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the cancellation of uncertainties owing to the two
siinilar reactions (k; and &;) appearing in the quo-
tient.

Experimental

Materials. Carbon Tetrachloride (Eimer and Amend)
was purified by distillation through a 25-plate vacuum-
jacketed column; only the fraction boiling in the range of
76.7-76.8° was used, #2D 1.4579. The solvent was
stored in a brown bottle over calcium chloride.

Nitrobenzene (Eimer and Amend) was fractionally
frozen three times, about one-third of the total being
poured off each time. It was washed with sulfuric acid
(1:1) until the washings were colorless, then with a small
quantity of sodium hydroxide and finally with distilled
water. It was then dried over calcium chloride and dis-
tilled twice under reduced pressure. After letting the
liquid stand over powdered barium oxide for twenty-four
hours, it was finally distilled over activated alumina to
remove any residual dissolved ions. This procedure
follows closely that recommended by Taylor and Kraus.?!
The nitrobenzene so obtained had a dielectric constant of
34.05 at 27.6°. Its specific conductance was 4.77 X
10~* when fresh but increased rharkedly on standing.
‘‘Aged’’ nitrobenzene depressed all polymerization rates
considerably. So-called C. p. nitrobenzene varied consid-
erably in color as well as effect on reaction rates and was
used without purification only in preliminary experiments.

Styrene (Dow) was washed with 49, sodium hydroxide
solution, and with water. It was dried over calcium chlo-
ride and distilled prior to use through an all-glass appara-
tus b. p. 31° (9 mm.).

Tin tetrachloride (C. p. Eimer and Amend) was re-
fluxed over phosphorus pentoxide in an all-glass still for
1-2 hr. Without opening the system to the atmosphere
the condenser was then inclined in position for distiltation,
the tin tetrachloride was cooled and suction was applied.
(Cenco Pressovac pump.) As a distillate receiver, a soft-
glass 10-cc. test-tube was used to which a side-arm had
been applied and whose bottom was drawn into a thin
capillary. After the correct amount of catalyst had been
collected, the adapter stopcock was closed and the capil-
lary was sealed off the rest of the tube by touching it
several times with the tip of a non-luminous bunsen flame.
Evacuation was continued for some time; the upper part
of the receiver tube was then removed, washed with hy-
drochloric acid (to dissolve any hydrates of tin tetrachlo-
ride adhering to the walls) then with water and acetone.
It was then weighed to obtain the amount of tin tetra-
chloride in the ampoule.

(21) Taylor and Kraus, Tais JoURNAL, 69, 1731 (1947).
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The amines (Sharples) were purified by fractional dis-
tillation: dimethylaniline, #»2p 1.5584 (““Int. Crit.
Tables'’ gives 1.5587); n-butylamine, #%p 1.4015 (*““Int.
Crit. Tables’’ gives 1.401), b. p. 78.0°; di-n-butylamine,
n¥p 1.4164; tri-n-butylamine, #2¢p 1.4290. The poly-
merizations were carried out in sealed glass tubes thermo-
statted at 27.6°, one tube being opened for each titration
of the residual monomer by bromine/carbon tetrachloride
solution. No attempt was made to exclude water rigor-
ously as it was found that good reproducibility could be
attained using the present technique. Addition of small
amounts of water caused a decrease in the rate of poly-
merization.? Ampoules containing the catalyst were
opened under the surface of the liquid to start the reaction.
Viscosities (for mol. wt. determinations) were measured
in Ostwald viscosimeters, with an eflux time of between
100 and 200 sec. for the solutions employed.
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Summary

1. The retardation of the Friedel-Crafts
polymerization of styrene by four amines has been
studied.

2. Under two sets of conditions it was found
that n-butylamine is the weakest inhibitor, with
di-, tri-n-butylamine and dimethylaniline being
about equally effective.

3. The ratio (degree of polymerization without
inhibitor) : (degree of polymerization with inhibi-
tor) is found to be smaller than the corresponding
ratio for over-all rates of reaction. This may be
due to chain transfer.

