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A Comparison

of the Countercurrent Analog and Asymptotic Approachesil

by J. L. Bethunelb

Biophysics Research Laboratory, Department of Biological Chemistry, Harvard Medical School, and the
Division of Medical Biology, Peter Bent Brigham Hospital, Boston, Massachusetts {Received January 20, 1970)

Theory for directed transport of rapidly reequilibrating polymerizing systems has been developed generally

without reference to diffusion.

A comparison is presented between results obtained using the countercurrent

distribution analog, which includes (analog) diffusion, with those from the relevant asymptotic equations for

dimerization and trimerization reactions.

When diffusion is included, all concentration levels in a boundary,

except that at 60% of the plateau concentration, undergo acceleration, leading to time-dependent velocities.
As a result, equilibrium constants calculated from area distributions may be affected.

Theory for the effect of rapidly reequilibrating poly-
merization reactions of macromolecules subjected to di-
rected transport has been developed generally without
reference to the possible effects of transport due to diffu-
sion upon the results obtained.2-7 Diffusional effects,
however, may be incorporated either by direct numerical
solution of the relevant continuity equationss or through
the countercurrent distribution analog.9-10 While cal-
culations have been reported for sedimentation of
monomer-single polymer systems,& no critical com-
parison of the results obtained from calculations incor-
porating diffusion have been made with those from the
asymptotic theory, although the latter has been ap-
plied in the calculations of, e.g., equilibrium con-
stants.2a-11

This paper presents the results of such a comparison
for monomer-single polymer systems using the counter-
current distribution analog to incorporate the effects of
diffusion. The equations of Gilbert2l have been used in
this direct comparison, both approaches thus applying
to a rectangular liquid column in a uniform field. The
equations of Fujitas for sedimentation analysis which
incorporate the effects of radial dilution and a varying
field have not been used, since it was desired to isolate
the effects of diffusion in the simplest possible manner.

Theory

The general differential equation describing the total
concentration distribution of a component undergoing
the reaction nm#= pis

&Cm+ Cp = -~(V n&m+ FpCp +
0X

I"2(ZnCm+ DrCY) (D)

(1) (a) This work was supported by Grant-in-Aid GM-15003 from
the National Institutes of Health of the Department of Health,
Education, and Welfare, (b) Research Career Development Awardee
of the National Institutes of Health of the Department of Health,
Education, and Welfare, U. S. Public Health Service.

(2) (a) G. A. Gilbert, Discussions Faraday Soc., 20, 68 (1955); (b)
G. A. Gilbert, Proc. Roy. Soc., Ser. A, 250, 377 (1959).

(3) M. S. N. Rao and G. Kegeles, J. Amer. Chem. Soc., 80, 5724
(1958).

(4) H. Fujita, “Mathematical Theory of Sedimentation Analysis,”
Academic Press, New York, N. Y., 1962.

(5) J. L. Bethune and P. J. Grillo, Biochemistry, 6, 796 (1967).

(6) R. C. Makino and E. Rogers, Arch. Biochem. Biophys., 109, 499
(1965).
(7) G. G. Belford and R. L. Belford, J. Chem. Phys., 37, 1926
(1962).

(8) (a) J. R. Cann and W. B. Goad, J. Biol. Chem., 240, 148 (1965);
(b) D. J. Cox, Arch. Biochem. Biophys., 129, 106 (1969).

(9) J. L. Bethune and G. Kegeles, J. Phys. Chem., 65, 1761 (1961).
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where m and p represent monomer and polymer, Cm
and cp Fmand Fp and bm and Dp the mass concen-
trations, velocities, and diffusion coefficients of monomer
and polymer, respectively.23 x is the space axis along
which transport is directed and t is time. F and D

are assumed to be constants. In the asymptotic ap-

proach2s the differential eq 1 is simplified by dropping
the diffusional terms. If an association constant is de-

fined as

Krl = CpCml (1a)
the simplified equation becomes

dCm
dt +

Fm+ nJC/FpCn,”-* dCn =
1+ nKn'Cmn~lI bx 1

The characteristic equation describing curves along
which Cmis a constant for this quasi-linear partial dif-
ferential equation is2

dx Fm+ nKnVvvCmn~

(Ic)
dt 1+ nKnCmn~1
which is immediately integrated to
Fm+ nKn'VvCmn~\
X = t+ Xo (ld)

1 + nK/ICm" -1

where X0 = x att = 0. Given the initial values
prescribing a sharp boundary

On=0,x < 0,t=0
Cm= constant, x > 0,t = 0
the value of X 0is zero and the equation becomes

Fm+ nX/FpCm-

X/t 1+ nKnCmn-I ° - Cm ~ constant (le)
Use of a dimensionless parameter
g = x/t - F, an
Fp - vr
allows eq le to be written as
H(n-1)
m \nKr(l - §)
and the total concentration as
C=0n+ Cp=
/i s \1<B1)/ i s \
\nKn 1-8 J Vi+ni-sj @

The gradient of the total concentration then is

6c 1 /1
d8 ~ n - I\nKn') X
2 (n-1)/(n-1)
*(2—n)/(n —1)

(®)
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From these equations two relations can be derived.2
First, the position of any minimum in the total gradient
pattern along the 8 axis is related only to the degree of
polymerization by

n —2

3(n- 1) @)

Second, the equilibrium constant for the reaction is
described by

/2w - 1)y ~x n- 2
\ As [/ [n(2n - 1)}

where Aa is the concentration at the minimum (or,
equivalently, the integral of the gradient curve up to
that position). Thus, given n and K n', the system is
completely described.

In the countercurrent distribution analog, a slightly
restricted form of eq 1 is integrated numerically. The
relevant differential equation is

(5)

Cm + Cpt = ({/(Xm)Cm + f(KpCv

g t9(Kmem + g(KpCp} (6)
where K z represents the partition coefficient of species
z, and

Kz
fikg = 2(Kz + 1)2 ™

Kz
gKI = L ®)
r is the number of the equilibrium stage and n the
number of solvent transfers accomplished.

It has been showng9that/ (K z) is analogous to a diffu-
sion coefficient, governing the extent of spreading of a
given species in a countercurrent distribution train,
while \g(K2)\ is the analog of velocity, governing the rate
of movement of the species z along the distribution train.
Thus, while in eq 1 both F and D are independent
variables, this is not so in eq 6, both analogs being func-
tions of K and, once K is chosen, both/and g are fixed.
However, as detailed in methods of computation, infra,
imposition of this restriction allows use of a superbly
trouble-free method of integration.

Consideration of the distribution of a single, non-
reacting solute can demonstrate the pertinence of eq 6.
If such a solute is introduced once in the first tube of a
countercurrent distribution train, at a concentration
Qo, then

(10) D. F. Oberhé&user, J. L. Bethune, and G. Kegeles, Biochemistry,
4, 1878 (1965).

(11) L. W. Nichol, J. L. Bethune, G. Kegeles, and E. L. Hess,
Proteins, 2, 305 (1964).

(12) R. Courant and D. Hilbert, “Methods of Mathematical
Physics,” Vol. Il, Interscience Publishers, New York, N. Y., 1962.
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C(r,n) = 1 _ e-[(.r-nK/K+D)*/(2nK/ (K+1)*)]
Co 1 27rnK ("
(K o+ )2

where C(r,n) is the concentration in the rth equi-
librium stage after n solvent transfers and K is the
relevent partition coefficient.13 This relation is im-
mediately seen to be a solution of the differential
equation

dC _ K vC _ K dC
bn ~ 2(K + 1)2dr2 K+1lbr ( }
Using the analogies

n=t
r= x
K -

2K + 1) (1D
K —
K + 1

where = symbolizes “analogous to,” eq 10 becomes

bC _ D&C bC

\% (12)
dt bx2 d x

which, when applied to the reacting system vyields
eq 1, eq 10 similarly yielding eq 6. When the rela-
tions 11 are applied to eq 9, there results

cC M _ 1

[Or-Vi) 74 Dy) (13)
Co 2\/irDt

which is the equation for the concentration distribution
of an ideal species, in a zone, undergoing transport and
diffusion.9

While in eq 1 there are four parameters to be allo-
cated (two diffusion coefficients and two velocities), in
eq 6 there are only two, the partition coefficients.
Since the velocity term is the more important (the dif-
fusional process varying as f'/!), this will be considered
first.

There exist three cases to be considered

Fm> Up
Fm< Fp

Fm= Fp

which since

may be represented by
Km> K p
Km< K p

Km= K p*

3839

Once the partition coefficients are selected, then the
(analog) diffusion coefficients are fixed. It is not im-
mediately apparent, however, that there exist in
countercurrent distribution two domains in which
ordering of the velocities, i.e., the partition coefficients,
imposes a quite different ordering upon the (analog)
diffusion coefficients. These domains are 0 < K < 1
andl< K <

This differentiation may be illuminated by consid-
eration of the ideal case. An increase in spreading, due
to (analog) diffusion, may be equated to an increase the
distance, in terms of the parameter r, between the posi-
tion of the maximum value of c/co, i.e., {C/CcOnmax and
that at which c/co has fallen to (C/Co)m~/e at a fixed

value ofn. Thenif
nK
ir=r- kT
V:/(G)/ifl/c),... = - - r

e

since (C/Co)nax obtains at Ar = 0. Then

(An2 = 2nkK

)2 = (K + D2
O(Ar) 1- K
UK i 2Kk (K + 1)2

and, at £&A)/dk = 0, K = 1 Since the second
derivative at this point is negative, Ar is maximized
at If = 1, and for greater or lesser values of K spread-
ing decreases symmetrically. Therefore, if KM < KP
and Km = 1, then DM> Dp. If, however, KP = 1,
then Dp > DM If Km = Kv, then DM = Dp, an
improbable result. It is of interest to obtain a rough
idea of the magnitude of the error in this latter case.
Assuming globular monomer and wmer, then

f cor

where / if the frictional coefficient and r the molecular
radius. Since

/| ©M'A
where M is the molecular weight and D « 1//, then

Dm i/.
= n

Dp

and the error introduced, in this exceptional case, is of
this order. If, however, the velocities are different,
it is possible to select partition coefficients to satisfy
almost any ratios of diffusion coefficient and of veloc-
ities. Thus, in the system nm p where m represents

(13) L. C. Craig and D. Craig, Tech. Org. Chem., 3, 171 (1950).

(14) Calculations here are performed only for situations in which
Vm < Vp, migration occurring in the direction solvent —* solution.
For other situations, hypersharp boundaries are predicted: L. W.
Nichol, A. G. Ogston, and A. Rescigno, Proc. Roy. Soc., Ser. A, 317,
153 (1970).

The Journal of Physical Chemistry, Vol. 74, No. 2%, 1970
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monomer and p polymer, let the velocity and diffusion
coefficient ratios be

VIVP= «

DJDP=p
where, for sedimentation analysis

a< 1< 8
Then

Km Kp+1l =
Km+ 1 Kp

and

Km (Kp+ )2
(Km+ 1)2' Kp

Solving these simultaneous equations

a a—p
Pa—1
1l a- P
K P
aa-—1

The only restriction is that the partition coefficients be
positive. This is determined by

For sedimentation analysis, in the simple case of ideal
spherical molecules

and

-------- 5T > 0,ifn > 1
a—1 1 —n'

Thus, although it has been asserted® that use of the
countercurrent distribution analog requires that the
solute component with the lowest velocity (i.e., mono-
mer) must have the lowest (analog) diffusion coefficient,
this defect can be readily overcome and, generally, it
is possible to assign values to fit all experimental situa-
tions of this type. Thus, considering spherical mole-
cules, if the reaction is

6 monomer ~ hexamer
Then
a=6_Va
P = 6\5
If
Km = 0.362
Kp= 7172

The Journal of Physical Chemistry, Vol. 74, No. SB, 1970
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these relations are satisfied. In general, if a > p and
a>1lorac< panda < 1, the partition coefficients can
be selected to satisfy the required relationship.

Methods for Numerical Calculations

The relevant equations were programmed either for
an SDS 940 time sharing computer, using the SDS ver-
sion of Fortran |1 or for an SDS Sigma-7 using Fortran
rv-H.

The asymptotic equations (eq 2 and 3) were pro-
grammed directly to provide the relevant values of C
and dc/bs at fixed increments of 5

The countercurrent distribution analog program was
structured as follows.

(1) A fixed concentration (Co) of solute was assigned
as Tr to n storage locations, representing tubes in a
countercurrent distribution train.

(2) The relevant mass balance equation of the form

KnCm+ Cm- Co=0

was solved for the first storage location, yielding the
concentration of monomer at that location.

(3 The equilibrium concentration of polymer was
then calculated from

Cp = KnCm
(4) Using the assigned partition coefficients, the con-

centrations of monomer and polymer in the upper
phase were calculated as

r — r
mu" Km+ [I°m
n = N2 C

pu Kp+ 1 p
and stored.

(5) A transfer was accomplished by substracting
Umu and Cp,uat this location from, and adding the sim-
ilar amounts from the immediately preceding location
to Toand substituting the result as the new value of TQ

(6) Steps 2, 3, and 4 were repeated for the first two
storage locations, the first with the new value of Toand
the secondwith T\ = cO

(7) Step 5 was accomplished for the first two loca-
tions, yielding new values of Toand Tt.

(8) Steps 6 and 7 were repeated until solute had been
transferred n times.

(9) First differences were taken between adjacent
total storage locations to give AC/Ar.

(10) Locations, Ac/Ar, and T were printed.

The only limitation on accuracy is in the solution of
the mass balance equation (step 2).

Quadratic equations were solved using the appro-
priate analytical solution, while cubic equations were
solved using Newton-Rapheson iteration. The cri-
terion for convergence was

< 10 X 10-8
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where | | denotes absolute value and x( the fth ap-
proximation to the root.

Account was kept of the total mass balance, the error
in which never exceeded 5 parts in 106 All programs
were checked by allowing K ,,* to equal zezroor Am= Ap
In both cases a single boundary resulted which was iden-
tical with that predicted for a single ideal solute.9

There remains only the problem of scaling, i.e., trans-
lation of any results obtained from the countercurrent
distribution analog, where C is a function of r and n, to
an experimental situation in, e.g., sedimentation or elec-
trophoresis, where cC is a function of x and t. Such
translation may be accomplished as follows. Define +
as the factor which will convert a distance measured in
tube numbers, into a distance measured in centimeters.

Then, if the total distance traveled in the counter-
current train is deco
nK
nen i T H

In another transport process, however, along an x axis

dx = Vvt
Then
nK
A+ 155V
or
nK 4
A+ 1V

But, in addition, from eq 9 and 13, after normalization

0 AA + iy (x

2nK 4Dt
X — X, 1 = o2 2Dt(K + 1)2
\r Trmax/ nK

Substituting the expression for t results in

2D(A + 1)
£ - Vi (14)

Thus, in conversion of a given countercurrent pat-
tern, calculated with a given value of A, the resultant
conversion ratio decreases with increasing v and/or de-
creasing D. Since this ratio is independent of time or
the number of transfers (i.e., the analog of time), in-
creasing the number of transfers for a given system does
not affect the point-to-point resolution in the analogous
pattern. Indeed, all that is increased is the analog dis-
tance traveled, as may be seen from an example. Given
amolecule with ans of 3s, b of 9 X 10-7 cm2/sec, and a
partition coefficient of 0.4268, then 4 = 0.0338 cm/
tube in an average field of 2.5 X 108cm/sec2

If one performs 100 transfers

100 X 0.4268
1.4268

30

3841

and the distance represented by 30 tubes, the r value at
which the maximum is found, is 1.014 cm.

If s were 1.5& and D = 1.8 X 10-7 cm2sec, then
<+ — 0.134 cm/tube and the analog distance covered is
4.056 cm.

Equation 14 also illuminates the existence of the two
domains (vide supra) from which partition coefficients
may be chosen to allow allocation of the extent of
(analog) diffusional spreading, i.e., 0 < A < lorl <
A < 00. If the partition coefficient is chosen in the first
domain, the point-to-point resolution (when the results
are used to explicate the results from another type of
transport experiment) is better than if chosen in the
second domain. Indeed, if 0 < Aj < 1 and 1 <
A2 < ro then, for the extent of spreading to be
identical in the two cases

ArA2=1
and

Thus, since K, < 1, the point-to-point resolution in the
first domain is better than in the second.

In this manner any of the computed patterns may be
referred to a given experimental situation, or, con-
versely, from a given experimental situation, values of A
and n may be selected to represent this situation in the
analog patterns.

Graphics
The axis in many of the figures is bc/d8 and 6 or bC/
d3ei and 8. While the asymptotic patterns are calcu-

lated directly as functions of 5, the countercurrent dis-
tribution results have been scaled through the relation

nK,n
o r~ Am+ 1
1 Ap Am \
AP+ 1 Am+ 1/

Where patterns resulting from both approaches are in-
cluded in a single figure, each is normalized separately
to its own maximumvalue. As aresult, the areas under
comparable patterns are not the same, the maximum
value of bcs/bs predicted by the asymptotic approach
differing from that obtained by the countercurrent dis-
tribution analog.

Results and Discussion
Two types of rapidly reequilibrating systems have
been investigated for various values of the relevant
parameters. These are monomer-dimer and monomer-
trimer.
Monomer-Dimer.

For the system 2M i= D the

asymptotic eq 2 and 3 become

8(2 - 8
4A2(1 - 6)2

The Journal of Physical Chemistry, Vol. 74-, No. 22, 1970



3842

acC 1

& ~ 2k/(1 - H3

The maximum value 8 can attain, for a given total
concentration, Go, is calculated from

_V 1+ 4KtCp- 1
(15)
Vi + AKi‘'Cn
Since only one boundary can occur the values of
dcsds are readily normalized as

moreover

dc 1
S ds ~ 2K

Comparison of the patterns calculated with and
without diffusion (Figure 1), reveals that, as a function
of total concentration, only one boundary is found, as
predicted by eq 4.248% The patterns of Figure 1 are
calculated for Kk m = 0.8, Kn = 2.75, andn = 90. |If
applied to sedimentation, in an infinite rectangular cell
in a uniform field of 2.5 X 108cm/sec2 of a monomer of
molecular weight 95,000 undergoing a dimerization
reaction

Figure 1. Countercurrent distribution (—) and asymptotic
(----) patterns for monomer-dimer; Km = 0.8; Kv = 2.75;
n = 90; (top) Ki'Co = 10-1; (center) Kt'Co = 1.0;
(bottom) Ki'Ctt = 5.0.

