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A theoretical analysis is given for the kinetics of a primary amine-initiated polymerization of N-carboxy-a-amino acid
anhydrides in which the propagation reaction exhibits two successive rates depending on whether the degree of polymeriza-
tion j of the growing peptide chains is smaller, or equal to or larger, than a given value s. In the calculations made it was
assumed that no termination reaction takes place and that the initiation reactiou is fast in comparison with the propagation
reaction. Formulas are derived for the rate of polymerization and the molecular weight distribution of the polymer formed.
A method is suggested for a rigorous derivation of the transition chain length s from experimental data. Valuesof s = §
and 13 are derived for the polymerization in dioxane of N-carboxy-vy-benzyl-L-glutamate anhydride and N-carboxy-O-
carbobenzoxy-L-tyrosine anhydride, respectively. Means are given for estimation of the number and weight fraction, as
well as the number and weight average degrees of polymerization, of both the g and the e-fractions: the former composed of

peptides with j > s, and the latter of peptides with 7 > s.

In a previous communication?® a theoretical analy-
sis of a primary or secondary amine initiated poly-
merization of N-carboxy-«a-amino acid anhydrides
was given. Equations for the kinetics of polymeri-
zation as well as for the expected molecular weight
distribution were derived for a general case in which
the polymerization consists of an initiation, a prop-
agation and a termination reaction. Each of the
individual reactions was assumed to be character-
ized by a single specific rate constant. Recent
data®~ indicate, however, that when the amine ini-
tiated polymerization of N-carboxyamino acid
anhydrides is carried out in solvents such as diox-
ane, benzene, chloroform or ethylene dichloride,
the propagation reaction may be divided into two
separate stages, each characterized by its own spe-
cific rate constant. For example, when N-carboxy-
v-benzyl-L-glutamate anhydride was polymerized
in dioxane using #-hexylamine as initiator, the rate
constant for the second propagation step was at
least five times greater than that for the first.?
Furthermore, the molecular weight distribution of
the polymer obtained was much broader than could
be explained on the basis of a single propagation
rate constant. It was suggested?® that the change
in the rates of propagation is associated with a con-
figurational change of the growing polymer chains,
since the transition from the slow to the fast prop-
agation rate occurred at an average chain length
corresponding to 7 to 13, i.e., the region assigned to
the critical length for stabilization of the «-helical
configuration. This suggestion has been corrob-
orated by the findings?® that polypeptide chains
with degrees of polymerization smaller than those
encountered in the transition region exist in dioxane
solution in the B-form, while those of higher chain
length are in the a-helical form.

(1) For paper I dealing with amine initiated polymerization of N~
carboxy~a-amino acid anhydrides see E. Katchalski, V. Shalitin and M.
Gehatia, THIs JOURNAL, T7, 1925 (1955),

(2) Postdoctoral Fellow, Harvard University.

(3) R. D. Lundberg and P. Doty, TuiS JOURNAL, 79, 3861 (1957);
P. Doty and R. D. Lundberg, ibid., 78, 4810 (1956).

(4) M. ldelson and E. R, Blout, ibid., 79, 3948 (1957).

(3) H. Weingarten, 1bid., 80, 352 (1958).

(6) W. J. Ritschard, Makromolekulare Chem., 29, 141 (1959): R.
Buyle and B. Hargitay, Symposium {iber Makromolekiile in Wies-
baden, 1859, Verlag Chemie, GmbH, Weinheim/Bergstr.

(7) D. G. H. Rallard and C, H. Bamford, J. Chem. Soc.. 1039

(1959).
(8) M. Goodman and E. E. Schmitt, Tuts JournaL, 81, 5507 (1959).