4. The miechanism of inhibition is assuined to
be the conversion of the carbonium into an ammo-
nium ion. Kinetic expressions are derived for
this mechanism.

5. Evidence for this inhibition mechanism is
obtained from rate measurements in the presence
and absence of the inhibitor in media of varying
dielectric constant.
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Inhibition of Friedel-Crafts Polymerization.!

II. Factors Affecting Inhibitor Power

By J. GEORGE, H. MARK AND H. WECHSLER

It was shown in the preceding paper? that dif-
ferent amines retard the polymerization of styrene
by tin tetrachloride to a different degree. The
present investigation intends to determine the
factors responsible for the relative efficiency of
inhibitors in Freidel-Crafts polymerizations.

Inhibition by Tin Chloride-Amine Complexes
Inhibition was explained in the preceding article
by the forniation of a stable ammoniuni ion which

(1) This paper is part of the dissertation presented by Harry
Wecbsler to the Faculty of the Graduate School, Polytechnic In-
stitute of Brooklyn, in partial fulfillment of the degree of Ph.D.

(2) George, ef al., THIS JouRNAL, T2, 3891 (1950).

recalls the inhibition in free-radical polymeriza-
tions where an active radical is replaced by a slug-
gish one.* The similarity does not extend too far,
however. Amines are known to form salt-like
complexes with generalized acids such as tin tet-
rachloride?; this reaction, together with the am-
monium ion formation, will tend to decrease the
effective amine concentration. The rate of amine
disappearance is given by the expression
—dn/dt = kk(n)(SnCl) + ki(ch)(n) 1)

where # = inhibitor; ¢* = carbonium ion; kg

(3) See for example H. Ulich, E. Hertel and W. Nespital, Z. physik
Chem., B17, 21 (1932).
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and k = rate constants for complex formation
and inhibition reactions, respectively. If the
amine is a powerful chain terminator the effective
termination rate is ki(ct)(n); if the amine, how-
ever, is a weak chain terminator the termination
reaction is

Bs(c)(X™) = ks(c™)?

(X~) being the concentration of negative ions in
solution. In the first case assumption of the
steady state leads to

—dn/dt = kx(n)(SnCL) + 4 = a(n) + 4 (2)

where A = rate of initiation and ¢ = b (SnCly) =
constant, the amount of tin tetrachloride con-
sumed in complex formation being negligible as
compared to total. Equation (2) leads to

n = Ce—st — B

Where B and C are constants for certain experi-
mental conditions. Alternatively, if the termi-
nation is ky(ct)? and (c*) = (4/ks)"* equation
(1) becomes
—dn/dt = ke(n)(SnCly) + ki(4/K;)V:(n) = b(n)
where b = constant. This leads to
n = ncg—bt

In both cases, the amine concentration decreases
rapidly as a function of time since the constants a
and b which appear in the exponent, contain &,
the rate constant for the rapid neutralization of
tin tetrachloride by the amine. As a conse-
quence, the inhibition should stop soon after the
reaction has started. This, however, is not the
case as Figs. 1a and b, ref. 2, show. The effect of
the amine persists over a long period of time, the
conversion curves being similar to those without
amines. This indicates that essentially the same
amine concentration is active throughout the re-
action. We shall therefore assume* that the re-
action

SnCly + xNR; 2 SnCly + xNR; (3)

is reversible and maintains an almost constant
amine concentration. The gas-phase dissocia-
tion of acid-base complexes has recently been
studied by Brown and collaborators.’ Never-
theless the effect of complex decomposition could
not be taken for granted in these experiments be-
cause of the possibility for ammonium ion forma-
tion which does not occur in the other cases where
acid-base equilibria of type (3) have been studied.
If the equilibrium (3) is established rapidly com-
plexes could serve as inhibitors as well as the free
amines.

Figure 1 represents the results obtained with di-
butylamine and with dibutylamine-tin tetrachlo-
ride complex as inhibitors in a medium of dielectric
constant 11.4. The same rate curve is seen to de-
scribe both experiments satisfactorily, which sup-
ports the existence of equilibrium (8) in solution.