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970
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4 = 0.01515 cm/tube

and, the maximum for the dimer after 90 transfers will
occur in tube 66, equivalent to a distance of 1| cm
traveled. Then, if sis 9.5s, 4400 sec will have elapsed
since the start of the experiment. However, in Figure
la, rmax = 42.5, and this situation could be applied to a
monomer molecular weight of 62,000 with ¢ = 0.023
cm/tube. The inclusion of diffusion, however, causes
the maximum in the curve to occur at a lower value of 8
than that predicted by the asymptotic equations under
the conditions used here. At low concentrations where
monomer is the predominant species, the maximum is
found at 8 = 0 and, at high concentrations, it is found
at 5 = 1 The deviation in position of the maxi-
mum in the computed curve from that predicted by
eq 15 attains its greatest value around & “max of 0.5
(Figure 2). At the two extremes of the curve, where
Kco is either so low that effectively only monomer is
present, or so high that dimer forms the major compo-
nent, the values computed from the countercurrent dis-
tribution analog are identical with those predicted by
eq 15. However, in those concentration ranges in
which both monomer and dimer are present in signifi-
cant amounts in the plateau region, the 8 value by the
maximum in the computed curve falls significantly be-
hind that predicted by eq 15 for distances attainable in
present experimental techniques. However, since eq

Figure 2. 8mHl as predicted by the asymptotic equation (—s
and as found by the countercurrent distribution analog ().
Conditions as in Figure 1.
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15 predicts the position attainable at (essentially) in-
finite time, an increase in the distance over which trans-
port occurs, i.e., an increase in the time over which the
field is applied, should yield a pattern the maximum of
which is closer to the value predicted by eq 15. This
indeed occurs (Table 1). As n increases the r/n value at

Table | Variation in Position of the Maximum (r,,,,,)
As a Function of the Number of Transfers (n)

Fax 's

Pre- Concn at

n Found dicted6 rmax/7L fmax X 10=
50 23 0.46 0.300 £ 0.034
100 47 46 0.47 0.318 = 0.020
200 95 92 0.475 0.333 £ 0.012
400 192 184 0.48 0.350 £ 0.007
800 388 368 0.485 0.370 + 0.004

“K2 = 100 1."/g2 Co = 10~3¢g/L, Km = 0.4286, Kv = 4.
6From rme* = n X (23/50).

which the maximum occurs is not a constant, as it would
be if the velocity at which the maximum travels were
constant. Thus, the incorporation of diffusional effects
demonstrates that for monomer-dimer systems, the ve-
locity of the single boundary measured as the position
of the maximum in the gradient curve, is time depen-
dent, a new criterion for the identification of such sys-
tems. The effect is dramatically illustrated in Table I,
in which the second column shows the position of the
maximum as a function of n, and the third column, the
values that would be found if the rate of movement of
the maximum found at n = 50 prevailed at higher num-
bers of transfer. At 800 transfers the difference be-
tween the position found and that predicted is 20 tubes.
This may be translated to a positional difference, on an
x axis, of 0.6 mm, if the total distance traveled along the
x axis were 1 cm at a point-to-point resolution of 0.08
cm/tube. Moreover, the concentration at max in-
creases with the number of transfers (Table I, column
5).
The definition of 8, however, implies that a given con-
centration level travels with a constant velocity, at
least in the absence of diffusional terms. Figure 3
illustrates that if diffusion is present this holds only at a
concentration level of 0.6Co. Here the 5 value for a
given concentration is calculated from

Ko 1 Km+ 1

where subscript ¢ denotes a given concentration level,
and normalized to the 8 value calculated for that con-
centration by the asymptotic equation (15), to yield
Screi- While calculations have been performed over
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Figure 3. Velocity of various relative concentration levels
(C/co) as a function of the number of transfers (n). The
velocity is expressed as Sc.rei where C refers to the given
concentration and the value of sfound in the countercurrent
distribution patterns is expressed as a fraction of the svalue
predicted for that concentration level by the asymptotic
equation. Kt'Co = 5.0; Km = 0.43; Kv = 4.0.

only a limited range of equilibrium constants and parti-
tion coefficients, in all cases examined the only concen-
tration level to move at a constant velocity is at 0.60).
All concentration levels below this value exhibit an ac-
celeration while those above a deceleration, with in-
creasing values of n (i.e., time).

Thus, for the systemm monomer-dimer, only one con-
centration level in the boundary moves with a constant
velocity, and the shape of the boundary and the veloc-
ity of the single inflection point are functions of time.
Therefore, mobility determination should involve mea-
surement of the rate of movement of definite concen-
tration levels rather than that of an inflection point of
the boundary curve.

Monomer-Trimer. For the monomer-trimer system
a single pattern, calculated by the countercurrent dis-
tribution analog for only one set of values of the relevant
parameters, has been reported.9 The calculation was
performed only to determine the number of boundaries
expected under the given conditions, with no critical
comparison of the results from the two different ap-
proaches. Similar comparisons on the basis of concen-
tration dependent sedimentation and diffusion coeffi-
cients have also been largely qualitative.& The pres-
ent investigation has expanded on this to include the
effects of varying numbers of transfers, concentrations,
and partition coefficients, in the countercurrent distri-
bution analog and compares the results obtained with

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970
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those of asymptotic approach. In the latter case the
relevant equations for the monomer-trimer system are

0S 2\3Kt'8/ [l - S/
with
SKi'CJ
' €))
1+ zZKJCJ
and
el
lim— = (18)

For this system a minimum is predicted at a 8 value of
Ve, and, if the plateau concentration is such that
S5max> 5mi,,, where 5maxis the value of 5corresponding to
the plateau monomer concentration, two boundaries
should be apparent.

The effect of increasing total concentration, as cal-
culated by the two approaches, is illustrated in Figure 4.
The countercurrent distribution patterns are calculated
for

Figure 4. Countercurrent distribution (—s and asymptotic
(-----) patterns for monomer-trimer; X3 = 11.2g2; kK M= 0.61;
Xt= 37,n —90; (top) Co = 1 X 10-2 g/1.; (center) Co =
1g/1.; (bottom) Co = 10 g/1.
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P = R
0=3/I

i.e., for a spherical monomer and trimer. For a mole-
cule withD = 6 X 10~-7cm2sec and v — 2.05 X 10-4
cm/sec, the corresponding value of = 0.014 cm/tube.
At n = 90 the maximum for pure trimer would be in
tube 71, corresponding to a physical distance, under
these conditions, of 1 cm. The corresponding time is
then 5000 sec. The value of v corresponds, e.g., to a
molecule with a mobility of 5 X 10“5 cm2/V-sec in an
electric field of 4 V/icm. Under these conditions no
resolution of a separate boundary is detected (Figure 4),
only a shoulder appearing at the position of monomer.
Additionally, as in the dimerization system, the posi-
tion of the maximum lags behind that predicted by the
asymptotic equations. Since these patterns are nor-
malized, it is not apparent that the absolute area, up to
any given value of 5, shifts with increasing concentra-
tion. This effect is illustrated in Figure 5, where ab-
solute values are plotted. The values of dc/dd at any
given value of increase with total concentration, al-
though eq 17 is single valued. At a concentration of
0.2754 g/1., under these conditions, the maximum value
of s attainable is Ve, t.e., the value at which the min-
imum occurs. At higher concentrations eq 17 predicts
no increase in area in this portion of the pattern with in-

Figure 5. Countercurrent distribution patterns for the system
of Figure 4. co for the various patterns is (a) 10-2 g/1.; (b)
10-1g/1.; (c) 2.764 X 10“' g/1.; (d) 19/1.; (e) 10 g/1.
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Figure 6. Countercurrent distribution patterns for the system
system of Figure 4 at n — 320. cCo for the various patterns is
(@) 0.5g/1.; (b) 1g/1.; (c) 2 g/1.

creasing concentration. However, under these condi-
tions, where resolution is limited both by diffusion and
the distance over which separation occurs, this conclu-
sion no longer holds.

If, however, the number of transfers is increased, i.e.,
if the distance over which transport occurs is increased,
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then resolution into two boundaries may be accom-
plished (Figure 6). Here n = 320, equivalent to a dis-
tance traveled by trimer of 3.6 cm under the above as-
sumptions. Remarkably, however, curve a, correspond-
ing to a concentration of 0.5 g/1., almost twice that
required for the appearance of a minimum, does not ex-
hibit one, only one distorted boundary being present.
A similar loss of definition, when diffusion is included,
has been defined in sedimentation analysis.& A min-
imum is clearly present at a concentration of 1 g/1. and
is not obliterated at 2 g/1. From the concentrations at
the minimum, in the two cases in which one is present,
equilibrium constants may be calculated by eq 5 (Table
I1). The assigned value of K 3" is 1; the error therefore

Table Il:  Calculation of Equilibrium Constants by Eq 5
(€5] Qmini XV,
gli. gli. i.«/g*
1 0.253 + 0.008 1.2 d0.1
2 0.243 + 0.008 1.3+ 0.1

is of the order of 25% and becomes worse at the higher
concentration. These changes suggest that, as in the
case of dimerization, velocities of a given concentration
level are not constant, but change with, e.g., increasing
numbers of transfers. This is indeed the case, -and, as
before, the only level to move with a constant velocity
iso s« Q0.

Thus, the general conclusions of the overall appear-
ance of a boundary in a dimerizing system apply to the
trimerizing system, and, additionally, the overall ac-
celeration which occurs should lead to time-dependent
velocities, which should be especially apparent in elec-
trophoresis, since here the separation path is longer than
in sedimentation analysis.

The Journal of Physical Chemistry, Vol. 735 No. 22, 1970
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A numerical investigation of the equations governing the asymptotic transport behavior of a model system
involving rapid equilibration between monomer, dimer, and trimer predicts that maximally only two boundaries

may be found.

The position of the minimum is a function of the equilibrium constants governing the reaction.

For certain of the combinations of the relevant parameters for which the asymptotic equations predict the
presence of two boundaries, the inclusion of diffusional effects indicate that such resolution is difficult to achieve

in customary transport experiments.

In all cases, when diffusion is present, only the 0.6C concentration level

moves with a constant velocity, all other levels moving with time-dependent velocities.

The theory of the behavior of polymerizing macro-
molecular systems in directed transport has generally
neglected the effects of diffusion upon the results ob-
tained. A recent paper2 has delineated a comparison
of the theoretical results obtained from the asymptotic
equations3 and the countercurrent distribution analog,4
which includes the effects of diffusion, for the systems
monomer-dimer and monomer-trimer. This paper ex-
tends the comparison to a more complex system, mo-
nomer-dimer-trimer, which has been examined pre-
viously for only one set of relevant parameters.4'5

Chymotrypsin, under certain experimental condi-
tions, appears to be an example of a monomer-dimer-
trimer system, and patterns have been calculated pre-
viously by both approaches for one set of relevant
parameters. For this system the asymptotic approaché
predicted two boundaries and the countercurrent distri-
bution analog approach the presence of one asymmetric
boundary.4

Theory

If diffusion is neglected, the following equation de-
scribes this system in directed transport in a rectangular
cell with a constant fieldé

u(Cm+ CdT-Cy dCm
of T o2
dcp dcr
Fd Ft
dx dx ®)

where Cm, Cd, and Ct represent the concentrations of
monomer, dimer, and trimer, respectively, Fm, Fd,
and Ft their respective constant velocities along the
x axis, and tis time.

Definition of two dissociation constants, KD =
Cm2/Cd and KT = CMYCT, allows transformation of
eqg ! into
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dcm Fm+ 2FdCn/Nd -j- 3FtCm2A tdCm _
dt 1 2CnvKlI, -T 3Cm~/Kr dx

(la)
Using the method of characteristics,2 this equation may
be immediately integrated to

Fm+ 2FdCm/Ad + 3FtCm2" ¢, ,

1+ 2C,/ KD+ 3<V/Kt oW

Using the initial values describing a sharp boundary
CM=0,x <0,t=0
CM = constant, x > 0,t = 0
yields

= Fm+ 2FdCm/Ad + 3FtCm2A t
1 + 2Cu/Ku + 3Cm2At

0 < Cm < constant (Ic)

(1) (a) This work was supported by Grant-in-Aid GM-15,003 from
the National Institutes of Health of the Department of Health,
Education and Welfare, (b) Postdoctoral Fellow of the National
Institutes of Health, of the Department of Health, Education and
Welfare, (c) Research Career Development Awardee of the National
Institutes of Health of the Department of Health, Education and
Welfare. To whom correspondence should be addressed.

(2) J. L. Bethune, J. Phys. Chem., 74, 3837 (1970).
(3) G. A. Gilbert, Proc. Roy. Soc., Ser. A, 250, 377 (1959).
(4) J. L. Bethune and G. Kegeles, J. Phys. Chem., 65, 1761 (1961)

(5) M. S. N. Rao and G. Kegeles, J. Amer. Chem. Soc., 80, 5724
(1958).

(6) (a) The asymptotic equations pertaining to this situation have
been utilized rather than those elaborated by Fujita, which pertain to
a sector-shaped cell and a radial field in sedimentation analysis, to
allow facile detection of the effect of diffusion on the patterns ob-
tained. H. Fujita, “Mathematical Theory of Sedimentation Anal-
ysis,” Academic Press, New York, N. Y., 1962. (b) Calculations
were performed only for situations in which Fm < Fd < Ft,migra-
tion in the applied field occurring in the direction solvent —solu-
tion. For other situations, hypersharp boundaries are predicted:
L. W. Nichol, A. G. Ogston, and A. Rescigno, Proc. Roy. Soc., Ser.
A, 317, 153 (1970).



Directed T ransport of Monomeric-D imer-T rimer Systems

Use of the dimensionless parameters

_ x/t —Fm
(Id)
Ft - Fm
Fd'= Fp - Fm
Ft' Ft- Fm
converts eq Ic to
s = 2RCk/Kv + 3C T
v Mg (e)

1+ 2Cm/Kee+ 3CuY/Kt
Since the total concentration, C, may be written as
C = Cm+ CV/-Kd+ Cu¥KT
the gradient of the total concentration becomes
bC bC
- = -1 + 2cIKe+ 3CnVKT) (1f)

Differentiation of eq le yields bCnv/bd and solution of
the quadratic equation (le) yields cm, and use of these
two expressions in eq If yields

bC
b8 18521 - 5)D @)
_ -/R- B2 31 - 5iv
A kd j " KT 3

The limiting value of the gradient is6

lim — = Ki,/2R

a—o 08
Since eq 2 describes the gradient of total concentration
along the 5 axis, it may be differentiated once and the
resultant equation equated to zero to isolate any
minima. The equation obtained, however, is of the
eighth order in 5, and therefore no analytical solution is
possible.  Since numerical solution of an eighth-order
equation can be time consuming, it was decided to scan
eq 2 for 100 values of 5 given values of the parameter R,
K t, and Kn and to elaborate criteria for direct detection
of any minima.7 In a few cases the results from eq 2
were checked by confirming that the value at which a
minimum was found by this procedure was indeed a
root of the equation

&c _ pip
bP

K (¥_(( 2A5 - R - 5

18'a5(1 - 5)ZF

0 ®

where

Concentration gradients of the individual species
were also calculated. The gradient of monomer con-
centration was calculated from
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2Cm 36V
Gs'm = + Kp + Kt
©)
05 R - + N 1 -
Ad( 5 At ( 5

where

Gradients of dimer and trimer were obtained from the
expressions defining the dissociations constants, i.e.

bCo 2CU <Vm
b8 K> b8

Q)

bcr _ 3CV acwm
bo Kt bu

The countercurrent distribution analog2'4was used to
determine the additional effects of diffusion.

All calculations were programmed for an IBM 7094
computer in Fortran 1V utilizing a Newtonian approxi-
mation to obtain the single positive root of the mass
conservation equation.7 Recalculation of the total
concentration as the sum of monomer, dimer, and trimer
concentrations found gave results that never differed
from the amount initially present by more than 3 parts
in 10s. The total concentration gradients determined
from eq 2 agreed with the sum of the gradients of the in-
dividual species to 5 parts in 106 The computer re-
sults were checked for a few values of the relevant
parameters by hand calculations for both the asymptotic
and countercurrent approaches. These were carried
out to only three significant figures and agreed at this
level with the computer results.

Results and Discussion

Asymptotic Approach. Since the existence of multiple
minima in the polymerizing system monomer-trimer-
nonomer has been established,6 an extensive survey over
awide range of the relevant parameters was conducted
to determine the characteristics of the present system.
In a previous investigation,4 a single minimum was
found for one set of the relevant parameters (i.e., Kd
and K ¢, the dimer and trimer dissociation constants,
and R, the reduced velocity ratio). Patterns resulting
from dissociation constants between 10-7 and 104 (g/1.
for Ka and g2/1.2 for K ¢) at intervals of 0.01 were cal-
culated; a few values outside this range were examined
also. The reduced velocity ratios employed were 0.54
(that expected for spherical molecules in sedimenta-
tion), and 0.0, 0.15, 0.25, 0.45, 0.75, and 0.90, any of
which could be applicable, e.g., in electrophoresis.

(7) J. L. Bethune and P. J. Grillo, Biochemistry, 6, 796 (1967).
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R
Figure 1. Dependence of the location of 6m, on pK-r for
constant =1: R =054 () R =025 (—);
R = 0.0 (- )

In all cases examined, either a single minimum or no
minimum was found. Remarkably, however, the 5
value at which a minimum occurs is not a constant as in
monomer-single polymer systems, where its location on
the 5 scale is a function only of the degree of polymer-
ization.3 Figure 1 illustrates the correlation found for
5ninand pR? at a given pAn, for various values of R.
Here pAo = 1.0, but the results can be transposed to
other values of pkn by fixing the origin of the pK T axis
at2pko —10. AtRrR = 0,i.e., ifvd = Fmorifveis
much larger than vD and vm, then 0 < 5mn < 0.166.
However, as R is increased, the range diminishes until
for R > 0.54 no minimum was found for pAT < 2pK d-
The overall variation in 5,,,inas a function of pK r isare-
flection of the weight-average degree of polymerization
in the plateau, and, indeed, increasing concentrations
of dimer are associated with the lower values of 5 at
which the minimum appears. The discovery that the
position of the minimum is not a function of the degree
of polymerization only, raises the disconcerting possibil-
ity that the presence of such a system could lead,
without ancillary data, to an incorrect interpretation of
the reality underlying experimental results. Thus,
such a system could mimic a monomer-single polymer
system exactly in all relevant characteristics. The cal-
culation of equilibrium constants from the area under
the slow boundary,3 however, could lead to erroneous
results, as would any attempt to calculate the velocity
of the polymeric species,8 since here the minimum posi-
tion is not fixed by the degree of polymerization. The
dependence of the value of 5mnon the equilibrium con-
stants again raises the possibility of temperature de-
pendent patterns, if the enthalpies of the two reactions
differ.

