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TaBLE 11

Radical Radical

concn. concn,

if only one if five
Initial monomer mongomer

retarder unit units

Quinone concn, (M) present present
Anthraquinone 1.9 X 10~® 2 X 1073 3 X 103
Aminoanthraquinone 2.2 X 107% 1 X 1072 3 X 1073
Phenanthrenequinone 2.2 X 10~% 1 X 1073 3 X 10~
Benzoquinone 1.9 X 103 1 X 107% 3 X 10~3
Naphthoquinone 2.5 X 1073 1 X 10™3% 2 X 10°3
Chloranil 1.8 107 1 X 1073 2 X 1073
Duroquinone 2.0 X 107% 3 X 10"3% 6 X 10~

Aurin tricarboxylic

acid 7 X 102 1 X 10-% 2 X 10—3
Indanthrene 1 X 10°8 3 X 10~% 5 X 10~8

Assuming the simplest composition of the radical,
that is, a benzoyl (or phenyl) fragment linked
through only one monomer unit to a quinone resi-
due, we obtain a molecular weight of about 300. In
this case the apparent molar susceptibility would be

xu = 0.005 X 1078 X 300 = 1.5 X 10~¢

But if one mole has a susceptibility of 1257 X 1078,
then a “‘molar’’ susceptibility value of 1.5 X 10-°
will be exhibited by 1.5/1257 or 1 X 10~ mole of
radicals. Let us now assume that the radical has
five monomer units. In this case its molecular
weight will be 700 giving an apparent xu of 3.5 X
10~% which is equivalent to a molar concentration
of stabilized radicals of 3 X 10-% M. Inasmuch
as the original quinone concentration was 1.9 X
10— M, it would appear that the stabilized radicals
are formed before the chain making up this stabil-
ized radical has grown to more than five monomer
units long (plus, of course, an initiator fragment)
even if every molecule of quinone is used up in the
formation of such radicals.

The idea that the stabilized radicals formed in
quinone-retarded polymerizations are constituted
from few monomer units has received support from
the purely chemical study of Cohen.®®* He con-

(19) S. G. Cohen, J. Polymer Scé., 3, 511 (1947),
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cludes that at low quinone concentrations (4.5 X
10-3 M, in his work) the chain growth process may
be interrupted before the addition of a second
monomer molecule.

It is, perhaps, not surprising that the amines
and hydroquinone did not behave in the same
fashion as did the quinones. Here the primary
retarding step may be the abstraction of a hydrogen
atom as postulated by Price® instead of direct
addition to the retarder molecule. With aromatic
nitro compounds, however, the reaction with ali-
phatic radicals has been considered to be nuclear
addition resulting in a resonance stabilized species
much like that visualized for quinone retardation.
The evidence from the present work tends to cast
some doubt upon close similarity of the two re-
actions. A possible alternative mechanism for the
nitro compound retardation is that put forth by
Bartlett??? on kinetic grounds involving a radical
which appears much less stable.

It is interesting to note that while an aromatic
amine does not produce highly stabilized radicals,
the amine group attached to a quinone, as in
aminoanthraquinone and indanthrene, has no effect
in preventing their formation. Ineachof these cases,
however, the ring to which the amine group is linked
has lost much of its aromatic character.

These results do not by any means disprove the
theory of free radical intermediates in non-quinoid
retardation. However, any radicals formed must
be of an entirely different order of stability, the
limits of detection of the present method being
10~%to 10— M concentration of free radicals.

Acknowledgment.—We wish to thank Prof. P. W.
Selwood of Northwestern University for helpful
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The Effects of Structure on the Viscosities of Perfluoroalkyl Ethers and Amines

By T. J. Brice anD R. I. CooN
RECEIVED DECEMBER 1, 1952

The viscosities of a number of fluorocarbons, cyclic and straight chain fluorocarbon ethers, and perfluoroalkyl tertiary

amines have been measured over a range of temperatures.

