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Since the spectrophotometric evidence indicated
that copper(II) ion and triethanolamine form
complex ions only in the ratio 1:1, it was assumed
that the variation of the spectra with pH could be
accounted for by interaction of the complex with
the hydroxyl ion. If this assumption is correct
a positive ion, a neutral molecule, and a negative
ion should be formed as the pH is increased, thus:
Cu(OH)(H,0),N(C,H,OH)s*!, Cu(OH);(H,O)N-
(C2H4OH)3, and Cu(OH)aN(C2H4OH)3—1 ,These
assumptions were confirmed by a series of migration
-experiments performed at pH values of 8.0, 9.0,
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9.5, 9.8 and 10.0. The boundaries moved toward
the negative electrode at pH wvalues of 8.0, 9.0
and 9.5; they moved toward the positive electrode
at a pH value of 10.0. The boundaries showed no
movement over a period of two hours for the experi-
ment at pH 9.8.

For the data obtained at pH 8.0 and an ionic
strength of 0.03 the dissociation constant of the
copper(II) ion—triethanolamine complex was
calculated and found to be given by logiy Kequitib =
43 = 1.
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Rates and Temperature Coefficients in the Hydration of Two Gaseous Pentenes by
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Although the hydrations of the isomeric pentenes trimethylethylene and as-methylethylethylene are measurably reversible
and lead to the same alcohol, the specific rates of the hydrations may be determined to a useful precision from the decrease
with time of the vapor pressure of the olefin over the solution in which the hydration is occurring. These specific rates do
not differ largely from that of isobutene, yet the data obtained offer a strong indication that both enthalpies and entropies of

activation are significantly lower for the pentenes than for isobutene.

The isomeric olefins trimethylethylene (I) and
methylethylethylene (II)
H; CH,
C=CHCH, >C=CH2
CHy CH;CH
I II

hydrate in an essentially quantitative fashion to a
single product f-amyl alcohol.? At temperatures
of 25° or more the hydration is, we find, measurably
reversible, and the reverse reaction must, in the
case of at least one, and possibly of both of these
olefins, lead to the formation of the isomer. Ewi-
dence which we have previously reported?* shows
that no facile interconversion of the olefins occurs
independently of the formation of the alcohol
by way, for instance, of the mobile and reversible

formation of a single carbonium ion. The reaction
system with which we have to deal is therefore

k k2
Olefin I T7> — Alcohol T — Olefin II
k_. kz

Nevertheless we find with I at 35° and lower and
with IT at 30° and lower that the quantity s = —d
In (P — P*)/di (where P is the partial pressure of
gaseous olefin over a solution in which the hydra-
tion is proceeding and P¢ is the partial pressure at
equilibrium) is independent of time to excellent
precision up to as much as 809 completion of re-
action, just as it was in the simpler cases which we
have studied previously.®
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For this reaction system we have by virtue of a
development which closely parallels that of eq. 3
of article I%

(n + r/RT) &2

—kPr+ kG (1)

(s + r/RT) 2 dP df

—'k2P2 + k—-ZCa. (2)

ki and k, are rates of reaction at unit pressure of
olefin (the b, quantity of articles I and II), Py and
P; are the partial pressures of olefin I and II, r
is the ratio (volume of gas phase)/(volume of solu-
tion), » and k, are the distribution constants of
olefin between gas and liquid, C, is concentration
of alcohol. If alcohol and olefin IT are absent at
time 0 and the partial pressure of olefin I is P° at
that time we can eliminate Ca by material balance
considerations, obtaining after substitution of the
definitions

k' = k/(h + 7/RT), ks’ = ko/(ha + r/RT) (3)

and y
_ fat 1/RT
Q= hx+/RT )
the equations
4P,
d¢
- WP hant S p) )
These may be integrated by the method of Rak-
owski* to yield

—k11P1 + k-l(Po - Pl) - k—-lQP2 (5)

P, — Py = MNP — Pt — \P3) it —
A — A
A(PO — Pt — )\lPe)
N = (7)
PP P o P=NPY
A — A
(PP~ Pt~ NPy,
v v (8)

(4) Rakowski, Z. physik. Chem,, 87, 321 (1907).
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with P and Pj the partial pressures of olefins I
and II at equilibrium, p; and p; given by the ex-
pression
Vs ld + ka4 k' + ko %

Vb = k' + ko = ko)® + dkaka) (9)
with the plus and minus signs, respectively, and