The magnitude of some possible errors is indicated in
Table | where the actual values of the concentration at
the minimum, (cmin), for various values of k i, and K «,
have been used to calculate equilibrium constants on the
assumption that only a monomer-trimer system is pres-
ent. When $8rin is near 0.166, the expected value for
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Table I: Calculation of Kt from Cmin, Assuming
a Monomer-Trimer System

Ed, e Et, gVI-3-mmmmemeeeee <
~min Orivn g/1. Taken Found®
0.166 2.7 X 10“8 1.0 1.0 X 10-« 1.0 X 10-*
0.166 2.6 X 104 1.0 X io-» 1.0 X 10-6 0.9 X 10-'
0.156 2.6 X 103 1.0 x io-1 1.0 X 10-“ 0.9 X 10“4
0.128 7.3 X 103 1.0 X 10“1 1.0 X 103 0.7 X 10"3
0.059 1.0 X 102 1.0 X 10** 1.0 X 10“2 1.3 X 10"3

« Calculated from \/Kt — (I/Cmin2)[2(raa - 1)]"" -9

[n@n —1)]".

amonomer-trimer system, the amount of dimer present
is insignificant (i.e., Kd is large) and agreement is
excellent. However, as the amount of dimer increases
and snm drops to lower values, agreement becomes
much poorer; in the last line, indeed, the difference
amounts to one order of magnitude.

These changes in position of 5min reflect certain rela-
tions between the gradient of total concentration and
those of the individual species. These may be devel-
oped as follows.  Since

c =Cm+ Cd+ ¢ T 6)
then
VC = WCm VCv WGt
052" 052 + 052 + 052 1’

From the definition of the dissociation constants, it
follows that

d2CD= 2 facuy 2Cm j«A, ©2)
& 7 Kd\ 55/ + Kda' Om
52t = 6CnY 5CnM\2 3CV &cu (8b)
052 Ke\ 05/ + Kt 052
or
04 02Cm , JacCuy
A %
w - A +
where
2Cm 3CV
Kd + Kt
2 6Cm

Kd + K=t

Therefore, a minimum in the gradient of total concen-
tration can occur if, and only if

Since a minimum in the gradient of monomer is pres-
ent only if d2CV,/d52 = 0, the location of a minimum

(8) L.W. Nichol and J. L. Bethune, Nature, 198, 880 (1963).
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in the gradient of total concentration, if one is present,
can never coincide with that in the monomer gradient
since (B/A)(dC-yi[db)2 is always positive in the
boundary region. Moreover, since (B/A)(bCMWd&)2
is positive, the left-hand side of eq 10 can vanish for
large negative d2c M/ds2; hence, there can be a min-
imum in the total gradient with none in the monomer,
dimer, or trimer gradients. Conversely, if d2cwds2
never attains negative values greater than (B/A)-
(dC\t/dS)2, no minimum can exist in the total gradient
even if one is present in the monomer gradient. The
gradients of dimer and trimer can never be negative
(eq 5).

Examples of all three possibilities have been found in
the survey. Variations in the location of the minimum
in the monomer and in the total concentration gradient
are illustrated in Figure 2, and systems in which a min-

Figure 2. Asymptotic gradient patterns illustrating
noncoincidence in the location of a minimum in the gradient

of total concentration with that of monomer. Gradient of
monomer concentration (— ), of total concentration (—), and of
the sum of dimer and trimer concentrations (-—-). The
arrows indicate the position of the minima; Kb = 10-3 g/1.,

Kt = 10-«g21.2 R = 015

imum occurs either in the monomer or in the total con-
centration gradient, but not in both, are illustrated in
Figure 3.

Countercurrent Distribution Analog Approach. In
addition to dimer and trimer dissociation constants,
total concentration, ¢, and partition coefficients for the
three species are included explicitly as parameters in the
countercurrent analog formulation.2’4 Analogies of
certain functions of the partition coefficients to diffu-
sion coefficients and velocities pertaining in other trans-
port methods have been explicated.2'4

Thus, the partition coefficient p x, for a species X, is
related to the velocity, vx, of the maximum in the
gradient pattern in a countercurrent distribution train

by

P x
V X
Px + 1

The corresponding reduced velocity for such a system,
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Figure 3. Asymptotic gradient patterns illustrating, in the
upper section, a minimum in the gradient of monomer (— ) but
not in that of the total concentration (—m. In the lower
section one occurs in the gradient of total concentration but
not in those of the individual species. Sum of the gradients of
dimer and trimer concentrations (-——--). Upper: Kb = 0.1
g/l, Kt = 0.01 g21.2 R = 0.54; lower: Kb = 10 g/1,,

Kt = 10 g21.2 R = 0.54.

analogous to that defined above for the asymptotic
case, is therefore

P D P M
Pp+ 1 +u+ 1
(11)
PT PM
Pt + 1 Pm + 1

Thus, given R alone, an infinite number of sets of
Pm, Pd, and PT can be chosen.

However, in the limiting case of three spherical
molecules, applicable to sedimentation analysis

Em
En
then
Pm Pd + 1
= 0.63 128
Pm+ 1 z2vw ( )
and
Pm Pt+ 1
szs = 0.48 (12b)

Pm+ 1

where N denotes the degree of polymerization and
where sM Mm s», and M > are sedimentation coef-
ficients and molecular weights of the monomer and
polymer, respectively. As has been shown, 4 spreading
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due to free diffusion is analogous to the spreading of a
boundary in a countercurrent distribution train, the
relation being

P
(P + |)2

Since D/ Oh = 1V , two further relations among the
partition coefficients may be elaborated

Pu (Pd +
(Pm+ )2 Pd

2= wv.

Pm Pe+ H2_ vy,
(Pm+ 1)2* Pt

Thus, there exist four relations among three un-
knowns, and it is, in general, impossible to fulfill them
all exactly. The velocity relations were retained
as well as the (analog) diffusion relation between
monomer and trimer. The resulting set of partition
coefficients (Pm = 0.6, Pd = 15, and Pt = 3.8) gave
a ratio of the (analog) diffusion coefficient of monomer
to that of dimer approximately equal to one. With
these partition coefficients, countercurrent distribution
patterns were calculated over a range of dissociation
constants, for n = 100.9 No minimum was observed,
in agreement with similar calculations for the systems
monomer-dimer and monomer-trimer,2 and the single
calculation for monomer-dimer-trimer performed pre-
viously.4 Therefore, if the velocity ratios are those pre-
dicted for spherical molecules in sedimentation analysis,
no resolution is expected under normal experimental
conditions.

To examine a situation in which a minimum could
occur, the partition coefficients of monomer and trimer
were set at 0.2 and 9. The partition coefficient of
dimer (1.29) was then calculated using eq 11 with an R
value of 0.54. At low concentrations (10-3 g/1.) the
entire systemm moves with a velocity characteristic of
monomer; no effect of diffusion on peak location is ob-
served (Figure 4). At 10-2 g/1. a minimum appears,
but at a smaller value of s than that predicted by the
asymptotic relations, which apply in the absence of
diffusion. At 10_1 g/1. the slow boundary is relatively
small, and now the rapid boundary is nearer the position
predicted by the asymptotic equation, consistent with
the results obtained on simpler systems.2

An assessment of the role of dimer on such patterns
was obtained by altering K D over three orders of mag-
nitude at fixed values of K T and Cc. The concentra-
tions in the plateau region of the three species, askK D is
varied, are given in Table Il and the associated pat-
terns in Figure 5. At lower values of A d, where dimer
constitutes a large proportion of the total, no minimum
isseen. At higher Ad’s, however, a minimum is clearly
detectable, shifting from a s value of 0.14 at AD = 0.1
g/l. to 0.15 at Kb = 1.0 g/1. All of these values are
lower than those predicted from the asymptotic equa-
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Figure 4. The effect of concentration on transport patterns
calculated by the asymptotic (— ) and the countercurrent
distribution (—) approaches at kj, = 0.1 g/'l., At = 10-4
g21.2 and R = 0.54 for 100 transfers. Pm = 0.2, Pd = 1.29,
Pt = 9.0. Upper: c = 10-3 g/1.; middle: c = 10-2g/1,;
lower: ¢ = 10-1g/1. Each pattern has been normalized
independently to its maximum value.

Table Il: Variation in the Plateau Concentrations of
Monomer, Dimer, and Trimer As a Function of A a*

Kd CiP CDb Ct6
1.0 x io-2 54 30 16
1.0 x 10“1 66 5 29
1.0« 68 1 31

“Kt = 10~4921.2 ¢ = 10~2g/1. bAs per centof c. cFor

larger values of A d little further change is found.

tions alone (0.160 for K, = 0.1 g/1. and 0.166 for Kb =
10 g/h). Thus, an increase in the dimer concentration
may be associated with a minimum occurring at values
of 5 below 0.166, in agreement with the conclusion
reached from Figure 1.

Several other values of partition coefficients and re-
duced velocities, where the asymptotic equations pre-
dict the existence of minima at 5 values less than 0.16
(i.e., at increased dimer concentrations) were examined
by the countercurrent distribution analog. Minima

(9) C was chosen to place the maximum in gradient curve at a
&value of approximately 0.5. An analogous sedimentation experi-
ment would involve a system in which monomer has a sedimentation
coefficient of 45 and a diffusion coefficient of 5 X 1 0 cm2sec, the
maximum having moved approximately 1 cm (vide infra).
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Figure 5. Effect of variation of X d on countercurrent
distribution patterns for x « = 10-4 g21.2 ¢ = 10~2g/1.,

B = 0.54, 100 transfers. Pm = 0.2, Pd = 1.29, Pt = 9.0,
XD= 0019/ (—-), Ka = 019/1. (--), Ka = 1.0g/l. (—).

between 0.13 and 0.16 on the 5scale were approximately
reproduced after 100 transfers and hence may be ex-
perimentally accessible (vide infra). One system
(Ka = 0.1 g/t, Kt = 10%“2g2l.2Cc = 10~ g/l, R =
0.25) for which the asymptotic equations predicted a
minimum at a s value of 0.06 was examined up to 1500
transfers. For all transfers from 50 to 1500, the pat-
terns exhibited one peak with a shoulder on the trailing

Figure 6. Velocity of various relative concentrations (C/Co)
as a function of the number of transfers (n). The velocity is
expressed as 5¢c.™i where c refers to a given concentration level.
The value of 5 for that concentration level found in the
countercurrent distribution pattern is expressed as a fraction of
the value predicted for that concentration by the asymptotic
equation. XD = 10_I g/1, Kkt = 10~2g21.2 ¢ = 10_1g9g/1.,
Pm= 02, PD= 0536, PT = 9.0.
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Table I'11: Correlation of Peak Position (5maxCCD)
with Number of Transfers (n)a

% devia-

Number of tion from df

transfers ame*QCD W “11 cm

50 0.3188 17.6 0.12

100 0.3324 14.1 0.24

300 0.3415 11.7 0.75

500 0.3460 10.6 1.26

700 0.3480 10.0 1.77

1000 0.3501 9.5 2.54

1500 0.3515 9.1 3.82
“Xd = 10_I g/l., Kkt = 10-2g21.2 ¢ = 10-i g1, Pm =
0.2, PD= 0536, PT = 9.0. 1Calculated from65mal = [(2PCm/
XD) + (3(7m2Xt)]/[1 + (2Cm/Xd) + (3CmVXt)]. 4Calcu-

lated from d = rmexg, ¢ = 0.006 cm/tube.

edge, but no evidence of separation (i.e., N0 Minimum)
appeared even at 1500 transfers. However, as is the
case in the monomer-single polymer systems,2 the veloc-
ity of the maximum in the gradient curve was depen-
dent upon the number of transfers (Table 111). More-
over, the velocities of all concentration levels, except
that at 0.6C, exhibit a similar dependence (Figure 6).
This is again reminiscent of the monomer-single

Figure 7. Effect of variation in ratio of monomer to trimer
velocities for Kj> = 10_19g/1., Kt = 10-4 g21.2 C = 10-2 g/1.,
100 transfers. The arrows indicate the position of minima.
Upper: Pm = 034, Pd = 44, Pt = 54; middle: Pm =
021, Pd = 6.5, Pt = 7.8; lower: PmM= 0.10,pPD = 128, PT
= 14.9. Each pattern has been normalized independently to
its maximum value.
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polymer systems, where only the 0.6(7 concentration
level moved at a fixed velocity, 2 which was equal to that
predicted by the asymptotic equation3 for that concen-
tration level.

Also included in Table 111 is one example of conver-
sion of the distance traveled in the countercurrent dis-
tribution train into that which would obtain in, e.g.,

electrophoresis. Here it is assumed that bu = 5 X
10-7 cm2sec, Fi = 2 X 10-4 cm/sec. Conversion is
accomplished through
2Dm(Pm + 1) ,
4> = e ——oeeees = 0.006 cm/tube
VM

where $is the factor which scales distances in the train
to distances along an x axis, i.e., its units are centi-
meters/tube.2 If the velocity were constant, the dis-
tance traveled after 1500 transfers should be 30 times
that traveled after 50 transfers, i.e., 3.60 cm. The
actual calculated distance is 3.82 cm, a difference of
0.22 cm.

A further set of calculations were performed for values
of the reduced velocities between 0.99 and 0.95, i.e.,
where the velocity of dimer approaches that of trimer
for n = 100. Although this situation is unlikely in
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sedimentation in the absence of large variations in fric-
tional coefficients, it is not improbable in moving
boundary electrophoresis. Since an infinite number of
sets of partition coefficients exist for a given R, a fur-
ther restriction was imposed; the (analog) diffusion co-
efficients were restricted to the ratios pertaining to
spheres (vide supra). Relative velocity ratios of mo-
nomer to trimer 0f0.1,0.2, and 0.3 were utilized together
with several combinations of dimer and trimer dissocia-
tion constants and total concentration. Figure 7
shows typical transport patterns obtained as the veloc-
ity ratio changes. The relevant symptotic patterns
are also included. If the relative velocity ratio is above
0.2, no minimum is seen, under these conditions, in the
countercurrent distribution pattern. However, for a
ratio of 0.1 or 0.2 a minimum is found. In all cases,
since the value of R is almost constant, the asymptotic
patterns are nearly identical, predicting a minimum in
all cases. If the countercurrent calculation is carried
out for very large numbers of transfers, equivalent to a
long separation distance, a minimum can be detected at
a ratio of 0.3. Thus, the detection of a minimum de-
pends on the resolving power of the experimental tech-
nique employed.
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A mathematical analysis of the rate equations for the single-step redistribution of hydrogen and deuterium
atoms among the deuterium isomers of a parent molecule containing N chemically equivalent exchangeable
hydrogen atoms is presented. Assuming complete degeneracy in the specific rate constants for all exchanges,
the explicit solution of the rate equations is obtained for arbitrary N in terms of a system of orthogonal poly-
nomials. The properties of these polynomials ate used to deduce important properties of the redistribution
kinetics. In particular, their orthogonality may be used to transform experimental data to a representation
in which the exponential decays are uncoupled. The application of the uncoupled representation to the
analysis of experimental data is illustrated for the exchange among the deuterioethylenes on nickel wire, and
the exchange among the deuteriobenzenes over a rare-earth-exchanged zeolite. The rate equations are also
solved for the case where all hydrogenations are described by the specific rate constant fodH and all deuterations
by the specific rate constant kd. The isomer distributions obtained in this circumstance are formally identical
with those obtained in the absence of an isotope effect. The observed rate constant is equal to an atom-
fraction weighted average of the rate constants for hydrogenation and deuteration. The ratio ks/kv can,
in principle, be determined from the observed equilibrium distribution. The analysis is strictly applicable
to homogeneous reactions, but it is also applicable to heterogeneous catalytic systems for which the contact
time between molecules and catalyst is long enough to ensure the establishment of isotopic equilibrium in
reasonable time periods, but short enough to preclude the necessity for considering diffusion and multistep

kinetics.

1 Introduction

The catalyzed exchange of hydrogen and deuterium
atoms among the deuterio isomers of hydrocarbon
molecules has been observed over a number of metal
catalysts.2 Many of these reactions apparently con-
form to a kinetic model in which the insertion of hy-
drogen and deuterium atoms occurs in a stepwise
manner without an appreciable isotope effect.3 The
rate equations for this model predict a binomial distri-
bution of isomers at equilibrium, and experimentally
observed equilibrium distributions are frequently of
binomial form.34 Nonequilibrium solutions of the rate
equations have been obtained only for special initial
conditions, 4so that detailed experimental investigations
of the model and its implications have not been under-
taken. The solution of the rate equations for arbitrary
initial conditions will be derived in this paper for the
special case of an exchange reaction in which hydrogen
and deuterium atoms are redistributed among the N +
1 deuterio isomers of a parent molecule containing N
chemically equivalent exchangeable hydrogen atoms.
If D(X), x = 0, 1, 2 N, denotes the isomer con-
taining x deuterium atoms and N — x hydrogen atoms,
the reaction sequence may be schematically written

k k

D(rc - 1)~ D(x) ~ D(s + 1) M
k k

where k denotes the specific rate constant, measured in

reciprocal time units, characterizing all exchanges.6

The complete reaction sequence commences with the

parent molecule D(0) and terminates with the per-

deuterio isomer D(AT). However, as the single-step
mechanism is assumed to be operative in each exchange,
only three contiguous elements of the reaction sequence
are explicitly indicated. It should not be inferred,
however, that D(x) exchanges hydrogenlike atoms only
with its nearest neighbors; D(r) may acquire a hy-
drogen or deuterium atom at the expense of any isomer
containing one or the other of these atoms.

The special case N = 4 is illustrated by methane, and
it will be observed that the insertion of one or two deu-
terium atoms into the methane molecule does not re-
move the full chemical equivalence of the remaining
protons. The significance of this observation is that
the statistical factor for the introduction of a deuterium
atom into a given isomer is always equal to the number
of hydrogen atoms in the isomer. This is to be con-

(1) Address where correspondence should be sent:
Chemistry, University of Kentucky, Lexington, Ky.

Department of
40506.

(2) The subject has been reviewed by (a) T. I. Taylor in “Catalysis,”
Vol. V, P. H. Emmett, Ed., Reinhold, New York, N. Y., 1957, p
257; (b) C. Kemball in “Advances in Catalysis,” Vol. X1, D. D.
Eley, P. W. Selwood, and P. B. Weisz, Ed., Academic Press, New
York, N. Y., 1959, p 263.

(3) (a) C. D. Wagner, J. D. Wilson, J. W. Otvos, and D. P. Steven-
son, J. Chem. Phys., 20, 338 (1952); (b) C. Kemball, Trans. Faraday
Soc., 50, 1344 (1954); (c) H. Kloosterziel in “Chemisorption,”
W . JE Garner, Ed., Academic Press, New York, N. Y., 1956, p 76;
(d) G. Pass, A. B. Littlewood, and R. L. Burweli, Jr., J. Amer. Chem.
Soc., 82, 6281 (1960); ref 2b, pp 226-230.