The oxygen and nitrogen-containing compounds have lower
viscosities than fluorocarbons of the same type (cyclic or straight chain) and the same number of carbon atoms.

Thermo-

dynamic quantities related to viscous flow were calculated. Possible reasons for the viscosity effects observed are discussed.

The viscosities of a number of fluorocarbons have
previously been measured, and in particular an ex-
tensive study of three perfluoropentanes has been
made by Burger and Cady.!

The absolute viscosities and the temperature
coefficients of viscosity of fluorocarbons are high
compared to those of analogous hydrocarbons,
hydrocarbon ethers (polyalkylene oxides) and

(1) L. L. Burger and G. H. Cady, Tris JournaL, T8, 4248 (1951).

siloxanes. The low viscosities and temperature
coefficients of viscosity of the latter compounds
have been attributed to high internal flexibility.
This in turn has been attributed to progressively
greater ease of rotation about the C-C, C-0O, and
Si—O bonds.»® In siloxanes an additional factor
is believed to be the ease of rocking of the (CHjs),-

(2) A. Bondi, J. Phys. Colloid Chem., 88, 1355 (1951).
(8) C. M. Murphy and W, A, Zisman, Ind. Eng. Chem., 42, 2415
(1850).
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TABLE I

PrysicAL PROPERTIES OF SOME FLUOROCARBONS, PERFLUORO ETHERS AND PERFLUORO AMINES

Bp., °C. 0/,
Compound (mm.» STEEINS g%y 25° es. 7, 25° cp.
#-CsF 2 29.3 1.6200 0.4619
(20°) (24.9°)
c-CsPrp® 22.5 1.6451 0.7670
(20°) (20.1°)
FsC —CFqeb 27.3 1.2502 1.6120 0.335 0.540
| H (743)
¥:C. /CPCF:
N
F? 33.4 1.2580 1.6625 433 0.716
/G 743
PC” T NCRy (743)
|
F.C. o CF=
1-Coby 561 1.2518 1.6771 .398  0.670
(747)
- CsF 0 55.0 1.2628 1.6865 .470  0.802
(731)
CuFs0CF4QCaFs 36-357 1.2392 1.5916 .373 0.592
7-CsFs 103.5-104 1.2675 1.7342 713 1.250
(725)
{(n-C4Fe)20 101.0 1.2607 1.7103 655 1.118
¢-CsFi:0 102-103 1.2769 1.7602 805 1.413
(734)
CsF1e0s 101-101.9 1.2721 1.7304 743 1.285
CoFs(OCyFqio- 94-96 1.2500 1.6311 .623 1.015
OC:qFy (735)
ng 101.5 1.2835 1.830 1.883
e’ \?Fz
od
F'IC\C/CFCF
1)
CePFsN (CsFr)e® 110 1.2747 1.7809 .668 1,189
(CeFs)NCsF+/ 90.3 1.2688 1.7537 .555 0.973

o L. L. Burger and G. H. Cady, ref. 1.
J. Chem. Soc., 603 (1951). ¢ N, caled., 3.0; found, 2.7

Si- group about the oxygen atoms due to the
strongly ionic nature of the Si-O bond.?

Rotation about the C-C bonds in fluorocarbons
is known to be hindered by a high energy barrier,
4350 cal./mole in C,F;,° as compared to 2700-3000
cal./mole in C;Hg This rigidity has been con-
sidered to be largely responsible for the viscosity
properties of the fluorocarbons. On this basis 1t
has been suggested that the viscosity and the tem-
perature coefficient of viscosity of a fluorocarbon
could be lowered by the insertion of —-O- or >NR;
(where Ry is a short fluorocarbon chain) into the
carbon chain to provide greater internal flexi-
bility.