(4) Compare G. N. Lewis, J. Franklin Inst., 226, 293 (1938),

(8) Compare H. Brown and collaborators, J. Chem. Phys., 14, 114
(1046); Tmxa Jounwaw, 89, 1187 (1047); ibid., 69, 1352 (1947).
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Fig. 1.—The complex SnCl¢-2(Bu),NH as inhibitor:
styrene, 0.8642 M; stannic chloride, 1.236 X 10~2 M,
(Bu);NH, 1.236 X 10~3 M.

The apparatus used to prepare the complexes is
shown in Fig. 2. A is a separatory funnel half-
filled with a solution of
the amine in carbon
tetrachloride; it can be
evacuated through E.
The amine solution to-
gether with several car-
bon tetrachloride wash-
ings is transferred to
the test-tube B while
maintaining the vac-
uum. Fresh carbon
tetrachloride is then
poured into A, this time
filling it almost to the
brim. An ampoule con-
taining tin tetrachloride
is broken under the sur-
face of the liquid, the
funnel is shaken and the
solution quickly run
into B. The complex
forms in B where out-
side cooling can be
applied to facilitate
precipitation of the complex from carbon tetra-
chloride. D is a sintered glass filter to which a
glass jacket has been sealed. By applying vac-
uum to E, the slurry can be drawn from B to D
where filtration occurs. The precipitate is then
washed 4n vacuo with fresh quantities of carbon
tetrachloride. If cooling is needed to assist crys-
tallization in B, ice-water is passed through the
jacket of D during filtration and washing. To
dry the precipitate, the ice-water is discontinued
and warm water is passed through the jacket
while continuing to apply the vacuum. Efficient
drying is thereby obtained without having to
transfer the precipitate and thus expose it. After
the sample is dry, the two stopcocks leading

Fig. 2.—Apparatus for the
preparation of SnClyamine
complexes,
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TaBLE I
Nitrogen, %,
Amine Formula of complex  Mol. wt, Cale. Obsd. M. p., °C. Remarks
CH¢NH, SnCl-2NH,(CH;) 406.8 6.89 6.24 255 (dec.)  White solid turns brown at 150°
(CiHg):NH SnCly2NH(CsHg): 519.0 5.39 5.29 65 (sharp)
(CiHg)sN Too unstable to be analyzed by conventional methods

Dimethylaniline SnCL-N(CH;).CsH; 381.5 3.67 4.0

to D are closed and the sample is ready to use.52

In preparing the four complexes, the same ratio
of tin tetrachloride to amine was used as in the ac-
tual polymerization experiments, ¢. e., 10:1. In
the case of dibutylamine, the same complex
SnCl:2NH(CHy), was formed when a ratio SnCly:
amine of 1:1 was used as when the ratio was
10:1. The results are summarized in Table I.
The codrdination number of stannic chloride is
seen to vary between 1 and 2 in these compounds.
From the appearance of the complexes it is ob-
vious that (CsHy);N is the weakest base since its
complex is easily hydrolyzed by atmospheric
moisture. It can be prepared as a white crystal-
line substance but on standing in air it deliquesces
to a brown liquid. Because of its instability,
results obtained with this complex are unreliable.
A more refined method than the one used here
must be devised for handling it. The complexes
of dimethylaniline and of the primary amine,
while not undergoing visible changes, could not
be dissolved in nitrobenzene—carbon tetrachloride
mixtures, even when kept dry immediately after
their preparation. This happens in spite of the

50 [ ]
40
e p
Q
8 30K A
E
= e
&20 L ndﬁed
IS b
4
10
' 4
{ A (I
0 1 2 3 4
Time, hr.

Fig. 3.—Effect of chloride ions on the polymerization
of styrene: styrene, 0.864 mole/liter; SnCly, 1.237 X
10—2 mole/liter; (C,H;)NCl 1.237 X 1073 mole/liter.

