of SFg. As one possible
mechanism, the energy transfer between n-hexane mole-
cules may occur faster in the liquid phase than in the
gas phase, and then the energy may be trapped by
SFs. The energies of the Kr (1236 A), Xe (1470 A),
and Br (1634 A) resonance lines are 0.4, 2.0, and 2.8 eV
below the ionization potential of n-hexane. The Xe
and Kr resonance lines may be able to excite the
n-hexane molecule in the semi-ionized states or in
locally-ionized states.1?

The experimental results are quite similar for both
the Xe and Kr resonance lines, indicating that the
main process is the molecular detachment of hydrogen,
which was often observed in the lower excitation of
paraffins in the gas phase. As a general rule in the
photolysis of paraffins, it was observed that the ratio
of the atomic and molecular detachments of hydrogen
increased with an increase in the photon energy.14
Slightly below the ionization potential, the radius of
the wave function of the excited electron is quite
large; for example, the maximum of the radial-distri-
bution function of the hydrogenic 2s orbital is five
times larger than that of the ls orbital. In liquid
paraffin, the Onsager radius is several hundreds
Angstrom, so that within this radius the probability
of geminate recombination is larger than that of free-
ion formation. The states in which electrons reside
between the Onsager radius and a radius several times
larger than the radius of the ground state of a mole-
cule may be called semi-ionized or locally ionized
states, and a number of molecule may be present
inside the orbital. When an electron approaches the
positive ion, thus decreasing the radius of the orbital
and the kinetic energy, the electron may enter into
the lower excited state of the neutral molecule, where
the molecular detachment of hydrogen, then takes
place, as in the case of the photolysis of the gas phase.19
Since the photolysis products in the liquid phase were
quite similar to those in the gas phase, the same pre-
cursor of the reaction can be expected in both phases,
as in the case of cyclohexane.®) The preliminary
experiment on the Br resonance line also shows the
same dependence of the hydrogen-molecule splitting
on the concentration of SFg 'The absorption coef-
ficient of hexane is quite large at 1470 and 1236 A,
while that of SFy is relatively small.’5:18) Therefore,

12) The Br resonance line excites the n-hexane molecule to
the first singlet excited state (8.2 ¢V (calcd), 8.3 €V (obsd)).®

13) J. W. Raymonda and W. T. Simpson, J. Chem. Phys., 47,
430 (1967).

14) K. Obi, H. Akimoto, Y. Ogata, and I. Tanaka, ibid., 55,
3822 (1971).

15) B. A. Lombos, P. Sauvageau, and C. Sandorfy, J. Mol.
Spectrosc., 24, 253 (1967).

16) E. D. Nostrand and A. B. F. Duncan, J. Amer. Chem. Soc.,
76, 3377 (1954).
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Fig. 4. The reciprocal plot of relative yields of hydrogen
against concentration of SF.

the direct absorption of light by SFg is negligibly
small.

In Fig. 4 the reciprocal relative yields (1/R.Y.) of
the hydrogen detachment are plotted against the con-
centration of SF,. A nearly straight line (solid line)

is obtained for lower concentrations of SFs If the
following reactions are postulated:
ey
RH + hv —> RH* )
Ry
RH* — H, + R(—H) @)
kg
RH* 4+ SF; —— no hydrogen product (3)
RH* + RH —— RH + RH* (4)

where Eq. (4) shows the energy-transfer process to
transport the excited state, RH*, to the vicinity of
SF,. Then, the steady-state treatment of the reaction
yields the following relation:

1/R.Y. = 1 + ky[SFe]/k, (5)

The kgy/k, ratio is obtained from the slope of the straight
line extrapolated at the low concentration of SFg.
The value observed in this experiment is 15.0, while
that of Holroyd was 4.5 in the photolysis of n-hexane
in the presence of Ny;O.» SF; is, thus, an acceptor
stronger than N,O in the energy-transfer process. This
tendency is consistent with the measurement” of the
fluorescence from the scintillator in a cyclohexane solu-
tion in the presence of various electron scavengers.
The leveling-off at the higher concentrations of SFg
(Fig. 3) was explained by the introduction of more
than two excited states. Therefore, it may be con-
sidered that, in these excited states, only one excited
state is responsible for discriminating the molecular
detachment of hydrogen upon the addition of SFg, as
is shown in Egs. (2) and (3), while the other excited
states are not affected by the introduction of SFg.
The low-lying excited states of n-hexane were observed
by the use of the electron reflection spectrum!” and
the emission spectrum.!®19)

A prominent result is that the critical concentration
of the scavenger is lower than that in the case of radio-
lysis. The reaction cross section calculated from the
critical concentration of the scavenger is several hundred

17) L. M. Hunter, D. Lewis, and W. H. Hamill, j. Chem. Phys.,
52, 1733 (1970).

