It may be concluded that a good estimate of
D(H;B-CO) is 23.1 = 2 kcal./mole. This value, when
combined with Burg’s equilibrium data?® gives D(H;-
B-BH;) = 37.1 + 4 kcal./mole. The value of 39 = 9
kcal./mole obtained by electron impact measurements
is in good agreement as is the value estimated re-
cently.??

Although the above dissociation energies appear to
be compatible to within experimental error with the
best previous estimates of these energies and with
independent electron impact measurements, recently

(27) A, B. Burg, J. Am. Chem. Soc., 74, 3482 (1952).

Baylis, Pressley, Sinke, and Stafford,?® using a Knudsen-
type cell coupled with a mass spectrometer, studied the
dissociation of diborane and conclude that D(BH;BH3)
> 55 kcal./mole, a surprisingly high value. The
reasons for this disagreement are not clear to us and
probably will have to be resolved by further work.
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The ring—chain equilibrium of liquid sulfur was previously
studied by Tobolsky and Eisenberg. In this earlier
theory, an assumption was made about the length of the
polymer molecules. In this present paper this assump-
tion is removed and the new theoretical results are com-
pared with the previous ones.

Polymerization of Liguid Sulfur

The first relatively complete theory of the equilibrium
polymerization of liquid sulfur was given by Gee.?
This theory was characterized by the use of two distinct
treatments: one valid below the transition tempera-
ture and one valid above the transition temperature.
Tobolsky and Eisenberg® later presented a unitary
theory valid above and below the transition tempera-
ture. It actually predicted the transition. This theory
was perfectly consistent with the results of Gee; in
fact it used the results of Gee as experimental data
from which to evaluate numerically the pertinent equi-
librium constants. The theory is also in accord with
early statistical calculations of ring-chain equilibria.*

The Tobolsky-Eisenberg theory was based on the
following chemical reactions

[Ss*] = Ki[Ss] M
Ss + Ssn—* <= Ss*  [Ssn*] Ki[Ss)Ss¢n—1)*]1 (2)

where the asterisk indicates chain molecules and the
only nonpolymer molecule is supposed to be the eight-
membered ring. With the help of these equations and
a straightforward application of the theory of chemi-
cal equilibria, the weight concentration of polymers as

Ss : Se*

(1) (a) Technological University; (b) University of California; (c)
Princeton University.

(2) G. Gee, Trans. Faraday Soc., 48, 515 (1952).

(3) A. V. Tobolsky and A. Eisenberg, J. 4m. Chem. Soc., 81, 780
(1959).

(4) H. Jacobson and W. H. Stockmayer, J. Chem. Phys., 18, 1600
(1950).

well as the mean chain lengths was expressed in terms
of K and K;.

It is obvious that eq. 2 can be replaced by eq. 2a
without any change whatever in the theory or its
results.

Ssp* + Ss* 2 Ssp0* (2a)
[Ssp+0*] = KilSsr*1[Ss0*]
(p,g=123,4,..)
The relation between Kj;, K3, and K is
K; = KK, (2b)

Though this theory gave an essentially correct picture
of the polymerization of sulfur, its basis as given by
eq. | and 2 or 2a contains the assumption that the
number of atoms in all the molecules can only be
multiples of eight.

It is possible to write alternative equations where this
assumption is avoided. Consider the relations

S:* + Su* <= Strgm* 1,2,3,4,...) (3)
[Stntm*] = KdS:*ISn*]
Ss & S¢* [Se*] = Ki[Si] C)
S: = S* [S*] = KS)] (%)

(n, m =

Equation 3 is analogous to one used earlier by Gee,
in that it expresses the assumption that in the poly-
meric molecules, units of eight do not have an ex-
ceptional position. Equation 5 accounts for the possi-
bility of other than the eight-membered ring.

Inasmuch as eq. 3-5 represent a physical model for
the equilibria, differing from the basis of eq. 1-2b,
it is advisable to distinguish between the constants K;
and K;, and K, and K,. The final evaluation of the
equilibrium constants is achieved by comparing the
theoretical equations from either model with the ex-

Poulis, Massen, Eisenberg, Tobolsky | Polymerization of Liquid Sulfur 413



perimental results, and in this sense the values of the
constants depend on the model used.