(5a) In the preparation of some complexes, control of temperature
is rather important. The complex SnCly CeHsNO3, for example, is
made by adding excess SnClq to nitrobenzene while cooling. As the
complex melts at 11°, and nitrobenzene at 5.6°, the separation must
be done at an intermediate temperature, 4. ,, where nitrobenzene is
liquid while SnCly CeHsN Oz is solid. This can be done by controlling
the temperature of the cooling water in the jacket of D.

165 (sharp) White crystalline substance; melts to green
liquid; solid turns green on standing in air

fact that no precipitate appears in the same sol-
vents when the complex is formed 4z sits. Only the
complex SnClL-2NH(C.Hs); could therefore be
tried as inhibitor and the results obtained with it
were identical with those obtained with dibutyl-
amine itself.

Chloride Ions as Inhibitors.—The dissociation
of the complex into the original components

SnCL-*NR; > SnCl + xNR,

is not the only reaction which the complex can
undergo in solution. Instead of the codrdinative
N:Sn breaking, a different bond may break with
the consequent formation of ioms, especially in
solvents which favor ionization.

Two types of complex ionizations are possible,
depending on whether the base or the acid is dis-
sociated. An example of the former is the in-
creased ionization of alcohols observed when alu-
minum alcoholates are dissolved in them.$

Al(OR); + ROH T~ H* + Al(OR)~

Dissociation of the generalized acid appears
to occur in such compounds as Cl;As-NC;Hj; ob-
tained by dissolving arsenic trichloride in pyri-
dine.?

CsHN + AsCly T CHiN-AsCly —>
(CsHsN'ASC12)+ + Cl—

Applied to the complexes discussed here, the
following two ionizations are conceivable.

(a) SnCl-2NHR, Z (ChSn'NHRzNRz)— + H+
and
(b) SuClL2NHR, == (CL;Sn-2NHR,)* + Cl~4

Case (a) is ruled out because it could not take
place with tertiary amines which nonetheless are
strong inhibitors. Case (b), however, had to be
investigated. To this end chloride ions were
added to a solution containing styrene and tin tet-
rachloride in a solvent of dielectric constant 14.0.
Tetraethylammonium chloride was prepared (see
experimental part), and a solution of it in nitro-
benzene was added to a mixture of styrene, stan-
nic chloride and solvent. The results obtained in
a solution of dielectric constant 14.0 are shown in
Fig. 3.

The inhibitory effect observed in the presence of
chloride ions can apparently be ascribed to a reac-
tion between the chloride ion and the growing
polymer chain.

(6) H. Meerwein, Ann., 488, 227 (1927).

(7) W. F. Luder and S. Zuffanti, “The Electronic Theory of Acids
and Bases,” John Wiley & Sons, New Vork, N. V., 1046, p. 51.
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CgHs CaHs
& |

—CH,— | + Clm —> —CHz—ﬁ:—Cl
H H

or
CeHs CeH;s
s

—CHe—(f + ClIm —> —CH=éH + HCI

H

Such reactions are known to occur with carbo-
nium ions.?

This influence of chloride ions on the polymeri-
zation represents another indication of the carbo-
nium-ion character of the reaction. Interaction
between the growing carbonium ion chain and a
negatively charged particle has been assumed to
constitute the termination in the mechanism
postulated by Polanyi and co-workers® and have
been confirmed by various authors.!

The observed effect cannot be attributed to the
increased ionic strength of the medium. At the
concentration of tetraethylammonium chloride
used here, (1.237 X 107% mole/l.) the ionic
strength p = 2.474 X 1073, At such low u’s, the
Debye—Hiickel limiting law applies and the reac-
tion rate constant is given by Bronsted’s formula

log & = log ko + Z.Z) (u)'/2

By this formula, making the same assumptions
with respect to the mechanism of polymerization
as in ref. 2, the initiation and propagation reac-
tions will not be affected by p. The termination
rate, however, should decrease and the over-all
rate increases as u increases. This, is not ob-
served, which indicates that the chloride ions
must be involved in a specific inhibition reaction.
Inhibition by chloride ions or the Cl end of the
HCI dipole is probably also responsible for the in-
hibiting effect of hydrogen chloride on the poly-
merifation of styrene catalyzed by tin tetrachlo-
ride. 1