(4) (a) G. Dallinga, A. A. Stuart Verrijn, P. J. Smit, and E. L.
Mackor, Z. Elektrochem., 61, 1019 (1957); (b) R. J. Mikovsky and
J. Wei, Chem. Eng. Sci., 18, 253 (1963); (c) H. Bolder, G. Dallinga,
and H. Kloosterziel, J. Catal., 3, 312 (1964).

(5) Some consequences of an isotope effect will be considered in
section 5.
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trasted with the ease of benzene where the statistical
factor is six for the insertion of the first deuterium atom,
but may be 1 or 2 for asecond such insertion, depending
on the ring position taken by the entering deuterium
atom. To the extent that the equality of all rate con-
stants is a reasonable first approximation for systems
of the benzene type, the following analysis may be
applied by considering all isomers containing a fixed
number of deuterium atoms as a single entity whose
mole fraction is equal to the sum of the mole fractions of
the individual isomers.

The exchange will be supposed to occur in a closed
reaction system maintained at a fixed temperature.
The rate of reaction will be assumed to be first order
with respect to each reacting species, and otherwise
governed by statistical factors reflecting the numbers
of hydrogen and deuterium atoms in the reactants.
This limits the analysis to homogeneous systems, but it
can also be applied to heterogeneous catalytic systems
for which the contact time between molecules and cat-
alyst is long enough to ensure the establishment of iso-
topic equilibrium in reasonable time periods, but short
enough to preclude the necessity for considering mo-
lecular diffusion and multistep kinetics.6

The closure assumption requires the conservation of
mass, the number of deuterium atoms, and the number
hydrogen atoms. If D(z,i) denotes the mole fraction
of D(z) at time t, the conservation conditions may be
written in the form

ERG,0=1 1-1)
N
E xoxt = Np (12
_EO (IV - x)*D(x, t) = Ng (1.3)
1=
where p and q are positive constants satisfying
V+g=1 1-4)

From the definitions (1.2) and (1.3), it is evident that p
and q are the atom fractions of deuterium and hydrogen,
respectively. The quantity Np may be interpreted as
the mean value of the discrete variable x.

2. Integration of the Rate Equations

The preceding kinetic assumptions yield the follow-
ing expression for the rate of production of D(z)

\~1D(x,i) —q{x + DD(g; + 1,0 —
[(? - p)x + IVp]D(z,i) +
p(N —x + ID(a; — Li) (21)
where
X = Nk 2.2)

and the dot over D (x,t) denotes differentiation with re-
spect to time.
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The function D (x,t) is defined to be zero for all inte-
gers not included in the closed interval [01V]. For
x = 0,1 2,..., N, eq 2.1 defines a system of IV + 1
first-order linear differential equations with constant co-
efficients. The solution of this system for small values
of N can be obtained by standard mathematical tech-
niques, but the computational labor increases rapidly
with increasing IV. The solution for arbitrary N will
be obtained by a less familiar procedure that is consid-
erably more expeditious and not without formal ele-
gance.7

Let n be a nonnegative integer not exceeding N, and
assume a particular solution of the form

~Dn(x,t) = w(x)Kn(x)e~nU (2.3)

where

and K n(x) is independent of t. Substituting (2.3) into
(2.1) one obtains, after some algebraic reductions

p(N - x)Kn(x + 1) - [(q- p)x +

pN - nlKn(x) + gxKn(x — 1) = 0 (25)

Equation 2.5 is the second-order linear difference equa-
tion satisfied by the Krawtchouk polynomial of degree
n in the discrete variable x. These polynomialsg'9
satisfy the following sets of orthogonality relations

(26

@7

E w(X)KIx)Km(x) = (pgq)n Snm
= \n/

t{(pag)n( ™ y iKnx)Knly) = [w(x)]~%v

where &s = 0, forr ~ s, Ss — 1, forr = s.

(6) For a discussion of multistep kinetics see J. R. Anderson and
C. Kemball, Proc. Roy. Soc., Ser. A, 223, 361 (1954). Multiple
exchange reactions have also been discussed by Bolder, Dallinga,
and Kloosterziel, ref 3c. The effect of diffusion has been considered
by F. G. Dwyer, L. C. Eagleton, J. Wei, and J. C. Zahner, ibid., 302,
253 (1968).

(7) The determination of the general solution of (2.1) and the speci-
fication of its properties— especially the explicit form of the orthog-
onality relations—by matrix methods, the Laplace transform,
or the generating function technique, would seem to be a problem of
considerable difficulty. An equation of the form (2.1) occurs in the
stochastic model of the reaction A ~ B and McQuarrie [/. Chem.
Phys., 38, 433 (1963)] has given a particular solution. In the
present context the general solution is essential, and in section 4 the
utility of the orthogonality relations in the analysis of experimental
data is demonstrated.

(8) For a discussion of Krawtchouk's polynomials, see (a) G.
Szego, “Orthogonal Polynomials,” American Mathematical Society,
New York, N. Y., 1959, pp 35-37; (b) Bateman Manuscript Project,
“Higer Transcendental Functions,” Yol. 2, A. Erdelyi, Ed.,
McGraw-Hill, New York, N. Y., 1953, pp 224, 225. For a more
detailed discussion, see P. L. Corio, Intern. J. Quantum. Chem., to
be published.

(9) The orthogonality property may be realized for any set of re-
versible first-order reactions conforming to the principle of detailed
balance. For a discussion see W. Jost, Z. Naturforsch., 2a, 159
(1947); J. Z. Hearon, Ann. N. Y. Acad. Sci., 108, 36 (1963); J. Wei
and C. D. Prater, “Advances in Catalysis,” Vol. 13, D. D. Eley,
P. W. Selwood, and P. B. Weisz, Ed., Academic Press, New York,
N. Y., 1962, p 203.
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The Krawtchouk polynomials are generated by the
function

a - @ 8)

+ gs)x = Y<Kn(x)sn
n
and are given explicitly by the formula

Kn(x) =t (-1)— (*) Z fypn~r (29

In particular

Kox) = 1 (2.10)

Ki(x) = (2.11)

K2x) = 1/9%[x{x — 1) —

X — Np

2 (A - DLpx + AA - DpZ (2.12)

The orthogonality relations (2.6) imply that the
A + 1 particular solutions ~D0(x,t), Di(a;,i), ..., DN(x,t)
are linearly independent, so that the general solution of
@.1)is

N
Dt = X amw (x)Kn(x)e~nM (2.13)

n—o0
The an are independent of t and x and may be expressed
in terms of the initial distribution by setting t = 0,

multiplying by K m(x), and then summing over x. This
computation gives, by virtue of (2.6)
an = j(pg)K E~WDfeO) (2.14)
In particular
ao=ED(z,0) = | (2.15)

X

ai = (Npg)_t X (x ~ Np)D(x,0) = 0 (2.16)

Equation 2.16 follows from the fact that N p is the av-
erage value of x; hence, ai, being proportional to the
first moment about the mean, must vanish identically.

The orthogonality relations 2.6 and 2.7 may also be
used to show that the solution (eq 2.13) satisfies (1.1),
(1.2) , and the initial conditions. For example, (1.1)
may be verified by summing both members of (2.13)
over x, notingthatKo(x) = 1

ZEOD(*’i) =]§OHH'|\2/|=>(()W(X)Kn(x)Ko(X) =1

A similar application of (2.6) may be used to establish
(1.2) , upon noting that x = Ki(x) + NpKOx), and
that ai — 0. The verification that (2.13) satisfies the
initial conditions is obtained by replacing the summa-
tion index in (2.14) with y, and introducing the result-
ing expression into the right member of (2.13). The
desired result then follows on setting t = 0 and ap-
plying (2.7).

The reduction of the preceding formulas to special
cases of interest presents no difficulties. For A = 2
one obtainsio
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D(0,f) = g2+ {p2D(0,0) -
WD(1,0) + q2r)(2,0)}e~ikt (2.17)
D(,<) = 2pq - 2{p2D(0,0) -
P«D(1,0) + g2D(2,0)}e~2 (2.18)
D(2,t) = p2+ |p2D(0,0) -
pgD(1,0) + g2D(2,0)}e 4W (2.19)
3. Properties of the Solution

An examination of the general solution (2.13) shows
that as t — “ , the isomer distribution approaches the
binomial distribution

D{X’m) = (x ) pXgN~X (3'1}

If the initial distribution of isomers is binomial, that is,
ifattimet = 0, D(X,0) = w(x), then the distribution
is binomial for all t. Indeed, setting D(x,0) = w(x) in
(2.14), it follows, by virtue of (2.6), that every ar van-
ishes except do = 1; hence, (2.13) reduces to D (x,t) =
w {X).

The binomial distribution is the only distribution sat-
isfying the condition T)(x,t) = D(x,0). For upon
setting the time derivative of D(x,t) equal to zero,
(2.1) yields a system of N + 1 homogeneous linear
equations for the D(x,0), whose solution, subject to the
condition (1.1), isD(x,0) = w(x).

If the initial distribution is not binomial, the distri-
bution at any finite value of t will not be binomial.
Consider, for example, an initial distribution consisting
of equal fractions of the parent molecule and its per-
deuterio isomer

D(0,0) = D(A0) = Vv,

D(*,0) = 0,0<x<N (32
For this distribution, p — q = I/t
dn= 2n_1[1 + (-1)"] 3-3)

and (2.13) may be written

*A [AN]
Dxxt) = 2-Nrx) X 22K2(x;¥/2e~2¢ (3.4)
where
(VsN if N is even
PAA] =

(Vi(A - 1) if A is odd

The sum in (3.4) may be evaluated explicitly with
the help of the generating function for the Krawtchouk
polynomials. Indeed, for any p,q
['AN]

r)—<0 KZiix)s2r = Vs{ (L - ps)N~x(l + gs)x +
(A + ps)N-*(1-

gsy} (35)

(10) The results for N — 2 apply to the reaction H2 + D2~ 2HD
only at high temperatures.
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Figure 1. Graphs of D(®,(), as defined by eq 3.6, for N = 4.

It follows that

T>(x,t) = - e~u)N~x(l + e~u)x +

(L+ e-MN-x(1- eX)a (3.6)

Graphs of eq 3.6 are shown in Figures 1 through 4 for
several values of N. For each N, only the curves cor-
responding to g = 0, 1,..., ~/iN] are plotted, since
(3.6) shows that D (x,t) = D(1V —x,t).

The symmetry of (3.6) with respect to an interchange
of x and N — x is a special case of a general symmetry
property realized whenever the initial conditions are
such that D(a;,0) = D(N —&;,0) forall x. To establish
this property, let the dependence of D(x,t) on p be
denoted D {x,t;p). From (2.9) one may derive the
following symmetry property of the Krawtchouk poly-
nomials: K,(N — x;q) = (—1)rK n(x;p). This prop-
erty, applied to (2.13) and (2.14), shows that

D@V - x,t;q) == T)(x,t;p) 3.7

Thus the function D (N — x,t;p) is obtained from D-
(x,t;q) by replacingx andp withN —x and q. This is
readily verified in the special case N = 2, described by
eq 2.17, 2.18, and 2.19. Now D (N — x,t;p) will not,
in general, be equal to D (x,t;p); but the identity just
established shows that these functions are equal when
p = g. It can also be shown that if p = g, and D-
(x,0) — D (N — £,0) for all x, then all a*n+i = 0.
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A somewhat more general initial distribution for
whichp = q isthe uniformdistribution

D(x,0) = —~" for all x (3.8)
It can be shown that
N
£ K =
o n(x)
(-ir i+ (-Dn 3.9
so that
o, = -’\Irlti + (-Dn] (3.10)
T>{x,t) =
N . * -
2 (\XJ) r£=0 o+ KUXN/Me-2M (3.11)
whenx = N, the sum may be evaluated to give
\t
T)(N,t) — N+i 1+ -
O =
(1 - e-3 (3.12)

4. The Uncoupled Representation

The determination of X = Nk by direct applications
of (2.13) to experimental data would require tedious
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Figure 2. Graphs of D(x,i), as defined by eq 3.6, for N = 5.

Figure 3. Graphs of D(x,f), as defined by eq 3.6, for N = 6.
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Figure 4. Graphs of D (x,t), as defined by eq 3.6, for N = 8.

curve fitting. The experimental evaluation of A is
considerably facilitated by transforming the D (x,t) to
a representation in which the exponential decays are un-

coupled.
Let the function E(m,t), m = 0, 1, 2, . N, be
defined by
N
E{m,t) = 3Y K m(x)D (x,t) “4.1)
=0
The D{x,t) are experimentally measurable, and the

polynominals K m{x) depend on the integers m, x, N,
and the probability p, the latter being given in terms
of the initial distribution by
v
p = N~I 3Y_0 riD(&;,0) “4.2)
The E(m,t) are, therefore, defined in terms of measur-
able and calculable quantities.

The theoretical significance of the £(m,i) may be
deduced by explicit evaluation of the summation indi-
cated in (4.1). Multiplying (2.13) by K m{x) and sum-
ming over x one obtains, by virtue of (2.6)

E(m,t) = E(m,0)e~mM 4.3)

E(m,0) = 3\20 K m(x)D (x,0) (4.4)
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Thus the E(m,t) are the D(x,f) in the uncoupled rep-
resentation.9
From (4.3), it follows that a graph of In E(m,t) as a
function of kt will be a straight line of slope —mN.
The intercept on the logarithmic axis is In £(m,0),
whose numerical value may be calculated from (4.4).
Since
£(0,0) = 1, £1,0) =0 (4.5)

for any initial distribution, nontrivial graphical repre-
sentations are obtained only for m > 2. The analysis
of experimental data in the uncoupled representation
should provide a convenient test of the several kinetic
assumptions.

For the initial distribution (3.2)

A2 N~ 0 ['+ (-D™ (4.6)
so that all E(m,t) with m odd are zero, whereas
E(mt) =~ Q e~muUum=20,24 ... @47

Graphs of the natural logarithm of the left member
of (4.7) vs. kt are giveninFigure 5foro = 2andm = 4.
The plotted points were obtained from experimental
data on hydrogen-deuterium exchange among the deu-
terioethylenes on nickel wirell at 153°, adapted to the

(11) T. B. Flanagan and B. S. Rabinoviteh, J. Phys. Chew,., 60,
730 (1956).
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Figure 5. Graphs of In E(m,t) against kt for an equimolar
mixture of ethylene and ethylene-dé The experimental data
were obtained from the work of Flanagan and Rabinovitch.1l

kinetic assumptions described insection 1. The devia-
tion of E(2,t) from linearity for kt > 0.2 probably re-
sults from a poisoning of the catalyst.

Figure 6 shows semilogarithmic plots of E(m ,t)/E-
(m,0) against time for the equilibration of an equimolar
mixture of benzene and its perdeuterio isomer.12 The
exchange was carried out over a rare-earth-exchanged
zeolite of the Y type at room temperature. These
curves are all consistent with k = 7.45 X 10-6 sec-1/
g of catalyst.

The explicit form assumed by E{m,t) for the initial
distribution (3.8) is

E(m,t) =

- (49

Thus a change of initial distribution from (3.2) to (3.8)
merely effects a decrease in the vertical intercept on a
rectilinear or logarithmic plot.

5. Isotope Effect
The most general redistribution reaction conforming
to the single-step mechanism may be schematically
written
L-iw D

D(* - 1) TZ7~"~ D(*) ~---—---- —_D(*+ 1) (D
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Figure 6. Semilogarithmic plots of E(m ,t)/E(fl,t) against t for
an equimolar mixture of benzene and its perdeuterio isomer.
The experimental points are taken from the work

of Lago and Haag.22

where kx(u> and kxiD) denote the specific rate constants
for the insertion of hydrogen and deuterium atoms into
a molecule containing x deuterium atoms. The rate of
production of D(X) in this reaction scheme is

V-1D(X,0 = kx+i n)qix + NDD(x + 1,0 —
[(kxmq -

kd D)(N - x +

KfD)p)X + Npkxm ]T>(xt) +
NDpD(z - 1,0 (5.1)

Explicit, closed form solutions of (5.1) may be obtained
by assuming particular functional relations among the
rate constants, but the solution of (5.1) will be con-
sidered here only for the special case defined by the
equations

foH) = fed) = ... = kR (5.2)

kom = fd@D =

These equations, (5.2) and (5.3), together with the con-
stants k, P, and Q, defined by

. RV/ID) = ko (5.3)

k = pko + gkn (5.4
P = pkD/k, Q = gku/k (5.5)
P+ Q=1 (5.6)

(12) R. M. Lago and W. O. Haag, private communication.
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transform (5.1) to the precise form of (2.1). Thus, all
of the results established in the preceding sections are
valid for the present case with k given by (5.4), and p,q
replaced with P,Q. In particular, the equilibrium dis-
tribution is

D(*») = (~)pxQN~x &7

The formal similarity between the present solution
and that obtained above shows that one ought not be
too hasty in concluding the absence of an isotope effect.
The discrimination between the two cases requires ex-
perimental data of sufficient precision to distinguish the
stoichiometric p and ¢, defined by the initial composi-
tion, from the kinetic P and Q, defined by (5.5).

It should also be observed that, in the present case,
the transformation of experimental data into the un-
coupled representation cannot be accomplished without
knowledge of P or Q. To effect the transformation, P
or Q must be obtained from the observed equilibrium
distribution. The evaluation of k, then, provides two
relations for the determinations of kn and kr>.

6. Approximate and Asymptotic Solutions

There are two limiting cases of the binomial distri-
bution that may be useful in special cases, namely, the
Poisson and Gaussian distributions. 10

When N » 1 and p « 1, but their product n =
N p is of the order of unity, the binomial distribution

The Journal of Physical Chemistry, Vol. 74, No. 1970
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may be approximated by the Poisson distribution

w(x;p) = (6.1)

X1

Evidently, this approximation may be used for mole-
cules containing a large number of chemically equiv-
alent exchangeable hydrogen atoms, but the initial dis-
tribution includes comparatively few deuterated mole-
cules. In this case, the Krawtchouk polynomials may
be approximated by the Poisson-Charlier polynomials.8

When N, x, and N — x all tend to infinity in such a
way that (x — N p)¥ N2-*m 0, the binomial distribution
tends asymptotically to the Gaussian distribution

w(x) = (2irNpg)~I/exp[—(2Npg)~1Ux — Np)] (6.2)

In this limit, the Krawtchouk polynomials are asymp-
totically equal to the Hermite polynomials

Knx) ~ {2m')-'"H n[{2Npqg)-\x - Np)] (6.3)

The normal approximation (6.2) is remarkably good, 13
even for moderate values of N 10).