18) P. B. Merkel and W. H. Hamill, ibid., 54, 1695 (1971).

19) F, Hirayama and S. Lipsky, ibid., 51, 3616 (1969).
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square Angstrom. Such a large cross section was also
observed in the energy-transfer process i n a propane
isobutane mixture at a low temperature using EPR
measurements2? for isopropyl and isobutyl radicals; in
this method, the effect of electron transfer is ruled out
by the experimental condition that the ionization
potential of the acceptor molecule is higher than that
of the donor molecule. The large cross section may be
explained by the fast movement of a pair of an electron
and a positive ion. It is assumed that the excited state
of hydrocarbon can react with SFg and form the state
of charge separation®2)

RH* 4 SF, — RH* + SF," (6)

The neutralization between RH+* and SF¢~ is expected
to form fluorine-containing products. The sharp de-
crease in the yield of hydrogen molecular detachment
upon the addition of SFg can be explained by assuming
a fast energy transfer or charge transfer to produce
RH+ and SF,~.

In a recent study of the radiolysis of benzene in
presence of NyO and COS, Sato et al.,*® concluded
that the energy transfer can take place neither through
the superexcited state (20 eV) nor through the first
excited state (1B,,), but must take place through some
intermediate excited states between these states,
although the details of energy transfer are not known.

Another possible explanation of the large reactive
cross section is that a charge-transfer complex between
n-hexane and SFg in either the ground or excited state
may be formed and the detachment process may be
perturbed by this complex formation. The weak inter-
action between the halogen molecule or halogen-con-
taining compounds including SFg and paraffin was
observed by the use of the spectroscopic method.24:2%)
The gas chromatographic measurement with an iodine
column showed the existence of a weak interaction
between iodine and paraffins.2® Therefore, the com-
plex-formation mechanism appears to be a plausible
explanation.

The quenching process by SFg may produce various
fluorine-containing products. Several large peaks were
detected in the electron-capture gas chromatogram
(Fig. 1). One of the products was determined to be
l-fluorohexane (peak 1 in Fig. 2). These products
increased with the increase in the concentration of SF.
The total amount of these fluorine-containing products
is smaller than that of the decrease in the hydrogen
molecule.

To find an ideal electron scavenger without any
deactivation by the energy-transfer process, l-fluoro-
hexane was tested. In the photolysis of liquid #-hexane,

20) M. Wakayama, Y. Hitotake, M. Fukaya, T. Miyazaki, K.
Fueki, and Z. Kuri, the 14th Conf. Radiation Chem. Sapporo,
1971.

21) V. Cermak and Z. Herman, Collect. Czech. Chem. Commun.,
29, 953 (1964).

22) H. Hottop and A. Niehaus, J. Chem. Phys., 47, 2506 (1967).
23) S. Sato, K. Hosoya, S. Shishido, and S. Hirokami, This
Bulletin, 45, 2308 (1972).

24) D. F. Evance, J. Chem. Phys., 23, 1424 (1955).

25) D. F. Evance, J. Chem. Soc., 4229, (1957).
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Luminescence from 2,3-Dimethylbutane Containing Toluene in
the Solid Phase at 77°K during y-Irradiation

Tetsuo Mivazaki, Yoshiyuki SAITAKE, Zen-ichiro Kuri, and Shigenori SAKAI
Department of Synthetic Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya
(Received May 12, 1972)

The luminescence from 2,3-dimethylbutane(2,3DMB) containing toluene in the solid phase has been measured
The emission consists of fluorescence and phosphorescence from toluene. Since
the emission becomes zero upon the removal of a y-ray source, it cannot be due to a post-irradiation effect. It is
concluded from the dependency of the intensity on the concentration of toluene that the luminescence is due to
an intermolecular energy transfer from 2,3DMB to toluene during p-irradiation. ESR studies of y-irradiated
2,3DMB containing toluene have also been undertaken at 77°K in order to obtain some information on the inter-
molecular energy transfer. The toluene anion is formed in the p-irradiated 2,3DMB containing toluene. The
dimer cation of toluene is formed in the y-irradiated 2,3DMB containing toluene and an electron scavenger. The
luminescence from toluene in the 2,3DMB matrix decreases upon the pre-irradiation of the sample at 77°K. When
the pre-irradiated sample is illuminated by the light from a tungsten lamp to photobleach the toluene anion, the
luminescence during y-irradiation is recovered. Since the intensity of the luminescence does not correspond at
all to the amount of toluene anions, the luminescence from toluene in the 2,3DMB matrix during y-irradiation
must not be due to a neutralization reaction between a toluene anion and a migrating hole. It is suggested that
the migration of energy from the irradiated 2,3DMB to toluene may occur via an excitation transfer reaction.