Hydrogen chloride may be looked upon as a
combination of a catalyst and an inhibitor. In
the presence of olefins a carbonium ion is formed
by proton addition and the chain is very soon
terminated by a chloride ion. Polymers, when
obtained, are of a very low degree of polymeriza-
tion, e. g., dimers.!? As a consequence, hydrogen
chloride is a poor catalyst for Friedel-Crafts
polymerizations.

Another role hydrogen chloride can assume in
Friedel-Craft systems is that of a co-catalyst.
Its presence has been shown to be essential in high

(8) See for example tbe formation of a-chloro-g-bromoethane
from etbylene, bromine water and sodium chloride, Francis, THIS
Journar, 47, 2340 (1925).

(9) M. Polanyi and co-workers, J. Chem. Soc., 252, 257 (1947),
etc.

(10) See for example D, C. Pepper, Naiure, 188, 789 (1948);
F. S. Dainton and G. B. B. M. Sutherland, J. Polymer Sci., 4,
37 (1949).

(11) G. Williams, J. Chem. Soc., 1046 (1938).
(12) Risi and Gauvin, Can. J. Research, B14, 255 (1936).
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temperature carbonium reactions such as poly-
merizations and alkylations.!?

At low temperatures, probably because of a
high over-all energy of activation, the co-catalytic
effect of hydrogen chloride is not manifested.
The prevailing action is therefore inhibitory, as
observed in the polymerization of styrene and of
isobutylene.

Although the above evidence shows that chlo-
ride ions cen act as inhibitors, they do not seem
to be responsible for the inhibition observed in
our experiments. If the complex would ionize
according to scheme (b) alone, one mole of any
amine—tin chloride complex should never exceed
the inhibiting power of one mole of chloride ions;
indeed the two would be equally effective as inhib-
itors only if the complex would be 1009, disso-
ciated.!

Instead, at equal molar concentrations, inhibi-
tion by chloride ions is even less effective than that
by primary amines. The over-all rates in mole/
L./hr. of polymerization with various inhibitors ob-
tained in a solution of dielectric constant 14.0 are:
none, 3.28; butylamine, 0.059; dibutylamine,
0.043; chloride ions, 0.076.

Thus scheme (b) of dissociation of the complex
is not the prevailing effect responsible for inhibi-
tion. This is further corroborated by the fact
that the rate of polymerization in the presence of
inhibitors, (Rate);, increases with the dielectric
constant. Ionization (b), however, should be
greatly enhanced at higher dielectric constants and
thus, if its effect were considerable, (Rate); should
decrease as the dielectric constant increases.

Information on whether ionization (b) plays
any role whatsoever in such systems as studied
here, could be obtained by measuring the conduc-
tivity of the solution where the complexes would
be prepared under vacuum. Such measurements
were not carried out in the present work. It was
found, however, that old nitrobenzene, having a
high specific conductance, depressed all rates of
polymerization. This is probably due to the
presence of negatively charged ions.

Inhibition of a-Methylstyrene Polymeriza-
tion.—Two factors determine the efficiency of an
inhibitor: (a) its “free’”’ concentration, as deter-
mined by equilibrium (3), and (b) the reaction
between amine and carbonium ion. In order to
test the importance of steric factors in the latter,
a monomer other than styrene seemed interesting
toinvestigate. It wasreasonable to assume that
weaker inhibition should occur when the substit-
uents on the carbonium ion are bulkier. Accord-
ingly, models were built of a-methylstyrene and
the various amines. It was found that the steric
requirements of the substituent groups were in-
creasingly conflicting in the series CHgNH,,
(C4H9)2NH, (C4H9)3N, CeHaN(CH;;)g. The last

(13) L. Schmerling, THis JournaL, 66, 1422 (1944); 67, 1778
(1945), ete,

(14) Ionization of more than ome of the four chlorine atoms is
ruled out as highly improbable,
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two amines formed which appeared to be rigid
ammonium ions in some forced position of high
strain.