The compounds used are listed in Table I. The
data given for #-CsFi, ¢-CsFig, ¢-CsFis and ¢-CyFys
were taken from the literature as indicated. The
other compounds were prepared in these labora-
tories by the Simons electrochemical fluorination
process from the appropriate organic compounds.®
Their structures are self-evident except for those of
¢-CeF120, ¢-CsF160, and ¢-CgF160..  The first two
are mixtures of a-substituted perfluorotetrahydro-

(4) E. G. Rochow, ""Chemistry of the Silicones,”” Second Edition,
John Wiley and Sons, Ine., New York, N. Y., 1951, p. 115,

(5) E, L, Pace and J. G. Aston, THIS JOURNAL, 70, 566 (1948).

(6) J. H. Simons, '"Fluorine Chemistry,” Academic Press, Inc.,
New Vork, N. V., 1830, p. 401,

Caled.

b Freezes below —80°.

Fluorine Mol

Carbon . wt.
Found Caled, Found Caled. Found Liquid density eguation

22,5 21.2 71.4 T1.2 266 264 dts = 1.6845-0,0029¢
(25 to —63°)
22,5 21.6 71.4 69.4 266 274 dte = 1,7325-0,0028;
(25 to —56°)
21,3 21.2 787 78.2 338 db = 1.7471-0.0028;
(25 to —50°)
22.8 22.8 72.2 72,4 316 315.5 dY% = 1.7540-0.0027/
(25 to —50°)
19.5 19.7 719 70.86 d's = 1,6616-0.0028.
(25 to —50°)
21.9 220 78.1 77.7 438 434 d% = 1.8192-0.0026¢
(80 to — 25°)
21.2 21.3 75.4 T4.3 456 454 dt = 1.7712-0.0026¢
(80 to —25°)
23,1 23.1 73.0 72.9 416 418 dt = 1.8217-0,0026¢
(80 to —25°)
22.2 22,5 70.4 70.0 432 435.5 d% = 1.7906 — 0.0025¢
(80 to —25°)
19.8 19.2 70.4 64.6 486 481 db = 1,7022-0.0029;
(80 to —25°)

dte = 1.897-0.0027:

dt=1.8435-0.0025;

(80 to —20°)
d% = 1,8190-0.0026¢
(80 to —20°)

¢ Freezes ca. —58°. ¢ R. N. Haszeldine and F. Smith,

/ N, caled , 3.3; found, 3.1.

furans, CF—CF, and «-substituted perfluorotetra-

CF; CF—R;
N
CF;
hydropyrans, F2C]: CF,. They are believed to be
|
FgC\ O/CFRf

mostly the former. The structure of the ¢-CsF160:
is not definitely known, and may have two or only
one of the oxygen atoms in the ring.

Experimental

The experimental data and analytical results are contained
in Table I.

Purification of Materials.—The electrochemical cell prod-
ucts were first washed with strong aqueous hase to remove
entrained hydrogen fluoride. The fluorocarbon layer was
separated and dried with phosphorus pentoxide. It was
then fractionally distilled in a helix-packed column and center
fractions of constant boiling point and refractive index
taken for use. The purity of the samples was checked by
elementary analysis and by infrared analysis.

Densities were determined in a Pyrex pycnometer con-
sisting of a 5-ml. bulb to which was sealed a calibrated sec-
tion of capillary tubing. Above the capillary was an ex-
pansion section of 8 mm. tubing. After the pycnometer
had been filled through a vacuum system, the upper section
was sealed. The liquid level in the capillary section above
or below the calibration mark was read with a cathetometer.
Correctiona were made for the weight of vapor above the
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Ii;;uid, expansion or contraction of the glass, and buoyancy
of air.

The pycnometer bulb and capillary were calibrated with
pure mercury at 25°. ‘‘International Critical Tables’ values
for the density of mercury were used.

Viscosities were determined with calibrated Cannon-
Fenske viscosity pipets. Pure CCls was used to check the
calibration over the temperature range covered. The de-
viations from accepted values were found to be less than 29,
at the extreme temperatures and about 1%, from 0 to 50°.
The greatest source of error probably arises from the slight
differences between the temperature at which the pipet is
charged and the temperature at which it is operated and the
consequent change in driving head.