Acknowledgments. The author wishes to express his
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(13) W. Feller, “Probability Theory and Its Applications,” Vol. 1,
WUey, New York, N. Y., 1950, pp 110, 111, 133-136.
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A dielectric method based upon Onsager’s theory of the dielectric constants of dilute solutions of polar mole-
cules in nonpolar solvents has been devised to determine simultaneously dipole moments and formation con-

stants of weak hydrogen-bonded complexes.

The dimerization of V-methylanilme (NMA) in cyclohexane

and in benzene was chosen as a test because data obtained by infrared techniques are available for these sys-

tems.

The dimerization constant for NMA in cyclohexane at 25° was found to be 0.424 1 mol-1, very close

to the ir value of 0.434 1 mol-1. The dipole moments of NMA and dimer are 1.66 and 2.75 D, respectively.
Our data and literature data for NMA in benzene at 25° yield a dipole moment of 1.80 D and a formation

constant of 0.135 1 mol-1 (ir value is 0.14 1 mol-1) for the complex formed by NMA and benzene.

Sug-

gestions about possible structures of the NMA dimer and NMA-benzene complex are discussed.

Introduction

Formation constants and thermodynamic data for
H-bonded complexes of amines and amides have been
obtained by a variety of procedures. A common tech-
nique involves measuring complex formation induced
frequency shifts in infrared spectra3-8 or proton mag-
netic resonance spectra.9-11  Vapor-liquid equilibrium
studies!2’ 13 have also been employed to obtain thermo-
dynamic data and in some instances have been used
along with dielectric measurementsi4’'’s to give the
dipole moments of H-bonded complexes. Relatively
few workers have attempted to use dielectric methods
to obtain information about both the dipole moment of
the complex and the extent of complex formation.
Few and Smithi6 have developed a procedure based on
measurement of the apparent change in the value of the
molecular polarization at infinite dilution of a solute A
when it is the only solute in a solution and when another
solute B is also present in the solution. They and
others have used this method to obtain results which
agree reasonably well with data produced by ir and pmr
techniques.1718 This procedure is limited, however,
because it is applicable only to systems with relatively
large formation constants.19

This paper presents another dielectric method which
also yields dipole moments and values for formation
constants but which is applicable to systems which have
small formation constants. It is based on Onsager's
theory of the dielectric constant of dilute solutions of
polar molecules in nonpolar solvents.20 The system of
V-methylaniline and various ketones and ethers in
cyclohexane was chosen to test this procedure since it
has been extensively studied by ir and pmr techniques.3'4
Results on the autoassociation of V-methylaniline in
cyclohexane and benzene are presented in this paper;
complex formation between V-methylaniline and vari-
ous ketones will appear in a subsequent paper.

Experimental Section

Equipment and Materials. Dielectric constants were
determined with the Kahl Scientific Instruments Corp.
Model DM 01 Dipolmeter which operates on the super-
position (beat) method at 2.0 MHz. A DFL-1 cell
(range e = 1.8 to 3.4) with a capacity of 30 ml was used
for all measurements. Temperature was controlled to
+0.05° by circulating water from a constant tempera-
ture bath through the cell jacket. Refractive indices
were measured with an Abbe refractometer equipped
with jacketed prisms.
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ticipant, National Science Foundation Undergraduate Research
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Table I: Dielectric Constants of Calibrating Liquids
Refer-
Substance Qoo Tolerance At/Ai ence
Cyclohexane 20228 +2 X 10« -1.6 X 10“3 a

Carbon tetra- 22363 +1 X105 -2.0 X103 b
chloride
Benzene 22825 +2 X104 -1.96 X103 b

<K. Rosswog, dissertation, Freiburg, 1953. 6R. Mecke and
K. Rosswog, Z. Elektrochem., 60, 47 (1956).

The N-methylaniline (NMA) was purified by at least
two fractional distillations under reduced pressure.
Fresh samples of the cut boiling at 57-61° (4.5-5 mm,
r26d 1.5687) were used in preparation of solutions.
Research grade cyclohexane and benzene (Fisher or
Matheson Coleman and Bell) were employed as solvents
and were used without further purification. Fisher
Spectrograde cyclohexane, benzene, and carbon tetra-
chloride, whose purities were checked by vapor phase
chromatography, were used for calibration of the
Dipolmeter.

Sample Preparation and Measurement. Solutions of
NMA in cyclohexane or in benzene were prepared by
carefully weighing the NMA and the solvent into cali-
brated 100-ml volumetric flasks. Six to nine solutions,
with NMA concentrations ranging between 0.07 and
0.9 M, were used in each run. All solutions were
equilibrated for at least 24 hr at the temperature of the
run.

Dielectric measurements of the NMA solutions were
made after calibrating the instrument with the Spectro-
grade solvents whose dielectric constants as a function
of temperature are listed in Table I. Once a series of
measurements was started care was taken not to move
the cell as this would introduce error. After the dielec-
tric constant of each solution was measured, the cell was
drained and dried with a stream of dry air. It was
then thoroughly rinsed with the next sample and care-
fully filled in such a manner that no air bubbles became
entrapped. It is estimated that errors in dielectric
constants do not exceed +0.0005 e unit.

Dimerization Constants. Infrared studies by Lady
and Whetsel37 have shown that in solutions of NMA in
cyclohexane the only significant reaction is the forma-
tion of a dimer. The system can be described by the
equation

A+ A~™D

n )

where K o is the formation constant of the NMA dimer
and c\ and CD are the equilibrium molar concentra-
tions of monomer and dimer, respectively. Letting
Ca° represent the initial concentration of NMA allows
us to write the mass balance equation as

C\° = Ca+ 2Cb @)

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970
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Theoretical considerations by Onsagero and much
experimental evidencel4 21 have shown that the dielec-
tric constant, g of asolution containing a polar molecule
in a nonpolar solvent is linearly dependent on the con-
centration of the solute, cB

e = constant + asCs (©)
The proportionality constant as is defined by

47rivo X 10-3
as (nm2 + 2)2gs2 4

27kT

No is Avogadro’s number, k is the Boltzmann constant,
nm is the refractive index of the solvent, and gs is the
dipole moment of the solute. The constantineq 3 is a
function of the squares of the refractive indices of both
solvent and solute but can effectively be taken as the
dielectric constant of the pure solvent, ea

Making the assumption that eq 3 can be applied to
solutions with more than one solute permits us to write
the Onsager equation for our system

e= @+ olkCa + «dCd 5)

where aA and aD are the Onsager constants for NMA
and dimer, respectively. Substituting eq 2 into eq 5
gives

D e— g — alfCA )

an —2aA

If the values of aAand an were known, then Cd could
be readily evaluated and K u might be obtained using
eq?2 and 1. However, the two Onsager constants can-
not be determined independently since it is impossible
to have a solution of either pure monomer or pure
dimer.

The procedure we have followed was to write a
FORTRAN program for use on an IBM System 360
computer in which the values of aAand aDwere System-
atically varied and the value of Ku calculated for
each solution inthe run. The average Ku, the standard
deviation of the dimerization constants, skd, and the
relative standard deviation, rel ska = sKDav Ku,
were all computed. The set of aA and «d that produced
the smallest rel ska was then chosen as the correct one
for these parameters. It was also found necessary to
vary the value of eoto minimize rel skd.

This procedure however, did not work when applied
to solutions of NMA in benzene. Whetsel and Lady6
have shown that NMA also forms a weak complex with
benzene as well as dimerizing. Thus an additional
equilibrium must be considered in benzene solutions.

A+ B~ C Ko = @

Here CA Cb, and Cc represent the equilibrium molar
concentrations of NMA, benzene, and NMA-benzene

(21) Unpublished data of B. W. Meyer.
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Table 11:  A'-Methylanilme in Cyclohexane at 25°
Wt Wt e IO R I oTe] 0] F————— * k D,

NMA cyclohexane e Ca°, M Ca, M Cd, M 1 mol-1
1.0825 76.4071 2.0472 0.1010 0.0936 0.0037 0.424
2.1601 75.6028 2.0799 0.2016 0.1752 0.0132 0.430
3.2585 74.6140 2.1142 0.3041 0.2477 0.0282 0.460
4.3898 73.8416 2.1493 0.4097 0.3248 0.0424 0.402
5.4558 73.0664 2.1835 0.5092 0.3851 0.0620 0.418
6.5696 72.2053 2.2192 0.6131 0.4484 0.0824 0.410
7.6980 71.2122 2.2564 0.7185 0.5012 0.1086 0.433
8.7655 70.3670 2.2917 0.8181 0.5499 0.1341 0.444
9.8862 69.6476 2.3280 0.9227 0.6094 0.1566 0.422

All volumes = 100.0 ml
e0 = 2.0154, «<a = 0.3081 M~\ aD = 0.797 M~I
Av Ko = 0.428 M-\ sKd = 0.0175, rel skd = 0.0408

complex, respectively. The equation for mass balance
of NMA now becomes

Ca® = Ca+ Cc + 2Cd 8)
and the Onsager equation can be written as
t = «0+ «xaCa + acCc + «dCd (©)]

Using eq 1, 7, and 8 and noting that the concentration
of benzene remains essentially constant so that (7o
can be replaced by Cb°, the initial concentration of
benzene, allows eq 9 to be rewritten as

Ktfsd —2«g(7Ta2+ (sa — <g(7Ta —
- 60- ac<iA°) = 0 (10)

Equation 10 may be solved for Ca only if the values of
K d, aA ac, and an are known. The procedure we have
followed was to assume that K b remained the same in
benzene as in cyclohexane and that the dipole moments
of NMA and the dimer also remained the same in the
two solvents. The weakest of these assumptions is the
supposition that K b is the same in both solvents even
though there is a substantial difference in their solvating
abilities. Then «a and aDwere calculated using eq 4
with experimental values of the index of refraction of
benzene. A computer program was written to vary
the value of ac and solve eq 10 for Ca for each solution
in a run. Equations 1, 8, and 7 were employed to
evaluate each K¢, the average Kc, and the relative
standard deviation of K¢ for every value of ac- Once
again it became necessary to vary eto minimize rel sKc.

Results

Table Il presents data from a representative run of
NMA in cyclohexane. A plot of the observed dielectric
constant vs. the initial concentration of NMA appears
linear, but calculation of the slopes (AdACa0) between
each pair of points reveals that the line curves upward.
This is in contrast with data from solutes that do not
undergo reaction and which do produce straight
lines.14'21  The plot of evs. CA® was useful however, for
the intercept at zero Ca° was used as the initial choice

for e in the computer program which handled these
data. This value was usually slightly higher than efor
the pure solvent since the usual methods of handling
exposed the solutions to air longer than the solvent and
so more water vapor may have been absorbed by the
solutions than by the solvent.2

Figure 1 illustrates the behavior of the relative stan-

Figure 1. Relative standard deviation of the dimerization
constantvs. an at constant aa: 1, ax = 0.3076 1 mol-1;
2, aA = 0.3081 1 mol-1; 3, aA = 0.0384 1 mol-1.

(22) See I. F. Halverstadt and W. D. Kumler, J. Amer. Chem. Soc.,
64, 2988 (1942), for a more complete discussion of this point.
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Table I11:
Run Temp,
no. °C
9 20
10 20
1 25
2 25
3 25
4 25
5 25
6 25
7 25
8 25
1 30
12 30

IV-Methylaniline in Cyclohexane

No. of
soins Q0

NNONO® N~N~NO~N©

.0265
.0264
.0154
.0165
0168
0166
0160
.0164
.0166
0155
0096
.0095

N DN NN RNRNNNNN

Herbert R. Ellison and Barbara W. Meyer

A, (@)) AV Xd,
1 mol-1 .mol-1 I.mol“1 Rel sjecd
0.3006 0.827 0.514 0.0413
0.2985 0.856 0.443 0.0200
0.3081 0.797 0.428 0.0408
0.3003 0.856 0.321 0.0307
0.3015 0.830 0.403 0.0331
0.2986 0.813 0.505 0.0334
0.3039 0.859 0.319 0.0145
0.2997 0.802 0.519 0.0024
0.3004 0.848 0.389 0.0455
0.3089 0.796 0.491 0.0314
0.2980 0.822 0.380 0.0445
0.2980 0.814 0.405 0.0383

dard deviation of the dimerization constants under
various choices of «a and cm The values of these
parameters which produced the smallest rel s™p were
then used to evaluate the equilibrium concentrations of
NMA and dimer and finally, the dimerization constant
K-d. Values of CA cCo, and Ko calculated in this
fashion are also presented in Table Il. Results with
all of the sets of NMA solutions in cyclohexane are
presented in Table I1l. A summary of these data
along with resulting thermodynamic quantities is pre-
sented in Table IV.

Table TV: Summary of NMA-Cyclohexane Results
Temp, Ad, Xd,
°c @ 1. mol-1 Imol-l  1mol-li  refae
20 2.0264 0.2996 0.842 0.478 0.464
25 2.0162 0.3027 0.825 0.422 0.434
30 2.0095 0.2980 0.818 0.392 0.407
This work Reference 3
AH®29s (kcal mol-1) -3.56 -2.45
AGO0XB (kcal mol-1) + 0,51 +0.50
AS298 (cal mol-1 °K-1) -13.6 -9.9

“ Pannetier and Abellol2 using a vapor-liquid equilibrium
method found Kx> = 0.18 £ 0.01 1. mol-1 at 25° in carbon tetra-
chloride.

As mentioned previously, the solutions of NMA in
benzene were treated by making the assumption that
the values of the dipole moments of NMA and dimer
were the same in benzene as in cyclohexane. It then
becomes possible to calculate aA and aDin the benzene
solutions using the results from the cyclohexane solu-

tions. This is done by rewriting eq 4 as
as = a'n (ID
where
_ 4xV, X 103 f (12)

27kT (” + '

The Journal of Physical Chemistry, Voi. 74, No. 22, 1970

a' is thus seen to be a parameter which is a function of
the temperature and the refractive index of the solvent
and is independent of the solute. Experimental
indices of refraction and calculated values of a' are
shown in Table V. Using these data the values of aA

Table V: Refractive Indices and Calculated a' Values
Temp,

Solvent °C nm a'
Cyclohexane 20 1.4259 0.1126
Cyclohexane 25 1.4233 0.1104
Cyclohexane 30 1.4207 0.108!
Benzene 25 1.4979 0.1226

and am in benzene at 25° are calculated as 0.3365 and
0.917 1 mol-1, respectively. Results with three sets of
NMA solutions in benzene are given in Table VI.
Also included in this table are results obtained by
applying this method of calculation and the same
values of K d, aa, and cmto data obtained by Few and
Smith,23 Barclay, Lel'Avre, and Smythe,24 and Cumper
and Singleton.»%

Discussion

The method of calculation employed with the systems
of V-methylaniline in cyclohexane and benzene depends
on selection of the Onsager constants that best fit the
data. Initially the standard deviation of the dimeriza-
tion constants (actually the “estimated” standard
deviation, s) was used in an attempt to decide which
set of a values would be most suitable for a set of solu-
tions. In the case of NMA in cyclohexane it was
quickly found, however, that the standard deviation
steadily decreased as cmwas increased at constant aA

(23) A. V. Few and J. W. Smith, J. Chem. Soc., 753 (1949).

(24) G. A. Barclay, R. J. W. LeF&vre, and B. M. Trans.

Faraday Soc., 47, 357 (1951).

Smythe,

(25) C. W. N. Cumper and A. Singleton, J. Chem. Soc., Sect. C. 1096
(1967).
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Dimerization of V-Methylaniline

Table VI: JV-Methylaniline in Benzene at 25°“
No. of
Source eolns «
This work 7 2.2738
This work 8 2.2727
This work 6 2.2736
Reference 23 8 2.2725
Reference 24 9 2.2725
Reference 25 6 2.2741
Average 2.2732

« Assumed that Kb = 0.422 1 mol-1, aA = 0.3363 1L mol-1 and an = 0.917 1 mol-1.
' Estimated standard deviation.

mol”lat 25° using ir spectroscopy.

The reason for this is that K D is very sensitive to a®, as
examination of eq 6 and 1 reveals, and so increasing aD
leads to a decrease in Kb- On. the other hand, when
the relative standard deviation was computed, it Was
found that this parameter passed through a distinct
minimum as aD was increased at constant aA (see
Figure 1) or if aA was increased at constant aD
Similar behavior of rel skc was found in the case of the
NMA solutions in benzene; increasing ac produced a
minimum in the relative standard deviations of the
formation constants.

The validity of this method of evaluating formation
constants of weak complexes by using the Onsager equa-
tion with dielectric data appears to be confirmed by the
agreement of our calculated results with those found by
Lady and Whetsel using an infrared procedure (see
Table 1V). Also presented in this table are data pro-
duced by Pannetier and Abello,12 who carried out a
vapor-liquid equilibrium study using carbon tetra-
chloride as the solvent. Both our results and those of
Lady and Whetsel differ by approximately a factor of
2 from their value of Kb- Whether the reason for
this lies in their theory or in their data is not clear. On
the other hand, the differences in our dimerization
constants from those of Lady and Whetsel appear to be
due entirely to experimental errors. We estimate that
the uncertainty in our dielectric constants is approxi-
mately +0.0005 t unit, or about +0.02%. Calcula-
tions have shown that varying eoby this amount from
the optimum value selected by the computer leads to
changes in Kb by as much as 25-30% and increases in
rel ska Of about 20-25%. Errors in dielectric constants
of individual solutions were reflected in the observation
that in some instances rel ska remained rather large, no
matter what choice of eg «a, or aDwas made. Close
examination of a plot of CA° vs. ethen usually revealed
that one or more solutions deviated by more than 0.0010
e unit from the curve. Discarding these solutions
always resulted in lower rel skd. Our estimate is that
our values of Kb are probably accurate within +15-
20%.

The system of NMA in benzene offered a somewhat

3865

ac, Av Kc,b
1 mol"1l L mol"l Rel sKc
0.4004 0.158 0.0526
0.3980 0.147 0.0413
0.3993 0.127 0.0602
0.3963 0.113 0.0414
0.3947 0.128 0.0303
0.3953 0.135 0.0497
0.3973 + 0.135 + 0.0459

0.0023" 0.016'

6 Whetsel and Lady6 have found K¢ =

more rigorous test of this procedure in that here there
are two competing equilibria. The results shown in
Table VI represent application of this method to three
sets of data produced by us and to three sets of data
found in the literature.23-25 The agreement in both
the values of ac and K¢ among these various sets is
remarkably good considering the different instrumenta-
tion used to produce the data. Furthermore, the
average value for the formation constant, 0.1351. mol-1,
is essentially the same as the value found by Lady and
Whetsel6 using infrared spectroscopy. The conformity
of these formation constants then appears to justify our
assumption that the dipole moments of monomeric and
dimeric NMA do not change in going from cyclohexane
to benzene. This can be shown quite readily upon
calculation of the effects of changing either aA or aD
For example, a 10% decrease in aD results in only a
slight change in ac but a 45% decrease in Kc- Our
assumption that K D is the same in both solvents is not
verified as clearly, for a 10% decrease in K b produces
only an 8% decrease inKc.