The results for the polymerization of a-methyl-
styrene in the presence of amines are shown in
Fig. 4.
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Fig. 4 —Polymerization of a-methylstyrene in presence
of amines: ®, no amine; O, Bu-NH,; O, (Bu);NH;
X, (Bu)sN; 0O, dimethylaniline.

A lower over-all monomer concentration had to
be used in these experiments as compared to sty-
rene because of the faster rate of reaction. How-
ever, the ratio between monomer and catalyst as
well as between catalyst and amine were the same
as in the polymerization of styrene. From Fig. 4,
the inhibiting power of the amines is seen to in-
crease in the order C;HyNH, < CeH;N(CHy): <
(CaHo)sN < (CHy):NH. The following over-all
rates can he obtained from the conversion curves.

Inhibitor Rate, moles/1./hr.
None 1.156
Butylamine 0.239
Dimethylaniline .152
Tributylamine .127
Dibutylamine .110

These results are consistent with the occurrence of
considerable strain in the formation of a-methyl-
styreneammonium ions. It will be noticed also
that toward a-methylstyrene all inhibitors are
weaker than in the polymerization of styreme;
this too is consistent with the assumed manifesta-
tion of strain in the former case.

Denoting as before, (Rate); = uninhibited
rate of polymerization; (Rate);, (Rate); (Rate)s
and (Rate)pma = polymerization rates in the
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presence of mono-, di-, tri-n-butylamines and di-
methylaniline, one obtains

(Rate)o/(Rate); = 4.8 (10.6);

(Rate),/(Rate)pua = 7.6 (16.6)
(Rate)o/(Rate); = 9.1 (16.6);

(Rate)o/(Rate)s = 10.4 (16.6)

The figures in

parentheses represent the corre-

sponding ratios for the polymerization of styrene;
they are seen to be consistently higher showing
more efficient inhibition.

Depolymerization of Polyvinyl Alkyl Ethers.—
The phenomena of Friedel-Crafts inhibition
seem to be related to stabilization of certain
polymers against aging. Polyvinyl alkyl ethers
change over a period of weeks or months, at room
temperature, from solid or rubbery materials into
liquids. The breakdown is accelerated by heat,
light or the addition of Friedel-Crafts catalysts,
the product of degradation being low polymers,
alcohols and aldehydes.

To prevent this degradation 0.5-1%, general-
ized bases are added ' as stabilizers. They exhibit
varying degrees of efficiency; amines are better
stabilizers than other compounds, secondary
amines being more efficient than primary. This
parallelism between stabilization of depolymeriza-
tion and inhibition suggests that one of the pos-
sible mechanisms of depolymerization involves a
carbonium ion chain mechanism. It is not un-
reasonable to assume that remnants of the acidic
catalyst initiate a chain by attacking the basic
oxygen of an alkoxy group and leads to the follow-
ing steps.

Initiation
H H
C (ll C | o —8 et
—CH,—C—CH,—C—CH,— + from
! SnCLH,0
:O:R OR
T
—CH,—C—CH;—C—CH,—
+:0:R OR
T
1.1
—CHz—C—CHz—(':—CHz—
OR
Propagation
I|-I H
—CH,—C—CH;:C—CHy— ———>
OR

H
OR

(15) C. E. Schildknecht, A, D. Foss and C. McKinley, Ind. Eng,
Chem., 88, 180 (1947).
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+C—CH;:C—CH;— ———> C=CH; + +é—CH2—
OR OR OR OR
etc.
Cessation:
H
SnCerH"
+ C—CH,— < > H* 4+ C=CH—
OR OR

By this mechanism both monomer and low
polymers are produced. The monomer which is
known to be easily hydrolyzable can then split
into alcohol and aldehyde. Thus, all products of
degradation can be accounted for.