Temperature control for all constant temperature baths
above 0° was obtained by the use of a ‘‘merc-to-merc’’
regulator; the temperature was held within +=0.1°. The
_ bath liquids were water, up to 50°, and petroleum oil at
higher temperatures. Temperatures below 0° were ob-
tained by dissolving Dry Ice in acetone contained in a de-
war flask. It was possible to control the temperature within
#+0.5° by periodic small additions of Dry Ice and constant
stirring.

Boiling points were measured by the method described
by Quiggle, Tongberg and Fenske.?

Molecular weights were determined by vapor density
methods. The molecular weights of the C; and C; com-
pounds were measured in a vapor density balance. The
molecular weights of the C; compounds were determined by
means of a Monel Dumas bulb. This bulb had a volume
of about 50 ml. and was fitted with a Teflon-packed Hoke
needle valve and a thermocouple well. In determining
molecular weights, the bulb was first heated to constant
weight in a hot air-bath equipped with a thermoregulator,
cooled, evacuated and the liquid sample drawn in without
admitting air. The bulb was then heated to the desired
temperature, about 100° above the boiling point of the
sample, and carefully vented down to atmospheric pressure.
The bulb was then closed, cooled, reweighed and the mo-
lecular weight calculated on the assumption that the vapor
behaved as a perfect gas. Measured molecular weights
did not deviate from the theoretical values by more than
29%. The apparatus could be safely heated to 300°. The
design was based on a suggestion of Dr. J. D. Park of the
University of Colorado.

Refractive indices were obtained with a Spencer Abbe-
type refractometer capable of readings from 1.2000 to 1.5000
with a precision of #=0.0001.

Physical Properties. Boiling Points.—The perfluoro
straight chain eight carbon ethers have markedly lower
boiling points than #-CgFy3. Their lower boiling points are
hardly likely to be due to lower intermolecular forces since
their polarizabilities are higher than that of #-CgFys, and
this should lead to higher, not lower, intermolecular forces.
However, an increase in the entropy of vaporization, ASy,
over the ideal case can lead to lower boiling points than are
predicted from the intermolecular forces, since the boiling
point isrelated to ASy by Ty = AH,/ASp. Bondi has shown
that such a boiling point lowering occurs with the fluoro-
carbons and siloxanes.? In the ideal case, molecules are
assumed to rotate freely in the liquid state; greater order
in the liquid, which an increase in AS, implies, has been as-
sociated with restriction on the freedom of external rotation
of molecules in the liquid. In the present instance, the Cs
perfluoro straight chain ethers may be considered to be less
free to rotate externally than even the rigid fluorocarbon
molecule and, consequently, to have slightly higher entro-
pies of vaporization and lower boiling points than CgFys.
Similar effects were shown by C¢F10; and the C; perfluoro
cyclic ethers where the expected boiling point increase with
increased molecular weight was not found.

Densities and Refractive Indices.—The densities of the
perfluoro ethers are lower than those of the corresponding
fluorocarbons. The temperature coefficients of density
are all approximately 0.0025-0.0028 ml./ml./deg. This is
the usual range for fluorocarbons.

The refractive indices of the perfluoro ethers are also
lower than those of fluorocarbons with the same type of
structure (cyclic or straight chain) and the same number of
carbon atoms. The molar polarizabilities of the compounds

(7) D. Quiggle, C. O. Tongberg and M, R, Feaske, Ind. Eng. Chem.,
dnal, Bd,, 8, 466 (1934).
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were calculated; the polarizabilities of the perfluoro ethers
are all higher than those of fluorocarbons having the same
number of carbon atoms and the same type of structure.

Viscosities.—The perfluoro straight chain ethers have
lower absolute viscosities than straight chain fluorocarbons
having the same number of carbon atoms; the kinematic
viscosities (n/d) of the perfluoro ethers are also lower, al-
though not as much as the absolute viscosities, because of
the lower densities of the ethers. Both the straight chain
fluorocarbons and perfluoro ethers have lower viscosities
than either cyclic fluorocarbons or perfluoro cyclic mono-
ethers of the same number of carbon atoms.