A two stage propagation polymerization also has
been observed (unpublished observations of J.
D. Coombes, E. Katchalski and P. Doty) while
studying the n-hexylamine initiated polymeriza-
tion of N-carboxy-O-carbobenzoxy-L-tyrosine an-
hydride in dioxane (see Fig. 1). Ballard and
Bamford’ likewise have reported a two stage prop-
agation polymerization for various N-carboxyamino
acid anhydrides when initiated by primary amines
in different organic solvents. However, these
authors attribute the increase in polymerization rate
to the formation of an insoluble polypeptide frac-
tion which preferentially adsorbs the N-carboxy-
anhydride monomer.

A quantitative theoretical analysis of the above
types of polymerization seems desirable, since low
molecular weight peptides differ from those of
high molecular weight, both in their conformation
and physicochemical properties. The characteri-
zation of a given poly-a-amino acid sample, pre-
pared under conditions where a two stage propaga-
tion reaction occurred, requires, therefore, a knowl-
edge of the molecular weight distribution and the
relative amounts of the polymer in the « and 8
forms,

The treatment to be described below deals with a
primary amine initiated polymerization of N-car-
boxyamino acid anhydrides in which no termina-
tion reaction takes place and the initiation reaction
is fast in comparison with the propagation reaction.
The propagation reaction itself consists of two suc-
cessive rates depending on whether the degree of
polymerization of the growing peptide chains is
smaller or equal to or greater than an initial value
s.  This treatment may be extended to a more com-
plicated type of polymerization which includes a
termination as well as a relatively slow initiation
reaction. The mechanism of polymerization stud-
ied was chosen because of its relative simplicity and
its resemblance to the type of polymerization found
experimentally by Doty and Lundberg.? Finally
it should be emphasized that the analytical proce-
dure adopted is quite general and independent of
the detailed mechanism responsible for the two
stage propagation reaction.

Kinetic Equations.—In accord with the above it
will be assumed that the two stage propagation
polymerization may be described by the set of
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reactions
I+ M- (a)
M,-+M-—k-l—)Mg+1 forj <s (b)
M3+M-—k;2-)Mi+1 forj 2 s (c)

where I, M and Mj;, denote the initiator, the react-
ing monomer and peptide chains composed of j
amino acid residues, respectively. The propagation
reaction of chains with a degree of polymerization
j, where j < s, is characterized by a specific rate
constant k1, whereas for chains with j 2 s the specific
rate constant is k,. The rate of reaction of mono-
mer with initiator is assumed to be rapid compared
to the rate of propagation, i.e., Bs>> kjorks. This
assumption is in agreement with the experimental
findings of Doty and Lundberg? and of Idelson and
Blout.*

Chains composed of one amino acid residue dis-
appear from the reaction mixture at a rate governed
by eq. 1, where Ny denotes the concentration of such

0‘ (M)dt, so that dv = (M)dt.
The rate of formation of chains composed of j
amino acid residues is given by eq. 2 for j = 1,2,...,
s — 1, Nj denoting the concentration of the j-mers.
Equation 3 describes the case for which j = s, and

chains and v =

eq.4thatinwhichj=s+1, s+ 2,..., »
S L (1)
% = BNi: — kN @)
F=12....(s—1)
d(;\:“ = BNo_y — BN, 3)
R B N 5.7 (4)

j=s+1,s+2 ..., @
Upon integration, eq. 1 gives
N, = [oe‘kxv (5)
where I; denotes the concentration of initiator at ¢
=0, 1.e,aty =0.
The successive solution of the set of equations 2,

3 and 4, gives
(kyp)i—t

PO ®
j=12, ..... ,s — 1
YA . S W P
s = Loy e J v ierdy (D)
where § = k. — by
N.=[kf-s_]fl‘_—l_.e‘kzl'fv fvv“zeﬁ"dv dv
i 0RY (5_2)! 0:--Jo
j—s+1
times
] (8)
j=8ss+1,s54+2, ....,

Equation 8 may be transformed readily into (9)
as shown in Appendix I.