One advantage of our method of evaluating formation
constants and dipole moments of H-bonded complexes
is that it does not require extrapolation of either di-
electric constants or densities to infinite dilution. The
procedure developed by Few and Smithi6 is based on
determination of the change in the molecular polariza-
tion at infinite dilution, P, of a solute A when it is the
only solute in a solution and when another solute B is
present in the solution. As Bauer, et al.,19 have
pointed out, the value of P varies linearly with mole
fraction when the solute is a stable polar molecule, but
when an equilibrium involving that solute is present P
varies in a nonlinear fashion with mole fraction. Thus
to reduce errors it becomes necessary to work with very
dilute solutions to obtain reasonably accurate values
of P at infinite dilution. This in turn requires that
formation constants of complexes be fairly large so that
significant changes in P might be observed. An
additional factor which reinforces the need to work with
dilute solutions is that most extrapolation procedures,
and in particular the forms based on Hedestrand's
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method, % require extrapolation of both the dielectric
constant and the density to infinite dilution. Both of
these parameters vary in a nonlinear fashion with mole
fraction when the solution contains an equilibrium
system, thus increasing the problem of obtaining
accurate results for slopes and intercepts. These
limitations on accuracy thus appear to limit Few and
Smith’s procedure to those systems in which the change
in P is relatively large as a result of equilibrium con-
stants of about 10-100 or larger.

The dipole moments found in this investigation are
summarized in Table VII. The only one that has been

Table VIl : Dipole Moments Obtained from a Values
Temp,

Solution °C mnma, D  ;tdimer, D ~complex, D
NMA-cyclohexane 20 1.63 2.73
NMA-cyclohexane 25 1.66 2.75
NMA-cyclohexane 30 1.66 2.75
NMA-benzene 25 1.66" 2.75* 1.80

“Values taken from NMA-cyclohexane results and used in
evaluation of NMA-benzene data.

determined previously is that for NMA; our result of
1.66 D at 25° compares favorably with the value of 1.67
D recommended by McClellan,2 offering further proof
of the validity of this procedure. Table VIII contains
the results of applying the Hedestrand method» of
calculating dipole moments to all of our data and the
results obtained by three other investigators using
similar extrapolation procedures. The slightly larger
moments found in benzene solutions offers further
evidence that NMA is reacting with this solvent.

The dipole moments of the dimer and the NMA-
benzene complex can be used to make suggestions about
the possible structures of these complexes. On the
basis of a study of the dipole moments of various sub-
stituted aniline compounds in benzene solution Smith23
concluded that the angle at which the resultant dipole
moment in NMA is inclined to the N-C bond is 38.5°,
as shown in Figure 2. For this calculation Smith
assumed that the four groups attached to the nitrogen
(E represents the lone pair of electrons) are all at angles
of 109° to each other. Data from various methyl-
amines suggest that this is reasonable within £3°.29
Dipole moments for different configurations of the
NMA dimer were calculated using Smith’'s angles and
our value of 1.66 D for the dipole moment of NMA.
The structure that produces a dipole moment closest to
the experimental value of 2.75 D is shown in Figure 3.
In this configuration 6, the angle between the two phenyl
groups as seen by looking down the N ee«H-N axis in
Figure 3a, is 67° and the calculated moment is 2.74 D.
If, instead of using 109° as the angle at which groups
are attached to the nitrogen, we use a Ph-N-H angle
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Table VI1I: Dipole Moments of JV-Methylaniline Obtained
with the Hedestrand Procedure

Pi°, P 2D°, P*ge, P,
Run no. € cm* cm* cm* D

Cyclohexane at 20°*

9 2.0199 91.68 35.67 56.01 1.642
10 2.0184 92.25 35.67 56.58 1.650
Cyclohexane at 25°b
1 2.0107 91.88 35.71 56.17 1.656
2 2.0111 91.11 35.71 55.40 1.647
3 2.0084 91.63 35.71 55.92 1.654
4 2.0115 90.27 35.71 54.56 1.634
5 2.0100 90.65 35.71 54.94 1.640
6 2.0100 92.70 35.71 56.99 1.668
7 2.0091 92.82 3571 57.11 1.670
8 2.0081 92.50 35.71 56.79 1.666
Cyclohexane at 30°0
11 2.0009 90.32 35.75 55.47 1.648
12 2.0047 94.19 35.75 58.44 1.705
Benzene at 2506
13 2.2738 94.21 35.71 58.50 1.691
14 2.2726 94.11 35.71 58.40 1.689
15 2.2731 94.10 35.71 58.39 1.689
Benzene at 25°
Reference 23 2.2725 93.20 35.81 55.20 1.643
Reference 24 2.2725 93.13 35.68 57.45 1.67
Reference 25 2.2741 36.30 57.70 1.68
“Used woa 1.5708 and dm 0.9867 g ml“1for NMA. 6Used

n“D 1.5687 and d%50.9826 g mI“1for NMA.
and dm 0.9787 g ml-1for NMA.

¢ Used N34 1.5667

Figure 2. Moments in V-methylaniline; after Smith.B

of 107° and a Ph-N-E angle of 112° (suggested from
data in ref 29), we calculate that 6 has a value of 58° to
give a calculated dipole moment of 2.75 D for the dimer.
In either case the calculations are insensitive to the

(26) G. Hedestrand, Z. Phys. Chem., B2, 428 (1929).

(27) A. L. McClellan, “Tables of Experimental Dipole Moments,”
W. H. Freeman and Co., San Francisco, Calif., 1963, p 259. This
value was recommended by McClellan after he had used the pro-
cedure outlined on p 581 to recalculate the data reported in six other
papers.

(28) J. W. Smith, J. Chem. Soc., 81 (1961).

(29) “Handbook of Chemistry and Physics,” 50th ed, Chemical
Rubber Co., Cleveland, Ohio, 1969, p F 157.



Dimerization of jV-Methylaniline

Ph

a b

Figure 3. Structure of the NM A dimer.

value of the angle at which the dipole moment is
inclined to the N-C bond in monomeric NMA; this
will not be so, however, when NMA forms a complex
with benzene or other substances.

It should be noted, however, that a structure such as
that shown in Figure 3 can only be viewed as an ap-
proximation. The calculations assume that the mo-
ment of the NMA moieties remains the same in the
dimer as in the monomer, but there is no apparent way
of being certain of this. Several workersi4'd have
recently pointed out that the interaction of two species
causes a polarization which changes both dipole mo-
ments by an unknown amount, so that the moments
of the two molecules in the complex are unknown.
Although there does not appear to be any way to
determine the amount of “enhancement” due to such
an interaction, it is possible to calculate the change in
the geometry of the dimer if such an induced dipole
effect were present. If the measured dipole moment
included an enhancement of 0.1 D, then 6 in Figure 3
would be 73°, a difference of 6° from the situation with
no enhancement. An enhancement of 0.2 D results in
a6 of 78°, an increase of 11°. Thus Figure 3 offers a
reasonably accurate view of the dimer’s structure only
if we assume that there is little or no enhancement of
the dipole moments of two NMA monomers as they
come together to form the dimer.

Interpretation of the observed dipole moment of 1.80
D for the NMA-benzene complex must rely heavily on
this concept of enhancement of moments due to polar-
ization. Assuming that the moment of NMA remains
unchanged we calculate that a moment of 0.16 D is
induced in the benzene molecule and that it is directed
towards the H-N axis. This calculation furthermore
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Figure 4. Structure of the NMA-benzene complex.

assumes that the proton approaches the center of the
benzene ring (see Figure 4) and interacts with the full
sextet of welectrons. This configuration can also be
used to explain the small formation constant for this
complex. If the proton approaches other parts of the
benzene ring, it can only interact with a small fraction
of the x-electron density and so no bond is formed.
Thus the small formation constant of the complex is
reflected in the low probability of approaching the
center of the ring.

The Onsager equation for the dielectric constant of a
solution has been used previously with equilibrium con-
stants determined by other methods to give dipole
moments of complexes.14'303t The results presented
here clearly indicate that the Onsager equation can also
be used to determine formation constants as well as
dipole moments of weak hydrogen-bonded complexes.
The two equilibrium constants obtained in this in-
vestigation agree reasonably well with those obtained
by infrared spectroscopy, and the dipole moment of
NMA is also in agreement with values obtained using
different evaluation procedures. The mathematical
formulation of the method is relatively simple; however,
the calculations do require the use of a computer
because of the many computations involved. A sub-
sequent paper will deal with the application of this
procedure to cyclohexane solutions of NM A and various
ketones and ethers.

(30) C. F. Jumper and B. B. Howard, J. Phys. Chern., 70, 588
(1966) .

(31) T. F. Lin, S. D. Christian, and H. E. Affsprung, ibid., 71, 1133
(1967) .
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A detailed description is presented of a simple method for quantitative evaluation of dichroic absorption spec-
tra due to 7T-¢* transitions in planar molecules belonging to point symmetry groups in which x, y, z each trans-

forms according to a different irreducible representation, such as Casor D h
formation for further development of spectral theories for T-electron systems is pointed out.

Importance of the resulting in-
In the way of

examples, the long-axis and short-axis polarized components in regions of strong absorption of phenanthrene,
pyrene, perylene, and benzoperylene are derived and compared with data obtained by other methods and with

results of calculations.

Introduction

Quantum mechanical methods for large conjugated
molecules have made tremendous advances in the last
20 years from the first attempts to explain the main ob-
served bands in aromatic hydrocarbons by the perim-
eter model2 to the present variety of modifications of
the Pariser-Parr-Pople (PPP) and other models (for
leading references, see ref 3-8). Unfortunately, studies
of it—it* excited states in aromatic molecules seldom go
beyond a rough comparison of the calculated transition
energies and oscillator strengths with the shape of the
absorption curve in solution, or with sometimes ran-
domly chosen peaks in the spectrum. This was per-
haps satisfactory in the past, but now the calculations
have reached a level such that any further improvement
requires checking against more complete experimental
data. Accurate analyses of vapor phase spectrag are at
present rarely possible for large conjugated molecules,
and then usually for a limited number of states. Thus,
other techniques for band assignments, detection of
hidden weak transitions, and distinguishing between
vibrational fine structure and distinct electronic transi-
tions are needed. Some that have been used are the
study of minor perturbations of the chromophore (such
as solvent, temperature, pressure, and substituent
shifts1011), which usually shift band origins measurably
and have less effect on the vibrational fine structure,
electron-impact spectroscopy,2 fluorescence lifetime
studies, 13 and investigations of the mirror-image rela-
tionship between absorption and emission.l4 Partic-
ularly powerful are methods using polarized light,16'16
which also provide information on transition moment
directions and the vibronic fine structure. They re-
quire an at least partially oriented assembly of mole-
cules, produced using, e.g., pure or mixed crystals,16'7
strong electric fields,16'18 solutions in nematic liquid
crystals!9 and in stretched polymers, 16'16 or the principle
of photoselectioni6'16'2021  (magnetophotoselection2).
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Each of these methods has some limitations, such as
providing only relative transition moment directions or
requiring elaborate instrumentation. Moreover, as
pointed out by Albrecht,20 it is customary to extract
much less information from the data obtained than is
actually possible. For example, only a change of some

(1) Partl: E.W. Thulstrup and J. H. Eggers, Chem. Phys. Lett.,, 1,
690 (1968).

(2) J.R.Platt, J. Chem. Phys., 17, 484 (1949).

(3) R. G. Parr, “Quantum Theory of Molecular Electronic Struc-
ture,” W. A. Benjamin, New York, N. Y., 1963; K. Jug, Theoret.
Chim. Acta, 14, 97 (1969); H. Yamaguchi, T. Nakajima, and T. L.
Kunii, ibid., 12, 349 (1968); K. D. Warren and J. R. Yandle, ibid.,
12, 279 (1968); G. Leroy and S. Jaspers, J. Chim. Phys., 64, 455
(1967); A. Julg and P. Francois, Theoret. Chim. Acta, 8, 249 (1967);
N. L. Allinger, J. C. Tai, and T. W. Stuart, ibid., 8, 101 (1967);
E. Heilbronner and J. N. Murrell, Mol. Phys., 6, 1 (1963); B. Roos
and P. N. Skancke, Acta Chem. Scand., 21, 233 (1967); H. D. For-
sterlingand H. Kuhn, Int. J. Quant. Chem., 2,413 (1968).

(4) R. L. Hummel and K. Ruedenberg, J. Phys. Chem., 66, 2334
(1962).

(5) J. E. Bloor, B. R. Gilson, and N. Brearley, Theoret. Chim. Acta,
8,35(1967).

(6) K. Nishimoto and L. S. Forster, ibid., 3,407 (1965).

(7) E.Weltin, J. P. Weber, and E. Heilbronner, ibid., 2,114 (1964).
(8) P. N. Skancke, Acta Chem. Scand., 19, 401 (1965).

(9) G. Herzberg, “Molecular Spectra and Molecular Structure,
I1l. Electronic Spectra and Electronic Structure of Polyatomic
Molecules,” D. Van Nostrand Co., Inc., Princeton, N. J., 1966;
for recent examples see K. K. Innés, H. D. McSwiney, Jr., J. D.
Simmons, and S. G. Tilford, J. Mol. Spectrosc., 31, 76 (1969); A.
Mani and J. R. Lombardi, ibid., 31, 308 (1969); K.-T. Huang and
J. R. Lombardi, J. Chem. Phys., 51, 1228 (1969); J. M. Hollas and
R. A.Wright, Spectrochim. Acta, 25A, 1211 (1969).

(10) R. S. Becker, I. S. Singh, and E. A. Jackson, J. Chem. Phys.,
38,2144 (1963).

(11) W. W. Robertson, O. E. Weigang, Jr., and F. A. Matsen, J.
Mol. Spectrosc., 1, 1 (1957); W. W. Robertson and A. D. King, Jr.,
J. Chem. Phys., 34, 2190 (1961); E. Clar, Spectrochim. Acta, 4,
116 (1950); O. E. Weigang, Jr., J. Chem. Phys., 33, 892 (1960);
0. E.Weigang, Jr., and D. D. Wild, ibid., 37,1180 (1962).

(12) E. N. Lassettre, A. Skerbele, M. A. Dillon, K. J. Ross, ibid.,
48,5066 (1968) ; R.S. Berry, Ann. Rev. Phys. Chem., 20, 357 (1969).

(13) 1. B. Berlman, H. O. Wirth, and O. J. Steingraber, J. Amer.
Chem. Soc., 90, 566 (1968); E. Vander Donckt, J. Nasielski, J. R.
Greenleaf, and J. B. Birks, Chem. Phys. Lett., 2,409 (1968).

(14) H. Baba and S. Suzuki, Bull. Chem. Soc. Jap., 35, 683 (1962);
S. Suzukiand H. Baba, ibid., 37, 519 (1964).
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dichroism-dependent parameter with light frequency is
reported. Hidden weak bands then easily escape de-
tection and most of the information on vibronic fine
structure is lost. It seems crucial to obtain the sep-
arate (“reduced”) absorption curves for transitions
along the individual principal axes in symmetrical mole-
cules. Among the above methods, measurements of
dichroism of solid solutions in stretched polymer sheets
attracted our attention because of their simplicity and
wide applicability. At present, the method is not con-
sidered absolute, since too little is known about the re-
lations between molecular shape and orientation. In
special cases, absolute orientations can be determined
from simultaneous investigation of dichroism in the in-
frared region.23-24 Such observations and also com-
parison with results of absolute methods have led to
general agreement that in the absence of special inter-
actions solute molecules are likely to prefer the orienta-
tion in which their longest dimension is parallel to the
stretching direction.16-24'5

Most of the pioneering work was done on dyestuffs
of rather complicated structures. In 1957-1959, Tani-
zaki, et al., developed the first model for quantitative
evaluation27'8 assuming a specific orientation distri-
bution as a function of the degree of stretching. The
orientation was described by one angle only and the
method is thus applicable only to rod-shaped molecules.
Indeed, some of the reported “reduced” absorption
curves show disturbing features, such as strongly mixed
polarization also for the 0-0 component of the transi-
tion into the lowest (“Lb”) excited state of 2,3-dihy-
droxynaphthalene.28 Very recently, a different method
based on a simplified model for orientation was de-
scribed in a preliminary communication.9 It seems
subject to similar limitations as the model of Tanizaki.
In 1965-1968, two of usl’' reported a simple method for
determination of the reduced curves for molecules of
C v or D h symmetry, which avoids assumptions about
the molecular orientation distribution function or the
shape of the molecule (rod-like or otherwise), and is ex-
perimentally easy, since no measurement of the degree
of stretching is needed. In the present paper the pro-
cedure is described in detail and illustrated on examples.
In the immediately following paper, formulas are de-
rived for the determination of transition moment di-
rections in molecules of lower symmetry. Following
papers shall present applications of our method to
numerous aromatic molecules.

Experimental Section

A polarizer and a spectrophotometer are the only
equipment really needed for the method. We have
done successful experiments using polyethylene from
sandwich bags stretched by hand. To obtain more re-
producible results, we use a simple device (Figure 1)
which allows ca. 600% stretching of commercial poly-
ethylene sheet clamped between brass bars lined with
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Teflon spacers. This sheet-holder fits into an adapted
sample compartment of the Cary 14 recording spectro-
photometer in two possible positions, with stretching
direction vertical or horizontal. In either case, the
sheets are perpendicular to the light beam. The sample
compartment also contains a calcite Gian prism in both
the sample and the reference beams. They transmit
plane polarized light with the electric vector vertical.
Sheets can be easily removed undamaged from the
sheet-holder after the sliding rod is moved back a little.

Before use, the sheets are thoroughly extracted with
chloroform and air-dried. They are subsequently sat-
urated with the compound to be measured by dipping
into its fairly concentrated solution in chloroform.
Another possibility, which requires much less material
but leads to less uniform distribution, is smearing
mounted sheets with a piece of cotton wool soaked in a
chloroform solution of the compound. Before measure-
ments, the sheets are thoroughly washed with methanol
to remove crystals from the surface.

(15) F. Dorr and M. Held, Angew. Chem., 72, 287 (1960).

(16) F. Dorr, ibid., 78, 457 (1966).