The perfluoro cyclic ethers have lower absolute and kine-
matic viscosities than cyclic fluorocarbons having the same
number of carbon atoms.

The viscosities of the two isomers of ¢-C;F1sO are quite
different from one another. This is not surprising, since
their other physical properties also differ widely. The iso-
mers of CgF1,0 which were used in this work boil very close
to one another, and their other physical properties would be
expected to be very similar. This is also true of the ¢-
CsF160 mixture. The curve in Fig. 1 drawn for the per-
fluoro cyclic ethers would very likely be the same, if data
for the individual isomers of the ¢-CsFy20 and ¢-CsF160 mix-
tures were available and had been used.

TABLE II
VISCOSITIES
The viscosity, in poises, is obtained by substituting the proper

values in the table in the equation: log» = (4/T)— B.
Compound A B Temp. range, °C.
F.C CFCF; 560.0 4.141 25 to —63
F,
/5N
F.C CF, 605.0 4,158 25 to — 56
|
F?C\O/CF2
n-CsFuy 568.8 4,079 25 to —50
¢-CeF120 620.0 4,172 25 to —50
C,F;0C,F,OC,F; 598.0 4.229 25 to —50
1-CsFys 706.5 4.261 80 to —25
(n-CiF)0 645.8 4,111 80 to —25
¢-CsFy0 728.0 4,282 80 to —25
CsFy102 666.0 4,118 80 to —25
CoFs(OC:F4):0C,F; 659.9 4,200 80 to —25
(CqF5):NCsFy 641.7 4.159 80 to —20
C.FsN(C;Fr). 663.5 4,139 80 to —20
Discussion

Viscosity as a Rate Process.—A number of
thermodynamic quantities based on Eyring’s rate
process theory of viscous flow have been calcu-
lated and are given in Table III.

The activation energies for viscous flow (Evis)
which determine the temperature coefficients of
viscosity were obtained from the slopes of log  vs.
1/T plots. These plots are straight lines, as nearly
as could be determined, over the temperature
ranges used; there is no evident variation of Ey;,
with temperature. Burger and Cady! have ob-
served such variations, particularly .at low tem-
peratures.

The values of E.i; have been plotted in Fig. 1
as Eyis vs. molecular weight. For any one class of
compound Eyis increases linearly with increasing
molecular weight. The line V drawn through the
Eis value for (C4F,);0 connects this point with the
Eyis of (CoF15)50 (5.02 kcal,/mole) which is beyond
the limit of the graph, The Ey, values of both
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TaBLE III
THERMODYNAMIC QUANTITIES RELATED TO Viscous FLow
AEvap,
Evis, AF:,:, AS:,:, keal./mole AEvap/ Avap/
Compound B.p., °C. kcal./mole kcal./mole e, (caled.) Evis AF¥F
7n-CsFre® 29.3 2.24 3.14 —4.0 6.05 2.7 1.9
¢-CsFy® 22.5 2.04 3.30 -2.4 5.76 2.0 1.7
(Values for 20°)
CF;CF;CF,CF—CF; 27.3 2.56 3.25 —2.28 5.86 2.29 1.81
[aNNrg W]
CF;CF;CF.CF,CF; 33.4 2.75 3.38 -2.05 5.99 2.18 1.77
[ o Su——
n-CsFu 56.1 2.60 3.57 -2.95 6.43 2.47 1.80
CoF;0C,F,OC;F; 55.0 2.74 3.57 —2.50 6.39 2.33 1.79
¢-CsF120 55.0 2.84 3.62 -2.30 6.39 2.25 1.76
n-CsFys 103.5 3.24 4.25 —2.69 7.35 2.27 1.73
(n-CyFs),0 102.0 2.95 4.26 —3.48 7.32 2.48 1.72
C.F;(OC:F).0C,F; 95.0 3.02 4.09 —2.90 7.19 2.38 1.7
(CFz)a—C’DFCFgC]lF” 101.5 3.45 4.38 —2.48 7.32 2.12 1.67
CF; CF;
¢-CsF160 102.0 3.34 4.26 —2.46 7.32 2.20 1.72
¢-CsF160, 102.0 3.05 4.31 -3.36 7.32 2,40 1.7
C;F:N(C;Fq). 110.0 3.04 4.34 —3.40 7.48 2.46 1.72
(CoF5):NCsF, 92.0 2.94 4.14 -3.29 7.13 2.43 1.72
1,3,5-CsFo(CFy)s’ 125.2 3.62

o 1,. L. Burger and G. H. Cady, ref. 1.