In order to compare the consequences of eq. 3-5
with eq. 1-2b, the following definition for K; is intro-
duced, in analogy with eq. 2b.

Kg = K1K5 (53)

Equation 3 still contains a simplifying assumption,
namely that K; is the same for all values of n and m.
While this is true for large values of » and m, it is doubt-
ful for values of nand m = 1, 2, etc.

Further development of the new theoretical model
would require that K; be allowed to vary with » and
m for very small values of n» and m. For the purpose
of the calculations the following relations, which
follow from eq. 3 and 4 are helpful as they express all
the concentrations in terms of the eight-membered
rings.

[S:*] = Ko~ '(S4"
oo B g

8] = 7 RRSD” = Z(RASD"  (6)
[S.*] = %(Ks[sﬂ)"/“ ™

K
S = 7z (KdS:D" ®)
In accordance with the theory of Tobolsky and
Eisenberg? the following definitions will be used

ad Ky (Ri[Ss)"
-L 8- BrlER O

Kl_ (BofSsD
W——Z I‘l[S ]_ > F {1 _(K[S])l/g} (10)

|74 1

=N = T - &7 (n
where N is the total concentration of polymer
molecules, W is the total concentration of ring mole-
cules incorporated in the polymer, and P is the average
chain length of the polymer expressed in units of eight-
membered rings. Calling the total concentration of
Sz molecules incorporated in the whole sample [Ss]o
it follows that

1 =]
[Sslo = [Ss] + W + g;s S]] 12)

which, when combined with eq. 8 and 10, yields the
equation

K, (BdSsD™"
B = B+ 3R, [T~ (Ruis) T

K, ! o
3%, & KK (S (13)

With the help of eq. 11 it is possible to write eq. 13
in terms of P

1 /8P — 1\ K,
[Ss]o="——3< P )+““8P(8P 1)+

Rio— 1/8P—1\ 1 /8P — 1\ P@8P—1)
8&%1‘3( 8P ) K3< 8P )+ g T

1 /8P — 1\
T ) (14

or, alternately by using eq. 9 in terms of N,

L N 8 Kg K1
[Salo = K3< K1> T3K, <N+K3 t
N+
X,
K, ! N !
$Ks %2 K( z_?_) as)

For the easier solution of eq. 13, 14, and 15, we shall
introduce two simplifying conditions, namely the ab-
sence of nonpolymerical molecules other than eight-

membered rings and the fact that K, << K;. In first-
order approximation we find
[Ss] = [Ss)o (16)
1
P = 1.0 1
81 — [Selo 7K"Y a7
N=20 (18)

Substitution of K; = K; shows that these results are
essentially equivalent to those developed by Tobolsky
and Eisenberg from eq. | and 2.

1

1 — [Ss)oKs

Returning to the theory based on eq. 3-5, we ob-
serve that since K; increases with temperature, we can
distinguish between two temperature intervals char-
acterized by the inequalities

Ka[Ss]o <1 (19
Ka[Ss]o > 1 20)

Since P must be positive, the approximate results
(eq. 16-18) are physically valid only in the low tem-
perature region given by eq. 19. In the high tempera-
ture region, the second term of eq. 14 must be taken
into consideration to avoid negative values of P.
This term can only play a role when 8P(8P — 1) has a
sufficiently large value fo compensate for the small-

(17a)

ness of Ki. In this case we can approximate eq. 14 as
— L __Kl 2
[Sslo = jid + 8K3(8P) 2D
which leads to
RiSs]o — 1 ‘/Ka[ss]o —
P = 22
V 8K, 8K /K5 (22)

This solution is physically acceptable in the high tem-
perature region given by eq. 20.
Equation 22a too may be compared with the one

resulting from the theory based uponeq. 1 and 2. This
Jt',s‘[SS]O - 1
P = e L 22
‘/ R, (222)

equation becomes identical with eq. 22b after sub-
stitution.