We have previously studied the radiolysis of hydro-
carbons in the solid phase in order to elucidate the
primary process and in order to obtain information
about the reaction kinetics in the solid phase. In the
previous studies, some phenomena peculiar to the solid-
phase radiolysis have been reported.=» On the basis
of these results, we have proposed that two important
problems must be solved in order to elucidate the
mechanism of the solid-phase radiolysis. One is the
species of the mobile entities produced in the solid-
phase radiolysis. The other is how the condition of
the solid-matrix, such as phase and defect, affects the
chemical reactions.

It was found in the radiolysis of solid isobutanel)
that H, and C,H, radicals are formed by the fragmenta-
tion of the excited isobutane molecule and that their
yields decrease upon the addition of CCl, or toluene.
These findings were interpreted as the assumption that
the excitation transfer from the excited isobutane mole-
cule to CCl, or toluene occurs in the solid state at 77°K.

If toluene is an efficient acceptor of excitation in the

1) a) T. Wakayama, T. Kimura, T. Miyazaki, K. Fueki,
and Z. Kuri, This Bulletin, 43, 1017 (1970). b) T. Miyazaki,
T. Yamada, T. Wakayama, K. Fueki, and Z. Kuri, ibid. 44, 934
(1971).

2) T. Wakayama, T. Miyazaki, K. Fueki, and Z. Kuri, J.
Phys. Chem., 74, 3584 (1970).

3) T. Miyazaki, Y. Fujitani, T. Wakayama, K. Fueki, and,
Z. Kuri, This Bulletin, 44, 984 (1971).

radiolysis of solid alkane, the luminescence from the
excited toluene may be observed; the expected results
were observed in the solid 2,3-dimethylbutane(2,3DMB)
with the toluene additive during y-irradiation at 77°K.

Those additives which are generally used as electron
scavengers or charge scavengers in the liquid-phase
radiolysis may react also with an excited molecule in
solid-phase radiolysis.¥) Therefore, it is quite difficult
to study the nature of the mobile entity in the radiolysis
of solid alkane using the scavenger method. Since the
ESR spectroscopy and the measurement of the lumi-
nescence reveal different aspects of the mobile entity,
the radiolysis of an alkane-toluene mixture in the solid
phase at 77°K was studied using both methods.

Experimental

2,3-Dimethylbutane(2,3DMB), supplied by the Tokyo
Kagaku Seiki Co. with a purity of more than 99%,, was passed
through a 30 cm column packed with activated alumina and
then distillated on a vacuum line before use. Gas-chromato-
graphic analysis of 2,3DMB showed that the concentration
of the other hydrocarbons with molecular weights smaller
than 2,3DMB is less than 0.019,. The spectrograde toluene

4) a) T. Miyazaki, T. Wakayama, M. Fukaya, Y. Saitake,
and Z. Kuri, 14th Japanese Conference of Radiation Chemistry,
Sept., 1971, Sapporo, Japan. b) Y. Saitake, T. Miyazaki, T.
Wakayama, M. Fukaya, and Z. Kuri, 26th Annual Meeting of the
Chemical Society of Japan, April, 1972, Tokyo, Japan.
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and phenylbromide were of a high purity and were used after
distillation on a vacuum line. The nitrous oxide was also of a
high purity and was used without further purification.

The samples were irradiated with y-rays from a Co source
at 77°K, and in most cases at a dose rate of 3.84x 10" eV/g-hr,
for the ESR studies and at one of 4.83x 107 eV/g-hr for
the measurements of the luminescence.

A

oOw

} J

Fig. 1. Schematic diagram of the measurement of lumines-
cence during y-irradiation at 77°K.
A: %Co; B: Dewar flask; C: Liquid nitrogen; D:
Sample; E: Monochrometer; F: Photomultiplier tube;
G: Block of lead; H: Concrete wall; I: High voltage
supplier; J: DGC microvolt-ammeter.

The ESR spectra of irradiated samples were measured at
77°K on a JES-3BX ESR spectrometer. The luminescence
was measured during p-irradiation at 77°K. The apparatus
for measuring the luminescence consisted of a high voltage
supplier, a Shimadzu-Bausch-Lomb monochrometer, a
photomultiplier tube (R-136) of the Hamamatsu TV Co.
and a DC microvolt-ammeter. A schematic diagram of the
apparatus is given in Fig. 1. When 2,3DMB containing
toluene (2 mol?%,) was y-irradiated at 77°K in the solid state,
the photocurrent caused by the emission from toluene was
about 1.2x 10-% ampere during y-irradiation at a dose rate
of 4.83 X 10'7 eV/g-hr.