b Calculated from data of R. N.

Haszeldine and F. Smith, J. Chem. Soc., 603,

(1951).

straight chain and cyclic perfluoro monoethers are
significantly, and about equally, lower than the
E.is values of fluorocarbons of the same struc-
ture and having the same molecular weight. The
four lines (for straight chain and cyclic fluoro-

1 I 1 1 i |

3.8 = -

©  w W w
=T - =)

Evis, keal. /mole.

o
o

L
>
!

|

N

RN
1
|

22 -
| ] 1 ] ] |

250 300 350 400 450 500
Mol. wt.

Fig. 1.—Activation energy for viscous flow as a function of
molecular weight: I, cyclic fluorocarbons; II, perfluoro
cyclic monoethers; III, straight chain fluorocarbons; IV,
CyF(CFCF0)CyFy; V, perfluoro straight chain mono-
ethers. The points between III and V are for (CiFyyr-
NCyFrand CyFiOy (reading up). The poiat between IV and
V is for (CyF)sNC;Fy.

¢ Caleulated from data of A, V. Grosse and G. H. Cady, Ind. Eng. Chem., 39, 367 (1947).

carbons and straight chain and cyclic perfluoro
monoethers) appear to be converging toward a
single curve. It seems reasonable that this should
be true, since the special effects introduced by either
a ring or a single oxygen atom would be expected
to be overshadowed by the acyclic fluorocarbon
portion of the molecule, as the molecular weights
increase.

Of particular interest is the slope of the line con-
necting the Evis values of CeF140: and CgFis0s.
These compounds may be considered as the first
two inembers of the series CyFsO(CyF40)nC:Fs.
It appears that for these compounds Eyis increases
very much less rapidly with molecular weight than
it does for the other compounds. If this is borne
out by the higher members of the series, it would
mean that at long chain lengths the temperature
coefficients of viscosity would be very much less
for this class of compounds than for fluorocarbons.

The two perfluoro tertiary amines have viscosi-
ties and temperature coefficients of viscosity close
to those of perfluoro straight chain monoethers of
the same molecular weight (Fig. 1). The effect of
the single nitrogen atom in perfluoro tertiary amines
falls off with increasing molecular weight. Thus
the Eus of (CsF3)sN is 4.90, about the same as
that of (C6F13)20.

The entropy of activation, AS¥, which is a meas-
ure of the change in molecular orientation in going
from the normal liquid to the activated state, was
calculated for each compound on the assumption
that

Eyy = AH%F: AS* = (AH¥ — AF¥)/T

For most non-spherical organic molecules the
activation energy for viscous flow has been found
to be about one-fourth of the energy of vaporiza-
tion, or Evap/FEvis = 4. For all of these perfluoro
compounds the Eyap/Eve ratio was found to be
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considerably smaller, about 2.3 at the boiling point.
This assumes that Eyap can be calculated reasonably
well by using a Trouton constant of 21.5. If
it is assumed that Eyi represents the energy neces-
sary for the formation of a hole for the molecule
that is moving, then this energy requirement is
nearly twice that needed by organic compounds.

The ratio Ey.p/AF¥ approximates 1.7 to 1.8 for
all of the compounds. For most organic com-
pounds this ratio is 2.45.

Burger and Cady? found in the case of the per-
fluoropentanes that E,ap/Evis at about the boil-
ing point ranged from 2.0 to 2.7 and E,.p/AF¥*
from 1.7 to 1.9.