- 1 -

K, = 8K, K; = ggs, K; = K; (22b)

Returning to the theory based on eq. 3-5, it follows
that in the approximation that led to eq. 22a
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[Ss] = I/Kg 23)

|
W = E([Ss]olza -1 (24)
N = 2 VERGSIR = D) 25)

Experimental measurements of magnetic suscepti-
bility? and electron spin resonance in liquid sulfur®s®

(5) J. A. Poulis, C. H. Massen, and D. V. D. Leeden, Trans. Faraday
Soc., 58, 474 (1962).
(6) J. A. Poulis and W. Derbyshire, ibid., 59, 559 (1962).

confirm the estimates of polymer sulfur chain length
at various temperatures made by Gee.? These data,
as well as equilibrium monomer concentration as a
function of temperature, were exceptionally well
explained by the Tobolsky-Eisenberg theory both
above and below the transition temperature. Exactly
the same mathematical results apply to the new model
presented here, with a slight reinterpretation of the
numerical values of the equilibrium constants, as shown
ineq. 22b.
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Electromotive force measurements of cells with hy-
drogen and silver-silver chloride electrodes containing
buffer solutions in 50 wt. %, methanol-water solvents
have been used to determine conventional values of
parg* (= —log my-syu) for three reference solutions
from 10 to 40°. The dissociation constants of acetic
acid and dihydrogen phosphate ion in 509 methanol
have likewise been determined over the same temperature
range, and thermodynamic quantities for the dissociation
processes have been derived.

Introduction

A mixture consisting of equal parts by weight of
water and methanol (referred to in this paper as 50%
methanol) is a very useful solvent for many compounds
whose solubility in water is too small for measurements
of acidity and dissociation constants to be made.
Progress in this field would be aided by a knowledge of
the properties of reference buffer solutions in 5097
methanol. In particular, the standardization of the
conventional pH meter for use with 50%, methanol
solutions could then be made with confidence.

The pH values of two solutions, one of which is
0.01 M with respect to both oxalic acid and ammonium
hydrogen oxalate and the other 0.01 M with respect to
both succinic acid and lithium hydrogen succinate have
already been determined!® in water-methanol solutions
at 25°. We now report data for solutions in three
buffer series, namely acetate, phosphate, and succinate,
over a range of concentration and temperature in 50%]
methanol as solvent. These values may be regarded as
reference points for an operational scale of pH*
in this useful mixed solvent.?

(1) C.L. De Ligny, P. F. M. Luykx, M. Rehbach, and A. A. Wieneke,
Rec. trav. chim., 79, 713 (1960).

In addition, the dissociation constant of acetic acid
and the second dissociation constant of phosphoric
acid have been determined from 10 to 40°, the asso-
ciated thermodynamic quantities have been calculated,
and a comparison has been made with the behavior of
these acids in aqueous solution.

Symbols

SYi is the activity coefficient of the species i, on
the molal scale, relative to the hypothetical
standard state in 509, methanol; ¢y; ap-
proaches unity at infinite dilution in 50%]
methanol.

K is the equilibrium constant (on the molal
scale) of an acid-base reaction, such as
HA = H+ 4 A~

_ Muma SYH YA
77 mua Syma
Thus AG° = —RT In (K) is the increase in
Gibbs energy when a mole of HA (in its
standard state in 509 methanol) dissociates
into a mole of H+ and a mole of A—, each in
its standard state in 509, methanol.

{aaya) = mua-yu'sya is a well-defined ther-

modynamic quantity; both ¢ym and ¢ya

have the properties of sy; defined above.

is, by definition, p{auyc1) + log syc1, where

sYciis assigned a conventional value (see eq. 4).

sE° is the standard e.m.f. of the cell: H,, HCI
in 509 methanol, AgCl; Ag. Thus, AG®
= — F(E°®) is the increase in Gibbs energy
for the reaction 0.5H, 4+ AgCl — Ag +
H* 4 CI-, both H+ and Cl- being in their
standard states in 50 % methanol.

pau*

(2) R. G. Bates, M. Paabo, and R. A. Robinson, J. Phys. Chem., 67,
1833 (1963).
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