Results and Discussion

Luminescence from Toluene in the Solid 2,3DMB at 77°K
during y-Irradiation. Luminescence studies previ-
ously undertaken in radiation chemistry have mostly
been concerned with the thermoluminescence or photo-
induced luminescence of y-irradiated samples, or with
the luminescence in the liquid phase during y-irradia-
tion. There have been no studies of the limunescence
from solid saturated hydrocarbons during y-irradiation.
The emission from a pure 2,3DMB is very weak during
y-irradiation at 77°K, but a small amount of toluene
in 2,3DMB enhances the emission remarkably. The
intensity of the luminescence is shown in Fig. 2 as a
function of the concentration of toluene. The inten-
sity increases sharply with an increase in the concen-
tration of toluene and then gradually decreases beyond
2 mol9%, toluene. Since the intensity does not increase
linearly with an increase in the concentration of toluene,
the liminescence is not due to the direct absorption of
the radiation energy by the solute toluene. The inten-
sity of the emission from pure solid toluene during
y-irradiation is about three times stronger than that
from 2,3DMB-toluene (1.3 mol9,). With an electron
fraction of toluene of 0.013 in the 2,3DMB-toluene,
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Fig. 2. Yilds of toluene anion, solvent radical, and lumi-
nescence in the y-irradiation of 2,3 DMB at 77°K against
concentration of toluene.

@®—@: Intensity of luminescence during p-irradiation.

A—/A\: Yields of solvent radical at the dose of 9.6 x 1018
eV/g.

[-J: Yields of toluene anion at the dose of 9.6 x 1018
eV/g.

the emission due to the direct absorption of the radiation
energy by the toluene itself can be expected to amount
at most to 49 of the total emission from 2,3DMB-
toluene (1.3 mol9,).

Since the emission from toluene in 2,3DMB becomes
zero upon the removal of a y-ray source, the emission
cannot be due to a post-irradiation effect. The emis-
sion from toluene in the 2,3DMB matrix may be
attributable to intermolecular energy transfer from
2,3DMB to toluene.

The emission spectrum from toluene in 2,3DMB is
shown in Fig. 3. The spectrum consists of two peaks,
with emission maxima near 280 and 390 nm. Since
the fluorescence spectrum of toluene has a band with
a maximum near 280 nm,? the emission band near
280 nm may be due to the fluorescence from the singlet-
excited toluene. Since the phosphorescence spectrum

10

Intensity, arb. unit
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Fig. 3. Emission spectra of 2,3DMB-toluene during y-irradia-
tion at 77°K.
@®—@: Emission from 2,3DMB-toluene (2 mol%,).
A—A: Emission from 2,3DMB-toluene (2 mol%,) after
preirradiation of 4.73 x 10" eV/g.

5) F.Hirayama and S. Lipsky, J. Chem. Phys., 51, 1939, (1969).
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of toluene has a band with a maximum near 390 mn,®
the emission band observed near 390 nm may be due
to the phosphorescence from the triplet-excited toluene.
The vibrational structure of the emission bands could
not be measured with this instrument because of the
noises caused by the p-irradiation of photomultiplier,

[ —H

Fig. 4. A. ESR spectra of y-irradiated 2,3DMB at 77°K.
Dotted lines represent the spectrum of trapped elec-
trons which are easily bleached by the illumination
with a tungsten lamp.

B. ESR spectrum of p-irradiated 2,3DMB-toluene
(2 mol%) at 77°K. Dotted spectrum is obtained
by subtracting the spectrum of solvent radical.

C. ESR spectrum of p-irradiated 2,3DMB-toluene
(2 mol%, )-nitrous oxide (2 mol%,) at 77°K. Dotted
spectrum is obtained by subtracting the spectrum
of solvent radical.

D. ESR spectrum of p-irradiated 2,3DMB-toluene
(2 mol% )-phenylbromide (2 mol%,) at 77°K.
Dotted spectrum is obtained by subtracting the
spectrum of solvent radical.

Irradiation dose: 9.6X 10! eV/g. Spectrometer gain

settings of A, B, C, and D are approximately the same.

6) Y. Kanda and H. Sponer, J. Chem. Phys., 28, 798 (1958).
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the bubbling of liquid nitrogen in the Dewar flask,
and so on.

ESR Studies of y-Irradiated 2,3DMB Containing Toluene
in the Solid Phase at 77°K. The ESR spectrum of
y-irradiated 2,3DMB at 77°K is shown in Fig. 4A. It
consists of five lines, with a splitting constant of 22 G.
The spectrum may be assigned to the -CH,CH(CHj)-
CH(CH,), radical.”

The ESR spectrum of y-irradiated 2,3DMB-toluene
(2 mol%,) is shown in Fig. 4B. The new spectrum,
which is obtained by subtracting the spectrum of the
solvent radicals, is shown with dotted lines. The
spectrum consists of five lines, with a splitting constant
of 3.8 G, and it is easily photo-bleached upon illumina-
tion with light from a tungsten lamp. It coincides
well with that of the toluene anion produced by the
y-irradiation of i-C,H,;, containing toluene.!® The
ESR spectrum of the toluene anion produced chemically
consists mainly of five lines, with a splitting constant of
4.0 G.” The formation of the new spectrum is sup-
pressed completely upon the addition of an electron
scavenger, such as N,O, C;HBr, SF,, or HBr, to the
system. Therefore, the new spectrum may be assigned
to the toluene anion.