_ kla—l B v yz‘—s
=) i —_— Rev PR A—
N = Tk oy oo [ 2
=9 (v — y)~tdy (9)
j=ss+1s+2, @
When j = s eq. 9 reduces to eq. 7
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Fig. 1—n-Hexylamine initiated polymerization of N-
carboxy-O-carbobenzoxy-L-tyrosine anhydride in dioxane at
24.6°. Initial concentration of anhydride M, = 0.1173
mole liter™!; that of initiator 7, = 0.00293 mole liter 71;
the specific propagation rate constants k. = 0.707 liter
mole™! min.”! and k. = 1.36 liter mole ! min.! were ob-
tained from the corresponding slopes of the curve.

For distribution calculations by means of a com-
puter eq. 9 can be rewritten as a finite series (9a).
Bl -5 s—=24r

e "k l.’i Tedr_*
( 2)' (] h S)!5r=0 p=0

rp(77° (s—2+4+1n)!
(=1 ( >(s—2+r—p)'(6v)“+(j—s)!6“1

l)s—l( - >(s *(62;- y)z}

Equation 9a was derived from (9) by introducing the
new variable » — y = »x and solving for the inte-
gral j; ogbr gs=2+r dy% after the expansion of
the binomial (1—x)/—s.

Equations 6, 7 and 9 give the concentrations of
the growing peptide chains as a function of », and
of the two propagation constants &y and k;. The
chain length distribution of the shorter chains
with j = 1,2,....,5s — 1, is Poissonian in character
and is encountered in the ethylene oxide type of
polymerization®® when no termination occurs.
The chain length distribution of the higher peptides
with j = 5,5 + 1, ..., is non-Poissonian and is
governed by the two rate constants ki and k..
However, when k. = ky, equations 7 and 9 give (6)
and the total distribution of the polymer becomes
Poissonian.

The polymerization reaction under discussion is
devoid of a termination reaction. The concentra-
tion of growing chains therefore remains constant
throughout the reaction and equal to the initial
concentration of initiator I, Hence

DN =1

i=1
Equation 10 may be verified by substitution of the
appropriate values of N; given by (6), (7) and (9).
Rate of Polymerization.—The rate of monomer
consumption during the polymerization is given by

————kIZN+kzzN

7=1 j=s

Ny = Lkyi~

plTe

(92)

(10)

(11)

(9) (a) W. Grdbner and N. Hofreiter, ‘‘Integraltafel,”” Part 2,
Springer, 1950, p. §9. (b) P. J. Flory, TH1s JOURNAL, 62, 1561 (1940),
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Substituting the valuesof N;, 7 = 1,2,....,5 — 1, 1 52! (k ,,):
given by eq. 6 and remembering that £8 = F 2 Ny = e Z : (16)

s—1
S N+ Z Ni=1
J=1

one obtains

~-1 .

dif - (kip)i—?

_ Tl = — Ry AL

dr kz[o 5[08 ]; (] — 1)|
This equation indicates that at the beginning of

the reaction when »—0

dif
g T Rbor ==

At this stage the polymerization reaction is first
order with respect to monomer and governed by
the rate constant %k;. Toward the end of the
reaction, under conditions where it is justified to
assume that y =

—%=kz[oor—-d—j;—[=
The reaction is again first order with respect to
monomer but this time is characterized by the
specific rate constant 2, These conclusions are in
accord with the experimental findings described
above.

Evaluation of s.—The correlations developed sug-
gest a suitable method for determining the chain
length s, at which the transition in the specific rate
of propagation occurs.