Effects of Oxygen Atoms.—The effect of the
oxygen atoms in perfluoro straight chain ethers in
producing compounds having lower viscosities and
temperature coefficients of viscosity than fluoro-
carbons of the same molecular weight, could be ex-
plained by assuming that internal rotation about
the carbon-oxygen bond is freer than rotation
about carbon—carbon bonds, and that the ether
molecule is thus more flexible and requires less
energy of activation than the fluorocarbon. How-
ever, a comparison of the data on perfluoro cyclic
ethers and perfluoro cyclic fluorocarbons shows that
the oxygen atom is as effective in reducing the vis-
cosities and temperature coefficients of viscosity in
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cyclic compounds as it is in the perfluoro straight
chain monoethers. This is evident from the data
in Table III and is illustrated in Fig. 1. It is
difficult to see how ease of rotation about the C-O
bond can have much meaning in these rigid ring
compounds.

The similarity of the magnitude of the effects in
the two classes of compounds suggests a common
cause, and, since increased internal flexibility does
not appear to explain the results on the cyclic com-
pounds, it might be imagined that it is not the ex-
planation for the results on the straight chain com-
pounds either.

Effects of Nitrogen Atoms.—The effectiveness
of the nitrogen atom in perfluoro tertiary amines in
reducing viscosity and temperature coefficients of
viscosity is about the same as that of the oxygen -
atom, judging by the data on (CsF7);NC,Fs, par-
ticularly the relation of its Eis to that of the nor-
mal fluorocarbons.
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Solvolysis Rates of Some Deuterated Tertiary Amyl Chlorides

By V, J. SHINER, Jr.!
RECEIVED JANUARY 24, 1953

Three different g-deutero tertiary amyl chlorides, containing approximately 2, 6 and 8 deuterium atoms per molecule,
have been synthesized and their rates of solvolysis and proportion of olefin formation in “809%,’’ aqueous alcohol at 25° have
been measured. The octa-deutero compound solvolyzed at a rate ca. two-fifths as fast as the undeuterated one while the
iess extensively deuterated compounds fell in the intervening range roughly spaced in proportion to the amount of 8-deutera-
tion. Deuteration of the methylene group was slightly more effective in reducing the rate than deuteration of a methyl
group. Methylene deuteration cut the olefin proportion by a factor of ca. 1.5 while methyl deuteration showed no experi-

mentally significant effect on this constant.

advanced to account for the reported isotope effects.

A logical extension of the recently reported work?
on the isotope rate effect of deuterium substitution
in the bimolecular reactions, Sx2 and E2, of a typ-
ical alky! halide is the investigation of this effect in
the solvolysis reaction in a case where conditions
are known to be near limiting® or conducive to the
unimolecular mechanism.* The present enigmatic
state of our knowledge of this apparently simple
but actually extremely complex organic reaction
makes it, of course, the more interesting of the two
cases. The theory of isotope rate effects has been
presented in detail before® 7 and experiments have

(1) Department of Chemistry, Indiana University, Bloomington,
Indiana. Du Pont Postdoctoral Fellow, Harvard University, 1951
1952.

(2) V. J. Shiner, Jr., Trs JouRNAL, T4, 5285 (1952).

(8) S. Wiastein, E. Grunwald and H. W. Jones, ibid., 18, 2700 (1961).

(4) L. C. Bateman, M. G. Church, E, D. Hughes, C. X. Ingold and
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This behavior is contrasted with that previously reported in a study of the ef-
fect of B-deuteration on the Sy2 and E2 reactions of isopropyl bromide.

A tentative explanation in terms of mechanism is

confirmed that this is a particularly powerful tool
in the investigation of reactions involving bonds
between hydrogen and some other element, for it is
in the case of the isotopes of hydrogen that the
largest differences in zero point energies appear.
The well-known Hughes-Ingold Sy1-E1 mechanisms
at first sight appear to allow a simple prediction of
the nature of the isotope effects in the reactions to
which they pertain
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