The ESR spectra of y-irradiated 2,3DMB-toluene
(2 mol%,) containing N,O or CH,Br are shown in
Figs. 4C and D respectively. The new spectrum, which
is obtained by subtracting the spectrum of the solvent
radicals, is shown with dotted lines. Since the spectra
have the splitting constants of 6.6 G and 7.0 G in Figs.
4C and D respectively, they cannot be assigned to the
toluene anion. As the splitting constants of the mono-
mer cation and the dimer cation of toluene are 14 G
and 7.0 G respectively,” they may be assigned to the
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Fig. 5. Yields of toluene anion and solvent racical in the
radiolysis of 2,3DMB-toluene (2 mol%) at 77°K against
the total dose.

@: Toluene anion, []: Solvent radical.

7) M. Fukaya, T. Wakayama, T. Miyazaki, Y. Saitake, and
Z. Kuri, 14th Japanese Conference of Radiation Chemistry, Sept.,
1971, Sapporo, Japan.

8) S. P. Solodovnikov, Zh. Strukt. Khim., 2, 282 (1961).

9) 8. Nagai, S. Ohnishi, and I. Nitta, This Bulletin, 44, 1230
(1971).
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dimer cation of toluene. These results suggest that
the toluene is not always completely dissolved, but
stands sometimes in the form of a cluster, depending
upon the concentration.

The yields of the toluene anion and the solvent
radical are shown in Fig. 2 as a function of the concen-
tration of toluene.

The dose dependences of the yields of toluene anion
and solvent radical are shown in Fig. 5. The rate of
the production of the toluene anion decreases gradually
with an increases in the dose, while the yields of solvent
radical increase linearly.

Pre-irradiation Effect on the Luminescence from Toluene.
A quite interesting effect is found on the luminescence
from toluene in the 2,3DMB matrix. When the sample
is pre-irradiated at 77°K with a certain dose, the
intensity of the in-source luminescence becomes much
lower than that from the sample without pre-irradia-
tion. The emission spectra from the pre-irradiated
sample are shown in Fig. 3 in comparison with the
emission from the sample without pre-irradiation. The
intensity of the luminescence at A=390 nm is shown
in Fig. 6 as a function of the dose of pre-irradiation.
The liminescence is efficiently suppressed by the pre-
irradiation of 3.84 x 101? eV/g.

Since the toluene ions produced absorb the light of
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Fig. 6. Pre-irradiation effect on the luminescence from
2,3 DMB-toluene during y-irradiation at 77°K.
@—©@: Intensity of luminescence from 2,3DMB-toluene
(2 mol%).

M: Intensity of luminescence from 2,3DMB-3-
methylpentane (2 mol%)-toluene (2 mol%,)
which is pre-irradiated at the dose of 3.84 x 101®
eV/g.

Corrected intensity of luminescence from 2,3.
DMB-toluene (2 mol9%,).

/A\: The rate of formation of toluene anion in the
y-irradiation of 2,3DMB-toluene (2 mol%) at
77°K.

(O: Intensity of luminescence from 2,3DMB-toluene
(2 mol%) which is pre-irradiated at the dose
of 3.84x10®eV/g and then photobleached
with light from a tungsten lamp for 10 min.

[J: Intensity of luminescence from 2,3DMB-3-
methylpentane (10 mol9%)-toluene (2 mol%,)
which is pre-irradiated at the dose of 3.84 x
10'* eV/g and then photobleached with light
from a tungsten lamp for 1 min.

The intensity of luminescence is measured at the wave-
length of 390 nm. Initial rate of formation of toluene
anion is nomalized to 10 for the comparison with the inten-
sity of luminescence.
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390 nm, a part of the emission may be absorbed by
the toluene ions. If the optical density of the toluene
anion in y-irradiated 2,3DMB-3-methylpentane(10
mol9%,)-toluene(2 mol9%,)1® is measured at 77°K by
means of UV-VL absorption spectroscopy, the intensity
of the luminescence can be corrected by considering
the optical density of the toluene ions at 390 nm.
The pre-irradiation effect on the luminescence from
2,3DMB-3-methylpentane-toluene is approximately the
same as that of 2,3DMB-toluene, which forms a cracked
transparent plastic crystal (Fig. 6). Therefore, the
optical density of the toluene anion in the y-irradiated
2,3DMB-3-methylpentane-toluene may be used for the
correction of the intensity of the luminescence from
2,3DMB-toluene. Thus, the corrected intensity is
shown in Fig. 6 with a dotted line.