(17) For reviews see D. S. McClure, Solid State Phys., 8, 1 (1959);
H. C. Wolf, ibid., 9, 1 (1959); D. P. Craig and S. H. Walmsley,
“Physics and Chemistry of the Organic Solid State,” D. Fox, M. M.
Labes, and A. Weissberger, Ed., Vol. I, Interscience Publishers, New
York, N. Y., 1963, Chapter 10; A. S. Davydov, Sov. Phys.-Usp.
(English transl.), 7, 145 (1964); B. G. Anex, Mol. Cryst., 1, 1 (1966).
For a recent example, see A. Bree, C. Y. Fan, and R. A. Kydd, Spec-
trochim. Acta, 25A, 1375 (1969), who confirm the low-energy transi-
tion in acenaphthylene to be long-axis polarized as deduced from our
measurements by the stretched-sheet method.®

(18) For reviews, see W. Liptay in “Modern Quantum Chemistry, ’
O. Sinanoglu, Ed., Part Ill, Academic Press, New York, N. Y,
1965, p 45; H. Labhart, Advan. Chem. Phys., 13, 179 (1967); W.
Liptay, Angew. Chem., 81, 195 (1969).

(19) E. Sackmann, J. Amer. Chem. Soc., 90, 3569 (1968); Chem. Phys.
Lett., 3, 253 (1969); E. Sackmann and P. Krebs, ibid., 4, 65 (1969);
G. P. Ceasar and H. B. Gray, J. Amer. Chem. Soc., 91, 191 (1969).

(20) A. C. Albrecht, J. Mol. Spectrosc., 6, 84 (1961).

(21) For theory, see P. P. Feofilov, “The Physical Basis of Polarized
Emission,” Consultants Bureau, New York, N. Y., 1961; W. Liptay
in “Modern Quantum Chemistry,” O. Sinanoglu, Ed., Part III,
Academic Press, New York, N. Y., 1965, p 81; Y.-N. Chiu, J. Chem.
Phys., 48, 5702 (1968); for a recent elaborate application, see P. M.
Johnson and A. C. Albrecht, ibid., 48,851 (1968).

(22) For references see G. P. Rabold and J. M. Gaidis, J. Phys.
Chem., 74, 227 (1970).

(23) J. Kern, Z. Naturforsch., 17a, 271 (1962).

(24) H. Jakobi, A. Novak, and H. Kuhn, Z. Elektrochem., 66, 863
(1962), and references therein.

(25) G. Scheibe, J. Kern, and F. Dorr, ibid., 63, 117 (1959).

(26) H. Ambronn, Ann. Phys., 34, 340 (1888); A. Jablonski, Acta
Phys. Polonica, 4, 371 (1935); P. Pringsheim, ibid., 4, 331 (1935).

(27) Y. Tanizaki and N. Ando, J. Chem. Soc. Japan, Pure Chem. Sec.,
78, 542 (1957); Y. Tanizaki, Bull. Chem. Soc. Jap., 32, 75 (1959,
Y. Tanizaki, T. Kobayashi, and N. Ando, ibid.,, 32, 1362 (1959»;
Y. Tanizaki, ibid., 33, 979 (1960); Y. Tanizaki and H. Ono, ibid.,
33, 1207 (1960); Y. Tanizaki, ibid., 38, 1798 (1965); Y. Tanizaki,
H. Inoue and N. Ando, J. Mol. Spectrosc., 17,156 (1965).

(28) Y. Tanizakiand S.-1. Kubodera, ibid., 24,1 (1967).

(29) A. Yogev, L. Margulies, D. Amar, and Y. Mazur, J. Amer.
Chem. Soc., 91, 4558 (1969); A. Yogev, J. Ribold, J. Marero, and
Y. Mazur, ibid., 91,4559 (1969).

(30) J. Il. Eggers, E. W. Thulstrup, and collaborators, Lectures
at the 8th European Congress on Molecular Spectroscopy, Copen-
hagen, 1965.
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Absorption of the set of stretched sheets is recorded
both for the electric vector parallel {E~B) and perpen-
dicular (E XB) to the stretching direction. The solute
is then washed out with chloroform and the base lines
are recorded for both orientations, yielding B]] and B x,
respectively. This procedure involves more work but
gives more reproducible results than recording the base
line before the compound is applied. Figure 2 gives an
example of such results. The dichroic curves obtained
after correction for the base lines shall be called

Fn(X) = E\\B{\) — B,,(X)
and

Ex(\) = EXBN\) - Bx(\)

Since the cross-section of the light beam in the Cary
14 is rectangular, it passes through only partially over-
lapping portions of the sheet in the two orientations of
the holder. If the solute happens to be distributed
nonuniformly, the number of solute molecules in the
light path is different for the two orientations, which
may be undesirable. To reduce the difference, several

Figure 2. The electronic spectrum of pyrene. The observed
optical densities E\\B(X), E ~iX), fi||(X), and B x(X) are shown.
The solid and the dotted lines indicate || and j_, respectively.
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measurements are averaged. In our experimental
setup, each measurement can be repeated three times
with the light passing in turn through three roughly ad-
jacent sections of the sheet adding in total to an ap-
proximately square-shaped area. Within mechanical
error, the same area is used after the holder is rotated.
In this manner, nearly the same number of molecules
is used in the measurements in light of both polar-
izations. The arrangement is not perfect because of
varying width and nonuniform intensity distribution
in the light beam. In applications where perfection is
required, a correction factor is derived from comparison
with dichroic ratios obtained for one or several suitably
chosen wavelengths using a circular mask in the light
beam. Measurements with this mask are unfortu-
nately not generally advisable because of sharply re-
duced light intensity.

The spectrophotometer is operated in the double-
beam mode. When more than three polyethylene
sheets are used in a measurement, it is usually necessary
to cut down the intensity of the reference beam by a
suitable neutral filter. Absorption curves are recorded
in digital form and fed to a computer which subtracts
base lines, averages the three measurements, and plots
results in the desired form (sets of reduced curves; see
below). We wish to stress, however, that while con-
venient, the use of a computer is not essential for sym-
metrical molecules. During the first several years of
our work, we evaluated all data by hand. It is also not
necessary to average results of three measurements un-
less one is interested in deriving orientation factors for
the purpose of comparing these for molecules of different
shapes.

Alternatively, one could keep the position of the
sheets unchanged and rotate the Gian prism to obtain
EL@ and Ex(\). This involves certain other prob-
lems, such as changing light intensity.

It is preferable to use as small a number of sheets in
each measurement as possible, for two reasons. First,
the accuracy is higher because of smaller base line cor-
rections, and second, we have observed occasionally
that the degree of dichroism was slightly lower when a
larger number of sheets was used.

A series of measurements on the strong bands of
pyrene showed that the results are the same if the solute
is introduced into the sheet before stretching or after
stretching. For convenience, we usually introduce it
after stretching and then remount the sheet and stretch
again to the desired degree. Chloroform seems the
solvent of choice for introducing solutes into poly-
ethylene. Other solvents which swell polyethylene can
be used, e.g., benzene, xylene, and chlorobenzene. Gen-
erally, only solvents with Hildebrand solubility pa-
rameter 5 quite close to that for polyethylene3! (ca.8) can

(31) J. H. Hildebrand and R. L. Scott, “The Solubility of Non-
electrolytes,” 3rd ed, Dover Publications, Inc., New York, N. Y.,
1964, p 393.
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be used. Solvents which do not swell the sheet (e.g.,
methanol) do not wash out solutes present in the sheet
even if these are otherwise quite soluble.

Even at the highest concentrations used, the solute
seems to be dispersed monomolecularly. At least,
pyrene emission spectra taken on sheets which con-
tained much more compound than needed for absorp-
tion measurements showed only monomer emission.
The degree of dichroism is independent of the concen-
tration of the solute within the experimental uncer-
tainty.

In general, the bands observed in sheet spectra are
sharper than those recorded in solution at the same
temperature. There are sometimes small differences
in the wavelengths of peak maxima in E n(x) and
¢7j_00> possibly connected to the birefringence of the
stretched sheet. We have not yet investigated these
phenomena in detail.

Orientation Model

It is generally agreed that practically all the solute is
dissolved in the amorphous parts of the polyethylene
sheet. This is in accord with our observation that
polyethylene of high crystallinity absorbs fewer solute
molecules. According to the present state of knowl-
edge, 3238 amorphous parts of stretched polyethylene
consist of rubber-like highly strained elastic paraffinic
chains which are predominantly in the all-trans zig-zag
confirmation. Optical measurements indicate that
these chains are partially aligned with the stretching
direction. For small stretching ratios the degree of
alignment, as determined e.g., from dichroism in the in-
frared region, increases with further stretching. It
levels off at a certain elongation and then remains vir-
tually constant. We have observed the same behavior
on the samples of polyethylene used for our experi-
ments; the levelling off occurred at a stretching factor
of about 4. The dichroic ratios E\\/Ex for anthracene at
3785 A and for pyrene at 3400 A in polyethylene were
also investigated as a function of the degree of stretching
and gave a very similar result: the dichroic ratio
grows with the degree of stretching up to a factor of
about 4 and then remains approximately constant for
factors between 4 and 7. This indicates strongly that
the solute molecules are embedded fairly rigidly in
cavities between the polymer chains. As various origi-
nally not mutually oriented regions in the polymer
become partially aligned on stretching, solute molecules
(or cavities, or potential cavities actually formed only
on swelling) in all these regions acquire similar partial
orientation with respect to the stretching direction.
Further stretching hardly aligns the polymer chains in
the amorphous regions any more; it is reasonable that
it does not affect the orientation of the cavities or the
solute molecules if these are rigidly embedded.

For a constant degree of stretching, the dichroic
ratios E x/E\\ for the short-axis polarized Laband de-
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crease Iin the order anthracene, 9-methylanthracene,
9,10-dimethylanthracene, i.e., in the order of increasing
width of the solute molecule. The length and thick-
ness are approximately constant along the series.
Again for a constant degree of stretching, the dichroic
ratios E\\/Ex for the long-axis polarized Bb band in-
crease in the order naphthalene, anthracene, and tet-
racene. There, the length is increasing in the given
order, while width and thickness are constant. 2,3-
Dimethylnaphthalene shows a similar but stronger
dichroism than naphthalene itself. 1,2,3,6,7,8-Hexa-
hydropyrene, containing the same chromophore and
having a very similar spectrum, shows strong di-
chroism of the opposite sense. 1,3-Dibromoazulene
shows dichroism reversed with respect to azulene itself;
an examination of molecular models shows that the
smallest molecular cross section is perpendicular to the
Ci-C3 axis in the former and to the C»-C6 axis in the
latter. Similar observations were made on about three
dozen other molecules and shall be published in detail
later.

All these results confirm the validity of the old no-
tion16'24-29 according to which both the preferred di-
rection and the degree of orientation in the nonpolar
polyethylene depend primarily on molecular shape.
A planar molecule tends to orientate with its smallest
cross section perpendicular to the stretching direction.
Our results indicate that the degree of orientation grows
with the difference between the length and width of the
molecule.

This is in good agreement with expectations based on
a simple evaluation of the intermolecular forces in-
volved in the orientation of solute molecules dispersed
in the amorphous parts of stretched polyethylene. The
elastic polymer chains are highly strained and should
quite effectively resist any further extension necessary
for embedding a solute molecule. The interaction
forces are dispersion (London) forces counteracted by
short-range repulsive forces. Thus, in the vicinity of
the solute molecule most of dispersion stabilization be-
tween the chains is lost and the strain of the single
chains is increased. On the other hand, new dispersion
stabilization between the chains and the polarizable w
electron cloud of the solute is gained. The energy bal-
ance shall determine the average molecular orientation.
It is seen that all forces involved work in the same di-
rection: losses should be least and gains largest if the
solute molecules expose as small a cross section as pos-
sible perpendicular to the stretching direction, just as
deduced from experimental data. Obviously, this

(32) Y. Nishijima, Y. Onogi, and T. Asai, J. Polym. Sci. C, 15, 237
(1966); C.R. Desper and I. Kimura, ./. Appl. Phys., 38, 4225 (1967);
M. Takayanagi, K. Imada, and T. Kajiyama, J. Polym. Sci. C, 15,
263 (1966); A. Peterlin, ibid., 15, 427 (1966); A. Peterlin and H. G.
olf, J. Polym. Sci. AS, 4, 587 (1966); I. L. Hay, T. Kawai, and A.
Keller, J. Polym. Sci. C, 16, 2721 (1967).

(33) R. S. Stein and B. E. Read, J. Appl. Polym. Sci., Appl. Polym.
Symp., 8,255 (1969).
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model for the orientation mechanism is only a rough
first approximation. Nevertheless, since all forces in-
volved, although of unknown magnitudes, act in the
same direction, a fair degree of confidence can be placed
in its predictions.

Let us now define the concept of effective orientation
axis for a given molecular orientation distribution: if
the molecule had a transition polarized along this partic-
ular direction, its dichroic ratio E\\/7Ex would be larger
than that of transitions polarized along any other di-
rection in the molecule. To actually find the effective
orientation axis of a planar molecule of general shape,
we first locate all of its smallest cross section on a mo-
lecular model. Let us call directions perpendicular to
these the preferred molecular orientation axes. If there
is only one such axis, the effective orientation axis will
coincide with it in symmetrical molecules. In unsym-
metrical molecules, it need not coincide with it exactly,
but it will usually be quite close. Our model then al-
lows only approximate determination of the effective
orientation axis from consideration of the size of cross
sections perpendicular to directions close to the pre-
ferred molecular orientation axis. However, in prac-
tice this has never been a real difficulty since deter-
mination of transition moment directions in such mole-
cules involves additional assumptions and is typically
subject to errors as large as + 15°. If there are several
preferred orientation axes in a symmetrical molecule,
they are usually related by its symmetry operations.
The effective orientation axis is then either easily found
from symmetry considerations (e.g., in dibenzo[o,c]-
anthracene (1) the dashed lines are preferred orienta-
tion axes and the solid line is the effective orientation
axis), or it is not unambiguously defined [e.g., in mole-
cules with a threefold symmetry axis) and the « w* ab-
sorption of the molecule cannot be profitably studied by
the stretched sheet method.

Separation of Spectra into Components

Let us introduce a sheet-fixed rectangular coordinate
system X, Y, Zz, such that z coincides with the
stretching direction and the beam of plane-polarized
monochromatic light used passes along the X axis
(perpendicular to the sheet). According to our pre-
vious definitions, the absorption curve recorded with
the electric vector along z is E n(X), that for electric
vector along Y iSE x {\).

In the following we limit our attention to planar mole-
cules of arbitrary shape with negligible out-of-plane
polarized absorption. Most aromatic molecules fall
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into this category (nonplanar substituents such as
ferf-butyl may be present as long as the chromophore it-
self remains planar). Let us introduce a molecule-
fixed rectangular coordinate system x, y, z, such that x
is perpendicular to the molecular plane. For the mo-
ment, the direction of z can be chosen arbitrarily. Con-
sider the fth transition in the molecule, with electric
dipole transition moment lying in the yz plane, and
oriented at an angle 4t with respect to the z axis. If all
N molecules in the light path were perfectly aligned
with this particular direction along the electric light
vector, the observed optical density due to this transi-
tion would be A{(\). For a given orientation distri-
bution of the molecular assembly, the values of L'n(X)
and E x (\) can be obtained as a sum of contributions
from all transitions

ITEn(X)\  JAi K2y [cos24at\
\EX(\)/ \KS K3 i \sim2(iip ") @

In reality, while the measurement of E x is carried out on
N molecules, the number of molecules in the light path
during the measurement of E\ \may be slightly different
because of experimental uncertainties, say f-N . Then
Ki and K 2 have to be replacedby/-Ki andf-K 2 respec-
tively, and corresponding changes have to be made in
all formulas. The positive numbers Ki through K a
shall be called orientation factors since they describe the
degree of orientation of the solute in the polymer sheet;
they are independent of X (and of N, which is very
large). Their physical significance will be discussed in
detail inpartl1l1.

Now we shall supplement the specification of the
molecular coordinate system by identifying z axis with
the effective orientation axis. From the definition of
the effective orientation axis and from eq 1, for this
choice Ki/Kz has the maximum possible value (Kis
K3 > 1). This specification is incomplete in that it
does not define the absolute orientation of the axes with
respect to the molecular framework. As mentioned
above, this can be found approximately from the mo-
lecular shape.

In the rest of this paper, we concentrate on the partic-
ularly simple case of planar molecules belonging to sym-
metry groups in which x, y, and z each transform ac-
cording to a different irreducible representation, such as
groups C2s or D2h In such molecules, the effective
orientation axis z can only lie in one of two mutually
perpendicular in-plane directions dictated by symmetry.
As discussed above, choice between the two possibilities
can be made from the consideration of the two cross
sections. Electric dipole transition moments of in-
plane transitions (je «* transitions belong in this cate-
gory) can only be directed along the z (¢t = 0°) ory
i = 90°) axis. We shall use the notation A2(X) =
£ A4X), A,X) = £ Ai(\). Thus, A2(X) rep-

)

*(0=0° ¢(0=190°)
resents the sum total of light absorption due to “long-



Polarization Spectra in Stretched Polymer Sheets

transitions, and A,,(X) that due to
Equation 1 now

axis polarized”
to “short-axis polarized” transitions.
becomes

(Eu(h)\ = (K1 K®N (A, m
\EX(\)J Ui Kk j\As(\)J {13

or, in matrix form

E = KA ©)

If the ratio E ]]J(\)/Ex (\) is constant for all X within
experimental error, the orientation of the molecular
assembly is unsuitable (KJK3 = KJKi and K_1 does
not exist) or the ir-n* absorption is isotropic in the mo-
lecular plane, or both. The former happens when the
breadth and length of the solute molecule differ too
little (pyridine, fluorobenzene). However, we find that
the method is already applicable to molecules such as
acenaphthylene or benzo [rit(fluoranthene although
there the two cross sections do not differ very much.
Previous beliefi6 that the stretched sheet method is only
applicable to very elongated molecules was mistaken.

If K“1lexists, A = K" 1 mE, where

K-1 ~ K>3l 4)

= i K >
(KiIK* - KZKB)(\-K3 K
Thus, the solutions are

A'(X) = A'WIKtKi - K,K3/K, =

EN\X) — dII'ELX)

©)
A/(\) = A (\) MKJCt ~ K.KA/K, =
E+(\) —dJE\\(\)
wheredn® = KJK4andd j = K ¥Ki shall be called re-

duction factors (both are positive and independent of
X). A/(X) and A v'{\) shall be called (unnormalized)
reduced absorption curves. They are proportional to
the previously defined AZX) and A,,(X); the propor-
tionality factors are not the same. For most purposes,
knowledge of the A '(X)’s is sufficient.