Mt and A, given by substitution of p; and ps, respec-
tively, in the equations

- k-.Q

_ (ﬁ"i‘k—z - P)Q

= kxl+ k—-x - p - k—z (10)
It follows from eq. 7 and & that
= _dIn(P = Peo)
= — =
_ed=-Mm) e —1)
pi (1 — dem) (M — 1)6 (o ot (11)
=N =D
(1 = Xm)( — 1)
with
=Py /(P — P (12)

P being the total pressure of olefin, P¢ the corre-
sponding value at equilibriutn, and P° the value at

time 0. Setting dP,/di = 0and P; + P, = P¢in
eq. 6 we have also
m = koo/Qks’ + k-2) (13)

In the cases with which we have worked the
reversibility of the hydration is small, which means
that k2, and k_; are considerably smaller than %,
and ky’; further the fact that the value of the slope
s is decidedly different when the initial system
contains only I from its value when II alone is
initially present shows that the difference between
ki’ and ks’ is considerable. Under such conditions
the last term under the radical in expression (9)
is a small quantity of the second order and we have
to the first order of small quantities

= By’ + ko, (14)
pr = k' + ks (15)
By eq. (10) then we have
M= — ® (16)
=0 (17)
to the same precision. Equation (11) then reduces
to
=(p2—p1)?
il
and, since = is a small quantity, to
s = p {1 + 7(ps/p1 = L)e~(r—r1)t} (19)

Since s is in fact independent of time to good pre-
cision in all our experiments the term involving
time in eq. (19) must be negligible compared with
unity and we have to the same precision

b
=¥ JRT T F

If the initial system contains olefin II instead of
olefin I the slope obviously is given by
I
= W ¥ r/RT TR
When a solution of {-amy! alcohol of known initial
concentration Cs is allowed to react to equilibrium
the equations

s =p =k + by (20)

5 (21)

J. B. Levy, R. W. Tarr, Jr., D. Aaron anp L. P. HaMMRTT
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K=k 0 by
kb C. €2 — (i + r/RT)Py — (ks + r/RT)P,
(22)
K, =F2 Do Lig
"k G C:—=(m+r/RDPi = (ha + r/RT)P,
(23)
will apply. Combining these we have
A G _hPiEhP
KE¥K "~ P, RT™ P+ P

In our. experiments the last term was never more
than 19, of the total value of the right hand side
and the sum K; + K, may therefore be calculated
to satisfactory precision from the experimentally
accessible value of P, the total pressure of olefin
at equilibrium, and the known ratio r. From
reported® standard free energy values the ratio
K;/K, may be estimated to be 0.13 at 35°, and
there is indeed ample experimental evidence®
that it is considerably smaller than 1. If we took
it to be 0 we should alter our values of &, or %,
by no more than 19, in the least favorable case.
Substituting K,k for k., we may convert eq. (20)
to the form

RT _ _1_ mET
T(S - Klkl) - k1 kl 14

and obtain the value of k; from the experimental
values of s and » by successive approximations
which converge rapidly because Kk, is consider-
ably smaller than s. We have used least squares
methods to obtain the best value of the intercept
1/k;. The quantity Kk, was negligible compared
with s for trimethylethylene at 15°, and Kk,
was negligible for methylethylethylene at all tem-
peratures involved.

(25)

Experimental

The method was that described as Procedure A in article
1. Extensive studies of the kind described in that article
on the effect of shaking rate led to the same conclusion,
namely, that saturation equilibrium is maintained under
the conditions employed. The solution was in all cases
0.973 M nitric acid.

Trimethylethylene was prepared from z-amyl alcohol with
concentrated sulfuric acid,® and was twice distilled through
a column filled with glass helices. The fraction boiling
between 37.5 and 37.8° in the second distillation was used
in the rate measurements; n2-5p 1.3865. as-Methylethyl-
ethylene was Phillips Petroleum Co. technical grade re-
ported to contain 95 mole per cent. of this hydrocarbon.
It was fractionated through the same column and a middle
fraction boiling between 30.3 and 30.7° at 759 mm. was used
in the rate measurements; #2p 1.3770.

Constancy of the Slope s.—In a typical case involving the
hydration of trimethylethylene at 35°, 27 observations of
pressure were made over a period of 224 minutes which cor-
responded to 80% completion of the hydration reaction.
Least squares determination of the slope of the plot of In
(P — P°) against time gave a slope of —2.624 X 10~ with
a maximum deviation of 0.010 and a median deviation of
0.0043. Using only the first 9 points the best slope was 2.64
X 103, for the middle 9 it was 2.74 X 10~3%, and for the last
9 it was 2.78 X 10-3. The value of s was always computed
by least squares methods and the probable errors were al-
ways of this order of magnitude. The plots which were
always made never showed any visual indication of curva-
ture.