The results of Figs. 5 and 6 show that the intensity
of the luminescence does not correspond at all to the
yields of the toluene anions, but to their rates of for-
mation. The luminescence diminished upon the pre-
irradiation can be almost restored to the former value
by the photobleaching of the toluene anion with the
light from a tungsten lamp (Fig. 6). If the luminescence
from toluene in the 2,3DMB matrix is due to a neu-
tralization reaction between a toluene anion and a
migrating hole, the intensity of the liminescence should
be roughly proportional to the amount of the toluene
anion (Reactions (1)—(4)). The experimental results,
however, show that these mechanisms are not respon-
sible for the luminescence of toluene:

2,3DMB ~w» 2,3DMB, + e~ 1)
e + CgH,CH; — C,H,CH,~ @)
2,3DMB, + C,H,CH,~ ——

2,3DMB + C H,CH,* (3)
C.H;CH* — CeH,CH, + hv 4)

where 2,3DMB*,, represents a migrating hole.

Therefore, the energy may be transferred from the
matrix to the solute by non-ionic processes until the
ionization occurs partly. One plausible mechanism
may be represented as follows:

2,3DMB ~w» 2,3DMB* (5)
2,3DMB* + C,H,CH, — > C,H;CH,* + e (6)

C,H,CH,* (7)
C.H,CH,* + e= — C H,CH,* 8)
C.H,CH, + ¢- —> C,H,CH," )
CeH;CHy* — C¢H,CH, + hv 4)

where 2,3DMB* means an exciton. The absence of
the migrating hole in the y-irradiated 2,3DMB has also
been suggested in the y-irradiation of 2,3DMB con-
taining carbon dioxide.4P)

When the excited 2,3DMB is formed by the y-irradia-
tion at 77°K in the solid phase, the excitation of 2,3-
DMB may migrate in the solid, probably as an exciton.
The exciton may be trapped at the toluene molecule
to form a toluene cation, an electron, or an excited

10) When 3-methylpentane is added in the 2,3 DMB matrix,
the matrix becomes transparent without a cracking at 77°K and
is suitable for the measurement of absorption spectra.
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toluene molecule (Reactions (5), (6), and (7)). A part
of the toluene cations and electrons may neutralize
with each other (Reaction (8)) to form an excited
toluene molecule. Then, the excited toluene molecule
formed in Reactions (7) and/or (8) may emit light.
The formation of a solute cation by excitation transfer
was also pointed out in previous studies of the radiolysis
of 2,3DMB in the solid phase?” and in polyethylene.!V)

The decreases in the intensity of the luminescence
and in the rate of the formation of the toluene anion
with dose may be due to the decrease in the amount of
residual toluene with the dose. When the toluene ions
formed by the pre-irradiation of 3.84x 10! eV/g are
photobleached (Reaction (9)), the intensity of the
luminescence recovered by the photobleaching is about
5 arb. unit, as is shown in Fig. 6.

hy
CeH;CH; — CH,CH, + e~ 9)

The concentration of toluene anions before the photo-
bleaching is about 3.3 x10-3molY,, if G(toluene ani-
ons)=0.6. The amount of toluene for the intensity
of luminescence of 10 arb. unit in Fig. 6 is about 3.3 x
10-3x2=6.6 X 10-3 molY%,.

11) R. H. Partridge, J. Chem. Phys., 52, 2491 (1970).
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We can, then, roughly estimate the distance of the
exciton migration. The real concentration of toluene
in the 2,3DMB crystalline lattice is about 6.6x10-3
mol%, i.e., 6.6 xX10-°mol fraction. Assume that the
exciton migrates to the nearest neighboring molecules
of toluene to give its energy to the toluene. Supposing
that the number of molecules of the nearest neighbors
of toluene is twelve; the number of 2,3DMB molecules,
through which the exciton migrates before encountering
a toluene, can then be estimated roughly as follows;

EB—;IW:;X% = 1.3 x 10® molecules

This number of molecules is approximately equal to
the calculated migration distance (103—10* molecules)
of the exciton corresponding to the lowest singlet-
excited state of alkane.!®

However, the concentration of toluene anions 6.6 X
103 mol9, is far below that of the solute, 2 mol%,.
This result can not yet be explained clearly, but the
following assumption can be made temporarily: effec-
tive parts to receive the migrating energy are limited
by the solubility or cluster formation of the additive,
defect formation with the solute.

12) T. Miyazaki, This Bulletin, 46, 329 (1973).
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Thermodynamic Properties of Some Isomeric Butyl Alcohol Mixtures®

Sachio MurakaMi® and G. C. BeNsoN
Division of Chemistry, National Research Council of Canada, Ottawa, Canada, K1A OR6
(Received May 16, 1972)

Molar excess enthalpies and molar excess volumes are reported for binary mixtures of n-butyl alcohol with

isobutyl alcohol, sec-butyl alcohol, and ¢-butyl alcohol.

results in terms of a lattice model was investigated.