The derivative of (12) with respect to » is

(12)

ALy roar

ko Ly M

as L (Bw)t

'd;z' = - 5[0k18 kiv (—;—1_——-2)! (13)

d:M .
Since W= = O only when » = 0 or » = = (assurming

kg #£ k1), dM/dv represents a monotonic function of
v. The third derivative given by

diM (kw)s 3 ': kxv

&8 — 3)!
equals zero when

- 1:| (14)

= 5[0]3128—}“"

k=5 —2 (14a)
The experimental determination of the value of »
a3\
(to be denoted as riansition) at which d‘3 =0
thus permits the evaluation of s.
When the transition in the rate of polymerization

. My
occurs at low monomer conversion (s << T )
0

>~ Mobirans., and therefore
s -2
kM,
Equation 15 shows that the time at which the
transition occurs is independent of the concentra-
tion of initiator I but is inversely proportional to
the initial concentration of monomer. This may
be expected since [; determines the number of grow-
ing chains, and not their rate of growth, while M,
determines the rate of growth of any given chain.
The Fraction and Average Degree of Polymeri-
zation of Chains in the B-Form —The total number
of growing chains is given at any instant by I,.
The number of chains in the g-form (t.., 7 < s) is
s—1
S~ Nj. Hence the fraction of chains in the 5-form,
i=1

PyA, is given by

then Vtrans.

(15)

firans, =

ji=1 i= 1
where we have made use of eq. 6.

In Fig. 2, P,f is presented as a function of %
for various values of s. The figure shows that dur-
ing the polymerization, as ky» increases, the fraction
of chains in the 3-form decreases gradually for any
given value of s. Furthermore, if kv is kept con-
stant, an increase in s leads to a marked increase in
the corresponding value of Pyf.

The polymer weight fraction of chains in the 8-
form, Py¥, is defined by

_Z JNi
P =11 (17
2 N
i=1
Since Z jN; = My — M., where M, denotes the

i=1
initial concentration of monomer and M its con-
centration at time ¢, eq. 17 may be rewritten in the
form

s—1

1 .
Ph = ST P T j; N (17a)
Inserting (6) into (17a) one obtains
S CHE S (1) i
P = g e Z G- (18)

A plot of Py# <—‘%)I—J[t
0
ferent values of s, is given in Fig. 3. Since P,* X
<M° 7 J—I§> is proportional to the weight concen-
0
tration of the B-fraction in the reaction mixture, the
curves given illustrate the variation in the concen-
tration by weight of the S-fraction with kv and s.
For any given value of s, the weight concentration
of the fB-fraction increases at the initial stages of
the polymerization. However, as the reaction
proceeds, the p-chains are transformed into o-
chains and the weight concentration of the §-frac-
tion decreases. The maximum amount of the §-
fraction to be expected in any given experiment in-
creases with s.
The number average degree of polymerization of
the B-fraction is given by
s—1

s—-1
>IN

()it

Dp = 2] _E o
7 (y)' ™

ng A ]Zl (] - 1)'

At the beginning of the reaction 19 gives lim DP,?
0
= 1.

The number average degree of polymerization

of the B-fraction thus varies in the range 1 < DP,#
<s -1

\The weight average degree of polymerization of

the B-fraction is given by

sil iy Z . (klv)l-l

j=1]11 J (]_1)|

DPs = 1=} e

N A
2N j;](] = 1),

j=1

versus kyw, for dif-

(19)

At large values of » lim DP,? =Hs - 1.

y—>

(20)
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Thuslim DPyf = 1, and lim DPf = s — 1.
»—~0 y—>®

DP.B varies during the polymerization within the

range 1 < DP&f < s — L.

The Fraction and Average Degree of Polymeri-
zation of Chains in the a-Form.—The number and
weight fractions P, and Py, respectively, of
chains in the a-form (i.e.,j 2 s) may bederived from
(16) and (18), remembering that Py,* = 1 — P,#
and Py = 1 — P~

The number average degree of polymerization
of the a-fraction is given by

Hence,

had A v i—s
Lo [ Ggmme e -
i=s (21)

. i—s
ka! fo (]L___s)v e (v — y)tdy
s

@

ji=
where the values of &V; formulated in (9) have been
used. Reversing the order of summation and inte-
gration eq. 21 yields
ke fov ek y(y — yytdy
ﬁ; e (v — yp~tdy