Determination of the Quantity K1 4+ Kp.—Solutions of
t-amyl alcohol of 0.031 A concentration were prepared in

(5) ““Selected Values of the Properties of Hydrocarbons,” Circular
of the National Bureau of Standards C461.

(6) G. B. Kistiakowsky, J. R. Ruhoff, H. A. Smith and W, K.
Vaughan, THI8 JournNaL, 58, 140 (1936).
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0.973 M nitric acid in the apparatus and under the condi-

tions described in article II under the heading ‘‘Dehydra- -

tion Procedure’” and were allowed to react to equilibrium.
At 35° the partial pressure of olefin at equilibrium was
found to be 0.0234 atm. for #/RT = 0.0494 and 0.0224 for
r/RT = 0.0542. At 25° the values were 0.008 for r/RT
= 0.060 and 0.007 for »/RT = 0.064. From these data we
obtain for K; + K, 0.77 at 35° and 0.24 at 25°.

Results and Discussion

The specific rates obtained are tabulated in
Table I along with the probable errors which
measure their precision. The enthalpies and

TaBLE I

Speciric RATES, Bp IN 105 MOLE L. !'ATM.”IMIN.™! FOR
THE HYDRATION OF GaseEOUs OLEFINS IN 0.973 M Nirric

Acip
Temp., Temp., Methyl-
°C. Trimethylethylene °C. ethylethylene
15 6.62 £+ 0.095 10 7.58 +0.02
25 16.9 £0.9 20 19.84 = 0.28
35 39.7 £2.1 30 48.4 x0.66
TaBLE 11

ENTHALPIES OF ACTIVATION, AH T, IN KCAL. AND ENTROPIES
OF AcTIvATION, AST, IN CAL./DEG. FOR THE HYDRATION OF
Gaseous OLEFINS

Trimethylethylene Methylethylethylene
AHT 15.22+0.56 15.22 +0.37
AST -32.9 *£1.9 —31.6 £1.4

entropies of activation are reported in Table II
together with probable errors computed from the
probable errors of the specific rates. The con-
stancy of AHT over the temperature range involved
was tested by computing the value of % at the inter-
mediate temperature from the values at the ex-
treme temperatures assuming AHT to be constant.
For I the value thus calculated is 16.7 X 103,
for II it is 20.5 X 10—°. Our values of the dis-
tribution coefficient 4 of the olefin between gas
phase and solution, valid to order of magnitude
precision only are: for I, 12.4, 9.7 and 6.5 at 15,
25 and 35°, respectively; for II, 81, 81 and 5.9
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at 10, 20, and 30°, respectively. These values are
all in units of 10° mole 1.7 atm. .

As Table III shows the two pentenes with which
we are here concerned hydrate at rates not very
different from the rate for isobutene, yet there is a
strong presutnption that the small effect of the
methyl group upon the rates derives from near com-
pensation of significant decreases in both enthalpy
and entropy of activation. The effects are in the

TABLE III

RELATIVE RATES OF HYDRATION AND RELATIVE ENTHALPIES
AND ENTROPIES OF ACTIVATION
Tri-

Iso- Methyl-

butene methylethylene ethylethylene
k/ko (1) 0.77 1.42
AHT — AHT
(keal.) (0) —1.49x0.57 —1.49=%0.39
AST — ASot (cal./
deg.) (0) —-56 1.9 —-43 x1.5

same direction, although not as pronounced and
therefore not as certain, as those concerned in the
comparison of methylcyclopentene with isobutene
which we reported in article II. As in that case
these effects appear to derive largely from the fact
that the larger molecules lose more in enthalpy and
in entropy in the transfer from the gas state to a
condensed phase than does a smaller one. The
heat of evaporation at 25° of olefin I is 1.6 kcal.
greater than that of isobutene, that of olefin II
1s 1.3 kcal. greater than that of isobutene.” The
entropy of gaseous olefin I is 10.7 cal./deg. greater
than that of isobutene, that of gaseous olefin II
is 11.5 cal./deg. greater.

No exact comparison is possible between our
relative enthalpies and entropies of activation for
the reaction of gaseous olefins and those of Lucas,
et al.,? for the hydration of dissolved olefins. The
two sets of values must differ by the uncertain
differences in enthalpy and entropy of vaporization
of the olefins from the dilute nitric acid.

NeEw YoRrK 27, N. Y.
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