Measurements of the thermodynamic properties of
binary mixtures of methanol with the four isomeric
butyl alcohols were reported in previous publica-
tions.3—® Differences in the behaviour of these mix-
tures were attributed primarily to differences in hydro-
gen bonding. As an extension of our studies, we have
measured the enthalpy and volume changes for the
mixing of n-butyl alcohol with isobutyl alcohol (2-methyl-
1-propanol), with sec-butyl alcohol (2-butanol) and with
t-butyl alcohol (2-methyl-2-propanol).

1) Issued as N.R.C.C. No. 12853.

2) N.R. C. C. Postdoctorate Fellow 1967-69. Present address:
Department of Chemistry, Faculty of Science, Osaka City Univer-
sity, Sumiyoshi-ku, Osaka.

3) A. E. Pope, H. D. Pflug, B. Dacre, and G. C. Benson, Can.
J. Chem., 45, 2665 (1967).

4) H. D. Pflug and G. C. Benson, ibid., 46, 287 (1968).

5) J. Polak, S. Murakami, V. T. Lam, H. D. Pflug, and G. C.
Benson, ibid., 48, 2457 (1970).

All of the measurements were carried out at 25°C except
for the excess enthalpies of n-butyl alcohol-t-butyl alcohol which were determined at 26°C.

Interpretation of the

Experimental

Details of the chromatographic purification of the isomeric
butyl alcohols have been described.” Enthalpies and volumes
of mixing were measured by successive dilution techniques,
using a calorimeter® and dilatometer. The uncertainties
in the results for equimolar mixtures are estimated to be +0.5
J mol-! for the molar excess enthalpies, and +0.0005 cm?
mol-! for the molar excess volumes.

Results

All of the measurements were carried out at 25.004
0.01°C except for the determinations of the excess
enthalpies of n-butyl alcohol-t-butyl alcohol mixtures.
The latter were measured at 26.00-+0.01°C, since at 25°C

6) S. Murakami, and G. C. Benson, J. Chem. Thermodyn., 1,
559 (1969).
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operation of the calorimeter was upset by the tendency
of the ¢-butyl alcohol to solidify in the hypodermic needle.
Results for the molar excess enthalpy H® and the
molar excess volume VE are listed in Tables 1 and 2,
respectively. In all cases, x; indicates the mole fraction
of n-butyl alcohol. Graphs of the results are shown in
Figs. 1 and 2, where it should be noted thatscales differing

TABLE 1. EXPERIMENTAL VALUES OF THE MOLAR
EXCESS ENTHALPY OF SOME BINARY ISOMERIG
BUTYL ALCOHOL SYSTEMS

n-Butyl alcohol-  n-Butyl alcohol— n-Butyl alcohol—

isobutyl alcohol sec-butyl alcohol t-butyl alcohol
at 25°C at 25°C at 26°C
—— —_——— ——
HE HE HE
L JTmol %t ] mol *1 J mol™
0.0376 1.7 0.0341 —14.8 0.0272 —59.9
0.0382 1.7 0.0774 —31.6 0.0343 —74.0
0.0951 4.0 0.1266 —48.3 0.0649 —133.9
0.1000 4.2 0.1756 —62.7 0.0677 —138.8
0.1412 5.6 0.2933 —87.4 0.1046 —202.3
0.1421 5.7 0.3519 —94.8 0.1144 —217.2
0.1859 7.0 0.4005 —98.7 0.1482 —266.5
0.1948 7.3 0.4185 —99.1 0.1585 —279.1
0.2353 8.2 0.4186 —99.2  0.1993 —328.0
0.2401 8.3 0.4573 —99.7 0.2065 —335.3
0.288 9.2 0.4576 —100.6 0.2485 —375.0
0.2909 9.5 0.4711 -100.1 0.2527 —378.1
0.3435 10.0 0.4738 —100.2 0.3043 —413.2
0.3451 10.4 0.5057 —100.2 0.3085 —416.1
0.3940 10.7 0.5185 —99.3 0.3550 ~—437.0
0.3956 10.9 0.5186 —99.5 0.3570 —437.4
0.4141 11.1 0.5218 —99.0 0.4104 —450.5
0.4425 11.0 0.5494 —98.1 0.4109 —449.9
0.4478 11.3 0.5644 —96.9 0.4636 —451.4
0.4559 11.1 0.5702 —96.0 0.4784 —450.8
0.4781 11.0 0.5752 —95.3 0.5159 —442.7
0.4879 11.1 0.6016 —94.3  0.5375 —437.5
0.4988 11.4 0.6218 —91.5 0.5631 —427.2
0.5235 11.4 0.6237 —90.8  0.6077 —406.5
0.5354 11.1 0.6768 —84.2 0.6108 —405.6
0.5356 11.0 0.6863 —82.1 0.6137 —403.8
0.5449 10.9 0.7262 —75.8  0.6619 —372.1
0.5799 10.9 0.7278 —75.3  0.7095 —334.1
0.5806 10.9 0.7399 —72.5  0.7590 —288.8
0.5923 10.4 0.7761 —65.8 0.8125 —233.9
0.5952 10.3 0.8014 —59.2 0.8603 —182.7
0.6316 10.3 0.8055 —58.3  0.9022 -—131.6
0.6344 9.7 0.8196 —55.6 0.9396 —83.5
0.6833 9.3 0.8606 —44.1 0.9747 —35.8
0.7362 7.8 0.8649 —43.7
0.7425 8.1 0.8860 —36.7
0.7868 6.6 0.9084 —30.9
0.8027 6.7 0.9349 —22.1
0.8302 5.5 0.9488 —17.8
0.8509 5.3 0.9675 —11.3
0.8682 4.3
0.9085 3.2
0.9162 3.0
0.9598 1.5
0.9685 1.1
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TABLE 2. EXPERIMENTAL VALUES OF THE MOLAR EXCESS
VOLUME OF SOME BINARY ISOMERIC BUTYL
ALCOHOL SYSTEMS AT 25°C