The stabilizer acts on the carbonium ion in ex-
actly the same fashion as in the cessation of a
polymerization chain. The alkyl ether carbo-
nium ion should behave sterically in a similar
fashion to styrene. It is not surprising, therefore,
that secondary amines are better stabilizers than
primary amines. Finally, since benzoyl peroxide
and light catalyze the aging, it may be that a rad-
ical depolymerization occurs side by side with the
carbonium ion chain.

Experimental

Nitrobenzene, carbon tetrachloride, styrene and the
amines were purified as described in the preceding paper.
«a-Methylstyrene (Dow) was distilled under reduced pres-
sure through an all-glass apparatus, b. p. 43° (2 mm.).

Polymerizations were carried out as described in the
preceding paper, bromine addition being used to determine
both residual styrene and a-methylstyrene.

Tetraethylammonium chloride was prepared as . fol-
lows: Commercial triethylamine was purified by double
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distillation. It was refluxed in benzene with an equimolar
amount of ethyl iodide for a period of thirty minutes.
The mixture was then cooled and filtered. The solid was
washed with benzene and ether, then dried in vacuum.

N(CyH;)I was dissolved in water and shaken for one-
half an hour with a slight excess of silver chloride. After
filtering, the filtrate was distilled to dryness in vacuum.
The solid residue was recrystallized twice from ethyl ace-
tate to which a few drops of alcohol had been added, then
filtered and dried in vacuum. The amount of chlorine was
determined by dissolving part of the sample in water and
titrating against standardized mercuric nitrate using s-
diphenylcarbazone as an indicator; Cl found, 21.05;
Cl caled. 21.40.

The quaternary chloride does not melt but, rather, de-
composes slowly on heating.

Summary

1. Tin tetrachloride dibutylamine complex in-
hibits Friedel-Crafts polymerization as much as
the amine itself.

2. Chloride ion inhibits the polymerization of
styrene, thus adding weight to the proposed
mechanism of polymerization of Polanyi and co-
workers. Chloride ions, however, are not re-
sponsible for inhibition by tin tetrachloride-amine
complexes.

3. The inhibiting efficiency of amines toward
a-methylstyrene has been found to differ from
styrene and to follow the order C.HsNH, <
(CHs)zNCeHa < (C4H9)3N < (C4H9)2NH This
order is explained in accordance with the general
mechanism of inhibition.

4. An explanation is offered for the relative
efficiency of stabilizers in the aging of polyalkyl
vinyl ethers by assuming a carbonium-ion mecha-
nism of degradation.
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Hydrolytic Behavior of Metal Ions. I.

The Acid Constants of Uranium(IV) and

Plutonium(IV)!

By Kurt A. KrRAUS AND FREDERICK NELSON

In the course of a study of the hydrolytic be-
havior of metal ions the existence of the species
U+** was confirmed and the equilibrium constants
(acid constants) for the reaction

M+ 4 2H;0 > MOH +8 + H;0+ (1)

for uranium(IV) and plutonium(IV) were deter-
mined. In addition to reaction (1) which was
found to be practically instantaneous, slow hydro-
Iytic reactions were also observed. These are
probably due to aggregation of hydrolysis prod-
ucts. The aggregates, which will be called ‘“‘poly-
(1) This document is based on work performed under Contract
No. W-7405 eng 26 for the Atomic Energy Commission at Oak
Ridge National Laboratory. Part of this work has previously been
published in the project reports CN-2289 (November, 1944}, MonN-
870 (September 1947), CNL-37 (April 1948) and AECD-1888 (April
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mers,” reach colloidal size, their composition ap-
proaches that of the hydroxide, and they greatly
affect the chemistry of uranium(IV) and pluto-
nium(IV) systems.*%¢ They will be considered
in some detail in later papers. The oxygenated
species MO*+ (M(OH),**) were not observed.

Experimental

Uranium(IV) stock solutions were prepared by reduc-
tion of uranium(VI) chloride or perchlorate solutions with
known amounts of zinc or by electrolytic reduction. The
uranium(IV) concentration and completeness of reduc-
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