Introduction of the new variable x = y—y leads to

b4
ko f e~h1z x0—1 dx
Jo____
b4
f eT#17 xo—2 dyx
0

At the beginning of the reaction when » — 0,
DP.» = s, since

fy e xs 1 dyg

imJ0o

=0 fp e78® x0 =2 dy
0

At large values of »

s —k1Z 408 —1
limj;e 12 dx= T(s)/ bt~ =s—1
>0 fv R (s — 1)/ky*2 ky
0

DPya = s + (22)

DPye = s + kw — (23)

= v

Hence

Dpse = s+ b = P (s = 1)
1

at y—>
The last expression reduces to the well known form
DPya = ky + 1, when k; = kb

The number average degree of polymerization of
the « fraction thus varies, during the polymeriza-
tion, in the range

§< DPu < s+ hoy — (s = 1)
1

The weight average degree of polymerization of
the a-fraction is given by
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> N
DPya =122 -
> il

j=s

hod v i—s
2 ki ﬁ) Gy
j=s i

(24
S (24)
z ]k27j;_~(j_..._,_ s)!e—ay(,,_y)s—zdy

j=s ’

where the values of N;forj=s,s+1,...., owere
obtained from (9). Equation 24 may be rewritten
in the form

DPye = b + 5 +
kov j; =%k dy — (katy & Bas + k2)

v v
j; xsTleTHi dx 4 kot j; xfe %17 dx

(kv + ) j:: =2 ez dy — By j;” 2 ~lg~k1z dx
(25)
At the beginning of the reaction, when v — 0, the

fraction appearing in the right hand side of eq. 25
equals — kyv, thus lim DP* = s.

»—0

At large values of »
lim DPgax = + kv +
>
kzkle‘(s —_ 1) - (kzzv + kzv + kz)I‘(s) _
(Bokiy + Bis)T(s — 1) — Eal'(s)
s+kzv+1—-:—f(s—1)

In the special case in which k2, = % lim DP,* =
kv + 2. e

Number and Weight Average Degrees of Poly-
merization of the Total Polymer Fraction.—The
estimation of the number average degree of poly-
merization of the total polymer fraction may be
made by utilizing formulas (16), (19) and (22),
since

DP, = P.SDP.8 + P.aDP,a = P,SDP.S +
(1 — P.8)DP,e  (26)

Similarly, the weight average degree of polymeri-
zation of the total polymers fraction may be derived
from the relation

DPy = PwBDP8 + (1 — PB)DPye 27)

using the expression given in (18), (20) and (24).

Evaluation of s, P.? Pgb, P,* and P,* from
Representative Experimental Data.—Numerical
evaluation of the above polymer characteristics is
demonstrated below, using the polymerization data
for N-carboxy-O-carbobenzoxy-L-tyrosine anhy-
dride and N-carboxy-y-benzyl-L-glutamate anhy-
dride.

From the kinetic data in Fig. 1 for the polymeri-
zation of N-carboxy-O-carbobenzoxy-L-tyrosine an-
hydride the concentration of monomer 3 may be
derived as a function of the time of polymerization,

t, leading to the evaluation of » = f(: Mdtatany in-

stant. Thus the curve giving M as a function of ¢
may be transformed into a curve describing M/ asa
function of ». The values of d3//dy derived from
the latter, when plotted versus », give a sigmoid
curve, the inflection point of which corresponds to
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Fig. 2—Number fraction of peptide chains in the 8 and
a-forms (Pnﬁ and P.% respectively) as a function of Ayw» for
various values of s.

the transition value of » at which d3M/d»® = 0.
The value of s may now be evaluated since s =
Evirans. + 2 (see eq. 14a). In the tyrosine experi-
ment s = 12.8, since it was found that vyen,. = 15.3
mole liter ~! min. and 2; = 0.707 liter mole~! min.—1,
The fast propagation reaction thus begins when the
growing poly-O-carbobenzoxy - L -tyrosine chains
reach a degree of polymerization of about 13.