n-Butyl alcohol-
{-butyl alcohol

n-Butyl alcohol-
isobutyl alcohol

n-Butyl alcohol-
sec-butyl alcohol

—_——— —_—~— —_——
VE VE VE

*1 cm® mol™! *1 cmd molt M1 cm3 mol™?
0.0419 0.0003 0.0275 0.0017 0.0481 —0.0662
0.0785 0.0015 0.0652 0.0024 0.0963 —0.1176
0.1030 0.0026 0.0705 0.0033 0.1496 —0.1581
0.1649 0.0029 0.1123 0.0046 0.2050 —0.1868
0.1656 0.0034 0.1233 0.0044 0.2640 —0.2043
0.2315 0.0044 0.1632 0.0047 0.3195 —0.2115
0.2445 0.0033 0.1810 0.0051 0.3747 —0.2116
0.2935 0.0043 0.2150 0.0055 0.4273 —0.2066
0.3178 0.0038 0.2392 0.0055 0.4706 —0.1992
0.3492 0.0043 0.2702 0.0057 0.5720 —0.1726
0.3800 0.0036 0.3308 0.0055 0.6090 —0.1601
0.3987 0.0041 0.4285 0.0046 0.6652 —0.1408
0.4351 0.0038 0.4626 0.0044 0.7244 —0.1191
0.4447 0.0042 0.4822 0.0048 0.7825 —0.0959
0.4818 0.0039 0.5023 0.0041 0.8412 —0.0713
0.4883 0.0039 0.5249 0.0044 0.8940 —0.0484
0.5220 0.0038 0.5495 0.0039 0.9453 —0.0253

0.5235 0.0038 0.5735 0.0040

0.5986 0.0035 0.6000 0.0035

0.6523 0.0033 0.6312 0.0034

0.7085 0.0029 0.6547 0.0030

0.7676 0.0025 0.6877 0.0029

0.8261 0.0021 0.7163 0.0024

0.8838 0.0017 0.7493 0.0022

0.9308 0.0013 0.7788 0.0021

0.9696 0.0004 0.7846 0.0016

0.8159 0.0015

0.8403 0.0013

0.8449 0.0013

0.8786 0.0013

0.9015 0.0006

0.9047 0.0007

0.9373 0.0005

0.9568—0.0001

0.9573—0.0001

0.9738 0.0001

by a factor of 10 have been used in plotting the excess
functions for some of the systems.

The method of least squares was used to fit the
results with equations of the type

XE — xl(l—xl)gcj(l—le)j"l (1)

where X® is either H® or V*. The minimum number
of coefficients required to represent the results ade-
quately was determined by examining the statistical
significance of the improvement in the fit with the
increase in the number of coefficients. The values
obtained for the coefficients ¢; are summerized in
Table 3, along with the standard error of estimate o
associated with each representation. The curves in
Figs. 1 and 2 were calculated from Eq. (1) using these
values for the coefficients.
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Fig. 1. Molar excess enthalpies of n-butyl alcohol-isomeric Fig. 2. Molar excess volumes of n-butyl alcohol-isomeric butyl

butyl alcohol mixtures. Experimental results; A: n-butyl
alcohol-isobutyl alcohol at 25°C; (O: n-butyl alcohol-
sec-butyl alcohol at 25°C; []: n-butyl alcohol-¢-butyl alcohol
at 26°C. Curves are least-squares representations of experi-
mental results by Eq. (1). Labels 7, s, and ¢ indicate the three
isomeric butyl alcohols used as second co