By making use of the data in Fig. 2, it is found
that for s 13, P.® = 0.58 when kv 10.8.
Hence 58%, of the growing chains are still in the
B-form at the transition point, while 429, are in the
a-form. The value P,® = 0.50 was derived from
the corresponding data of Fig. 3, and the experi-
mental value for (M, — M;)/I, at the transition
point. Thus the polymer fraction at the transition
point consists of equal amounts by weight of «-
and B-chains. Finally, a calculation of the number
and weight average degrees of polymerization of the
B-fraction, at the transition point, carried out in ac-
cordance with equations 19 and 20, respectively,
gave DP.? = 9.7 and DP,# = 10.1.

An analogous calculation to the above also was
made for the O-carbobenzoxy-L-tyrosine polymer
obtained at the end of the polymerization reaction
at which k;» == 20. The values obtained for the
final polymer were: P, = 0.021, P#f = 0.0059,
DpP.# =11.2 and DPyf = 11.2. Thus the theoret-
ical treatment predicts that approximately 0.6%
of the total weight of the polyamino acid synthesized
should be in the 8 form.

A wvalue of s = 8 was obtained when the
above treatment was applied to a primary amine-
initiated polymerization of N-carboxy-y-benzyl-
L-glutamate anhydride in dioxane® (where M,

James D. CooMBES AND EPHRAIM KATCHALSKI

10

klll.

Fig. 3.—Weight fraction Pwf of chains in the g-form as a
function of kj» for various values of s; M, and I, denote,
respectively, the initial concentrations of monomer and
initiator, while A/; denotes the concentration of monomer
at time £.

0.152 mole liter %, My/Iy = 40, and %, 0.3 liter
mole~! min.—!). At the transition point Eiviyqus. =
6.2, P,* = 0.60, P* 0.54, DP,? 5.4 and
DPg? 5.8. At the end of the polymerization
reaction, when kv = 10, the following values were
obtained for the S-fraction of the final polymer:
PP 0.125 and P,* 0.019. The poly-v-
benzyl-L-glutamate synthesized under the conditions
specified?® should therefore contain approximately
2% by weight of low molecular weight peptide
chains with degrees of polymerization up to 8, the
remaining 989, consisting of the a-fraction.

Peptide chains in the 8 and « conformation differ
in their infrared absorption spectral® as well as in
their physicochemical properties. The content of
both conformations in a given polyamino acid may
therefore be determined using techuiques such as
infrared analysis or chromatography. In the case
of poly-v-benzyl-L-glutamate it was possible to iso-
late the S-fraction by extraction with formic acid
or alcohol.!! In view of the theoretical treatment
discussed, it would be desirable to estimate the
composition of various polyamino acid samples pre-
pared under well specified conditions and to com-
pare the data obtained with those to be expected
from the corresponding kinetic experiments.

Appendix I

Evaluation of j:) Y j:) Vv"zeél'dv. . .dy: The evaluation

j—s+1

times
of this multiple integral can be accomplished by making use of
the Laplace transform defined as

(10) C. H. Bamford, A. Elliott and W. E. Hanby, “Synthetic Poly-
peptides,’’ Academic Press, Inc,, New Vork, N, V¥, 1956, p. 153.
(11) E. R. Blout and A, Asadourian, Tuis JOURNAL, 78, 955 (1836).
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L) = [T emsna =i 8
From (28) one obtains!? the relation
! 1 1
L U;j; f(t)dt...dt% = i) @9
n times
Thus
1
(f f edvpr~2 dy. dv% = F—“ﬁ-‘x L{ebryt—2}
j—s+1
times (30)
However, since \
Lir = o5 (31)
(seeref. 12), 1/p7# 1 may be represented by
1 pie
s = L gt ©2)

and eq. 30 may be rewritten in the form

3_[ f ebryr=t dy. . dvg - 3(] )%L{eﬁw‘ 2)

e ™ (33)

times
(12) See, for example, F. B. Hildebrand, ‘‘Advanced Calculus for
Engineers,’’ Prentice~Hall, Inc., New York, N, Y,, 1957, p. 52.
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Equation 33 may now be transformed into eq. 35 by making
use of the convolution lemma (34).12

o) = L[ v = yean]

3]’ f e — 2 -

LA ) s om0 — yymas) (35)

By Lerch’s theorem!? we finally obtain

f f eyt dy...dv =

P =y — e
j;)(]._s)le( Mo — yy-tdy (36)

(34)
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Complex Formation in the Phosphorus Tribromide—Trimethylamine System and the
Phosphorus Trichloride-Trimethylarsine System Phosphorus Nitrogen Chemistry II.'?

By ROBERT R. HOLMES
RECEIVED APRIL 9, 1960

The complexes, BryP-N(CH;): and Cl;P-As(CHj;); were prepared and characterized. Dissociation pressures were deter-
mined for both solids. The heat of reaction of phosphorus tribromide with trimethylamine was determined from Henry’s
law constants. The solubility relationship of the solid, BryP-N(CHj)s, as a function of temperature was also established.
A value of the heat of solution of the latter in phosphorus tribromide resulted. Nearly ideal liquid behavior was established
in the phosphorus trichloride-trimethylarsine system above the ‘‘melting"’ range of Cl;P-As(CHj);.  Also the trimethylphos-
phine—trimethylamine system showed ideal behavior. The data provided an estimation of the bond energy in BrsP-N(CH;)s

and allowed a discussion of electronic factors in comparing its stability with the corresponding ClP-N(CHj;); complex,

Introduction

The phosphorus—nitrogen linkage postulated to
account for the existence of Cl;P-N(CHj;); estab-
lished previously! led to further investigation to
ascertain more clearly the nature of the interaction.
If the interaction involves the establishment of a
phosphorus—nitrogen linkage, variation in the
groups attached to either the phosphorus or
nitrogen atom should show up in measurements
of the relative interaction energies of the result-
ant molecules. Thus phosphorus tribromide—tri-
methylamine phase equilibria were studied to
estimate the relative importance of decreasing
electronegativity on the interaction energy. Going
to the opposite situation, trimethylphosphine
was considered to ascertain the effect of increasing
the electron field around phosphorus. Finally,
the effect of using an atom of lesser electron field
than nitrogen was examined by studying the tri-
methylphosphine-trimethylarsine system.

Results

The PBr,—(CH;);N System.—Additions of
(CH;)sN to 4.36 mmoles of liquid PBrz at 0°

(1) Presented before the Inorganic Division at the 138th Meeting
of the American Chemical Society, New York, N. Y,, September, 1960.
Previous paper in this series: R.R. Holmes, J. Phys, Chem., 64, 1295
(1960).

resulted in the three phase equilibrium (C = L +
V) having a constant pressure of 1.6 mm., until
a mole ratio of (CH3);N to PBr; of 1.00:1.03 was
reached; after this the pressure rose sharply. It
was noted that nice crystals, several mm. in length
could easily be obtained from excess PBr;.

Vapor pressures of the 1:1 complex were de-
termined from 0 to 28° and are listed in the second
row of Table I.

TaABLE I
D1ssoCIATION PRESSURES OF PHOSPHORUS TRIBROMIDE-
TRIMETHYLAMINE

¢ °C. 0.0 4.30 8.25 11.90 16.00
$, mm, 1.6 3.2 5.2 7.6 12.2

p(CH;s) N 1.5 3.0 4.8 7.0 11.3

t, °C. 19.90 25.1 25.2 28.0

$, mm. 19.2 35.1 35.8 48.9

p(CH;):N  17.7 32.8 33.5 46.0

The procedure followed to obtain the vapor pres-
sures and prove their independence of the rela-
tive amount of vapor was similar to that described
for the sublimation of Cl;P-N(CHj)s.!

The third row of Table I lists pressures obtained
by subtracting out the contribution due to PBr;.
The latter calculation will be discussed later. How-
ever, in this case the correction does not influence