For most molecules of the symmetry assumed here the
reduction factors can be determined fairly easily. In
the simplest case, the spectrum contains at least one
peak due to purely long-axis polarized transition (large
E\\/EJ and at least one due to a purely short-axis
polarized transition (small E n/Ej)), i.e., for some values
of X say \a Az is negligible; for others, say X, A, is
negligible. Then, from equations 5, A\° = Eu(\a/
E X(Xa), dx° = Ex(\t)/E\\{\b. If band overlapping
prevents the use of this procedure, we find the d's by
trial and error. It is best to plot a series of curves
E\\ —Ex-d\ and Ex — E\\-dx for o\ and dx ranging
from 0 to 1 in steps of, say, 0.1 (“stepwise reduction”).
From eq 1, we have the following basic equations of our
method (“reduction equations™)
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Eh— d\\EX = Az(Ki —d\\K%) + A VK 2—d\\Ki)
i _ ) (52)
E] —dxE\l1= AZK3—dxKi) + Av{Ki —dxK?2

Thus, each curve in both plots is a linear combination of
Az and Av and one can determine by inspection for
which values of d\ and dx spectral features due to
“short-axis polarized” absorption Ay and “long-axis
polarized” absorption A zjust disappear from the plotted
curve. Forvalues ofdn anddx slightly larger or smaller
than these, the spectral features appear again as nega-
tive or positive peaks. A suitable choice of d\ can
usually be found which eliminates the contribution of
Av, this is the desired d\f = K JK X Similarly, the
value of dx which eliminates A zis equal to dx° = K s/Ki.
If it happens that the contribution of Az is just can-
celled in one of the curves E\\ — d\\-Ex, say fordu = a,
then dx° = 1/a, and finally if Ay is eliminated in one of
the curves Ex — dx -E\\, say for dx = b, then dn°® =
1/6. Obviously, the particular two curves for which
features due to Az ov Ay are absent are just the sought
reduced absorption curves A v: and A z (cf. eq5).
Examples of this procedure are given below. For
spectra with sharp peaks usual for aromatic hydro-
carbons and their simple derivatives, the d*'s can be
usually determined with an accuracy *0.05. Mole-
cules with broad featureless spectra are the only ones
that present difficulties. Only approximate estimates
of the d>’s may be possible, using the fact that Az and
Av' must be non-negative (dx° < [Ex (\)/EnX)]nin
dl < RII/ELX)Imin)- Even in such unfavorable
cases, the method gives rough information about the
number of bands present and their polarizations.34
However, the procedure requires a computer and a
plotter. If they are not available, an indirect ap-
proach is often possible for cases of substantial band
overlap. A wavelength region a near a peak with a
large E\\/Ex ratio, and thus a relatively large contri-
bution from A z, and a similar region b near a peak with
a small E\\/Ex ratio, and thus a relatively large contri-
bution from A v, are selected in the spectrum. The as-
sumption is made that the variations of En andE x in
such regions are only due to changes in the strong con-
tributions from Az and Ay, respectively. Differen-
tiating eq 5, and neglecting (dAZdX)xj and (d/l,,/dX)>§

(34) A referee has pointed out that even in molecules of Csv or LLh
symmetry the 0-0 components of transitions may have, or appear
to have, weak components polarized along the two axes other than
the polarization axis of the transition. This would be possible if
perturbations due to anisotropic environment were strong enough
to destroy the symmetry of the chromophore, or, more likely, if
the observed “0-0 band” contained unresolved vibronic components
due to nonsymmetrical vibrations of very low frequency. If pres-
ent, such contributions would typically be only very small, as sug-
gested, €.0., by the high polarization ratios observed in careful studies
of polarized emission. In typical instances, the error introduced
into our procedure would be smaller than the inherent error in reading
off the d”s. In particularly bad cases, it would increase the error
in the d*’s. It is seen in Figure 3 that our conclusions concerning
the number and polarization of bands are very little sensitive to
errors in the d°’s, the intensities of “pure” reduced spectra being some-
what more sensitive.
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where X6 and Xalie in the regions b and a, respectively,
we have

dilo = (dE] [/dX)X/(dEj_/dX)xi
dx« = (dEj_/dX)x,/[(dEN\/dX)Ma

These equations are used to evaluate the d°'s for sev-
eral values of Xaand X6 If the assumptions are correct,
the resulting d”s are independent of the particular
choice of Xa and X&and can be used to obtain the A ,'-
(¥ and AV'(\) curves. This is usually the case if strong
sharp peaks are used for the evaluation, unless it so
happens that both Az and Ay contain a peak at almost
the same wavelength. Then, one can often select a
different peak in the spectrum for this procedure.

Ideally, one would like to obtain the curves Az(\)
and i4,,(X) relating to a measurement on 1 mole of the
solute in the light path, A #<\) and A,°(X). So far, we
have described a procedure which provides AZ(X) =
k-Az(\) and-A/(X) = k'-Av{\), where k ™ k'. The
actual values of k and k* cannot be obtained without the
knowledge of the number of molecules in the light path
N. This could be estimated using the assumption that
the spectrum measured on a solution of known concen-
tration in a nonpolar solvent is the same as that in un-
stretched polyethylene. More important, it is possible
to obtain a “normalization factor” no0 such that
WMI/(X) = k-Ay{\). Then, noAv'(\) and A/(X) are
related to A,°(X) and -42(X) with the same propor-
tionality factor k.

From eq 5, no = Ki/K\. The evaluation can be per-
formed if the absorption curve of the solute in un-
stretched polyethylene sheet 720(X) is measured. The
number of molecules in the light path used for this mea-
surement N' is unimportant but accuracy suffers if it
differs too much from N. The solution in unstretched
sheet does not show observable dichroism (the sheet it-
self is optically isotropic®). Then

Eo(X) = KfAZXK - KAW) ()

Because Eo(X), 2?n(X), and E x{\) are linear combina-
tions of the same two functions, AZ(X) and AV(\), itis
easy to see that one has

CHIE + cxEx(\) = EO(N) ®)

where the c¢'s can be uniquely defined if E]|(X) and E x-
(X¥) are not proportional.

From (2), (7), and (8), one has

CNKXANX) + cxK 3A 2(X)

cuK2AV(\) + cxZM v(X)
which gives

K oA, (\)

KoAV(\)

C\\Ki + ¢cxK3 = Ko = c\\K2-)- cxKi

or
KM\ + cj_dx°) — IL4E]ld|o + cx)
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from this equation nocan be found

Ki _ diIP + cx
Ki |+ cxdxe ©

Since Ko cancels, its value is immaterial. Using pro-
cedures similar to those described in part 111, it can be
shown that it is equal to N */31V.

In part 111 of this series it is shown that if all direc-
tions perpendicular to the stretching direction in the
bulk of the polymer sheet are equivalent (uniaxial
stretching), the following relation holds

2+ dr
no = (10)

2dx° + 1

Thus, if the number of molecules N was the same in
the measurement of E\\and E x, one can obtain the nor-
malization factor no without any additional work with
unstretched sheets. Relation 10 holds quite well in the
cases which we have checked but its validity perhaps
should not be assumed for polyethylene of different
provenance, which might stretch less regularly.

Examples of Application

An example of the use of the differentiation technique
for the determination of dxa and d\J° has already been
given elsewhere.l In the following, we give one ex-
ample of reduction by hand, using the assumption of
“pure transition regions” (perylene) and three ex-
amples of the “stepwise reduction” performed by a
computer (phenanthrene, pyrene, benzo [ghi] perylene).
In the case of pyrene, which has essentially pure transi-
tions in both principal directions, reduction by hand is
also easily possible. Preliminary results on these com-
pounds have been reported.

Pyrene. Williams,3 using a simple fluorescence
polarization technique, found that the three bands at
370, 340, and 280 m/t were polarized parallel to each
other. By a better technique, Zimmerman and Joop®
showed that though their fluorescence polarization
curve does not change sign in the spectral region, its
variation indicates that the 340- and 240-m/i transitions
are polarized perpendicular to the 370- and 280-np*
transitions. Lyons and Morris¥ found by a crystal
method that the 370-m/j band is polarized parallel to the
short axis while the 340-m/x band is long-axis polarized.
By measurements on mixed crystals Hochstrasser3s con-
cluded that both these transitions are short-axis polar-
ized. New measurements by Bree and Vilkos,39 how-
ever, have reaffirmed the results of Lyons and Morris.
Hoijtink and Zandstra4 found by means of an inge-

(35) R.Williams, J. Chem.Phys., 26, 1186 (1957).

(36) H. Zimmermann and N. Joop, Z. Elektrochem., 65, 66, 138
(1961).

(37) L.E.Lyons and G. C. Morris, J. Chem. Soc., 3661 (1957).
(38) R. M. Hochstrasser, Chem. Phys., 33, 459 (1960).

(39) A.BreeandV.V.B. Vilkos, ibid., 40, 3125 (1964).

(40) G.J. Hoijtink and P. J. Zandstra, Mol. Phys., 3, 371 (1960).
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Figure 3. The electronic spectrum of pyrene (optical density
in arbitrary units). From the bottom: (1) I?]|(X) and E x(\)
(withi?|(X) > Fi_(X)); (2) 2(EL(X) - dj#]I(X)); (3) 2(tf]|(X)
— d||.E1(X)); d|| and <f_go from 0.1 to 1.0. It is seen that the
peaks at 340 and 280 mp disappear in (2) and (3), respectively,
fordi_ = 05and 0.9 < d|| < 1.0.

nious photoselection technique that the 370- and 280-mp
transitions are polarized parallel to each other and per-
pendicular to the 340-mp transition.

The experimental stretched film spectra (Figure 2)
indicate two long-axis polarized transitions (1) and (3)
and a single short-axis polarized one (2). For deter-
mination of the reduction factors the stepwise reduc-
tion method was used. Figure 3 shows E nandI?x, the
absorption after subtraction of the base lines, and the
two combinations E u-d\\Ex aridE +-d +E\ for different
values of thed’'s. The reduction factors d \Pand dx° can
now be determined by inspection of the 340- and 280-
mp peaks. To remove the first of these from E x-d LE\\,
dx must be put equal to 0.50, while the second disap-
pears from E\\-d\\EL for d\ = 0.95. The results are
shown in Figure 4, and as in Figure 2 it is obvious that
there are two strong long-axis polarized transitions at
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Figure 4. The “reduced” spectraA/ and A /7 of pyrene @\
= 0.55, d_° = 0.50, n0= 1.37). The solid and the dotted
lines indicate long- and short-axis polarized absorbance
(arbitrary units), respectively. Below are shown the results
of four different calculations, characterized by their reference
numbers (TBM approximation of ref 4 and NM approximation
of ref 6 were chosen). Black (white) bars: long (short) axis
polarization. Circles: zero oscillator strength (or too

small to be plotted).

340 and 240 mp, while there is a single strong short-axis
polarized transition near 280 mp. In addition there is
long-axis polarized absorption near 260 mu. This
might be due to vibronic coupling of the 280-mp with
the 240-mp band. The shape indicates that it is prob-
ably due to a separate electronic transition, but no such
transition was detected in a detailed study of substit-
uent effects on (unpolarized) spectra by Becker, et
al.u

Spectra obtained by the use of a large number (about
20) of sheets show that the weak band starting at 370
mp has a short-axis polarized 0-0 transition, while in
the following vibronic series the long-axis polarized
transitions dominate.4l In this case the same reduc-
tion factors were used as in Figure 4.
Earlier measurements by a simple fluo-
rescence polarization technique by Williams3 indicated
that the bands at 440 mp and 250 mp are polarized per-
pendicular to each other. This result was reaffirmed
by Zimmerman and Joop,¥% who in addition obtained

Perylene.

(41) E.W. Thulstrup, Dissertation, Aarhus, 1967.
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Figure 5. The “reduced” electronic spectra A z' and A y' of

perylene (d\f = 0.55, d]f = 0.25, no = 1.66). The
nomenclature of Figure 4 is used.

some information about the polarization of the two
weak bands near 330 and 290 mlx, which seem to be
polarized perpendicular and parallel, respectively, to
the 440-mu band.

In the experimental film spectra E\\/Ez varies from
about 4 (near 440 mp) to 0.5 (near 250 mp). This
shows that these two transitions are long- and short-
axis polarized, respectively, and from the assumption
of “pure transitions” the reduction factors can be
found. The final result is shown in Figure 5 and itis in
perfect agreement with the results mentioned above.
The two 330- and 290-m/x bands have not been studied
in stretched films, because of low intensity.

Benzo[ghi]perylene. Crystal measurements by
Ganguly and Mukherjee4 indicate that the first transi-
tion near 410 mp is short-axis polarized. This weak
transition has not been investigated in detail by the
stretched film method, but the following series of strong
bands in the region down to 220 mp has been studied
carefully. From the experimental spectrum it is clear
that the strong transition near 390 mr is long-axis
polarized (E\\/Ex = 2) while the strong, sharp peak at
300 iri/x seems to be short-axis polarized (E\\/EL =
0.9). From these assumptions the reduction factors
can be determined by using stepwise reduction. The
result is shown in Figure 6, and it is seen that a wealth
of information is contained in the reduced spectra.
Strong long-axis polarized absorption is found in the
region 390 to 350 mp, apparently due to a single elec-
tronic transition, and in the region below 290 mp.
From the shape of the A2(X) curve it is likely that
there are at least three separate electronic transitions in
this region, at about 290, 270 and 220 mp. The A,,(X)
curve clearly shows two strong transitions near 305 and
230 mp. Besides the strong transitions both Az and A,
seem to have components due to weaker transitions in
the regions outside the strong bands.
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Figure 6. The “reduced” spectraaz and Ay of
benzo[?Xf]perylene (o = 090, dp = 050, no = 1.41).
The nomenclature of Figure 4 is used.

Phenanthrene. Measurements by several authors on
single and mixed crystals43 showed that the first transi-
tion near 340 mix is short-axis polarized. By fluores-
cence polarization Zimmerman and loop3® found that
the 290-m/x band is polarized perpendicular to the 340-
mp band, and two maxima in the fluorescence polariza-
tion curve, near 280 and 260 mx, were assigned to two
separate electronic transitions (polarized parallel to the
340-m/x transition). Azumi and McGlynn# and Dorr,
et ah,46 found similar results, but suggest that vibronic
coupling may be the reason for one or both of the
maxima. In addition to earlier results Gallivan and
Brinen have found, also by fluorescence polarization,
that the 250-m/x transition is polarized perpendicular to
the 340-myx band.

The orientation factors for the stretched film spectra
have been determined by inspection of two sets of re-
duced curves; d+° and d\\ are chosen so that the sharp
peaks near 290 and 220 mix disappear in the curves A v-
(¥ and A2(X), respectively. Figure 7 shows the result:
long-axis polarized transitions at 290, 250, and near 210
mp, and short-axis polarized ones at 280, 260, and 220
mp. While the long-axis polarized transitions seem to
be due to separate electronic transitions, like the short-
axis polarized one at 220 mu, the assignment of the 280-
and 260-m/4 bands is not so clear. However, the posi-
tion and shape of the 260-mp band indicate that it is
due to a separate electronic transition, while the 280-m/4
band may be explained as a result of vibronic coupling,

(42) S. C. Ganguly and B. C. Mukherjee, Proc. Phys. Soc., 79, 220
(1962) ; B. C. Mukherjee and S. C. Ganguly, ibid., 83, 93 (1964).

(43) D.S. McClure, J. Chem. Phys., 22, 1256 (1954); 25, 481 (1956);
D. P. Craigand R. D. Gordon, Proc. Roy. Soc. Sect. A, 288, 69 (1965);
R. M. Hochstrasser and G. J. Small, J. Chem. Phys., 45, 2270 (1966).

(44) T.AzumiandS.P.McGlynn, ibid., 37, 2413 (1962).

(45) F. Dorr and H. Gropper, Ber. Bunsenges. Phys. Chem., 67, 193
(1963) ; F. Dorr, G. Hohlneicher, and S. Schneider, ibid., 70, 803
(1966).

(46) J.B. Gallivan and J. S. Brinen, J. Chem. Phys., 50, 1590 (1969).
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Figure 7. The “reduced” electronic spectraaJ and A y' of
phenanthrene (d||° = 0.70, djf = 0.45, na = 1.31). The
nomenclature of Figure 4 is used.

in agreement with tentative conclusions of Dorr, et al.,*6
and with investigations of substituent effects.4

As in the case of pyrene, the first weak band (near
340 mg) has been studied using a large number of
sheets.4t These measurements showed that the first
peak in the vibronic series is short-axis polarized, while
long-axis polarized components become more important
at shorter wavelengths.

Comparison with Theory. In addition to the reduced
spectra, several examples of calculations are shown.
An assignment of electronic spectra can be considered
as a mapping of a set of observed transitions into a set
of calculated ones.48 The mapping is determined from
a series of criteria, such as transition energy, moment
direction, and oscillator strength. The calculations
shown all give information about these three properties,
and it is remarkable how useful the moment direction
critériumis.

Our own calculations® using the simple version of
PPP method (variation of resonance integral /3 with
bond length according to ref 50 led to similar results) and
those of Hummel and Ruedenberg4 have been carried
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out for all four compounds. The results are quite sim-
ilar and in relatively good agreement with experiment.
In the case of pyrene it is noteworthy that only Hummel
and Ruedenberg’'s TBM calculation predicts a long axis
polarized transition between the strong short- and long
axis transitions (Figure 4). This prediction seems to
be in agreement with the observations.

The methods of Bloor, Gilson, and Brearleys and of
Nishimoto and Forster,6 which include a variation of /3
with bond length, show good agreement with each other
and with experiment in the cases of phenanthrene
(Figure 7) and pyrene (Figure 4).

The method of Weltin, Weber, and Heilbronner7
shows a fairly good agreement with experiment in the
case of phenanthrene (Figure 7). These calculations
include only nine configurations and use a simplified set
of parameters. On the other hand, the method of
Skanckes predicts all transition energies too high, both
in the case of phenanthrene and perylene (Figure 5).

It is of interest that a complete assignment of all ob-
served relatively strong transitions is possible for most
theoretical models discussed here. This assignment
can only be made with such a confidence by means of
the polarization data, which provides separation of the
transitions into two classes, thereby lowering the re-
quirements for other criteria.  Also for weak transition,
in usual spectra often hidden by stronger bands of
different polarization, the film spectra give some possi-
bilities for assignments, or at least for checking the ap-
proximate positions of calculated weak transitions
(e.g., Figure 6).

Conclusions

The stretched sheet method described in this paper is
the simplest and possibly the most universally appli-
cable of presently available methods for separation of
7e uw* absorption of planar molecules of C2s or D
symmetry into components. Absolute direction as-
signments are possible with a reasonable degree of con-
fidence. It is probable that even in high-resolution
studies of vapors or crystals a simple preliminary ex-
periment of the nature described here would provide
valuable clues and should be considered.

The results are of importance for excited state sym-
metry assignments, detection of hidden bands, investi-
gations of vibronic interactions, and differentiation be-
tween vibrational fine structure and separate electronic
transitions. They should provide a better background
for testing of 7r-electron theories.

(47) R. N.Jones and E. Spinner, Spectrochim. Acta, 16,1060 (1960).

(48) E. W. Thulstrup, Int. J. Quant. Chem., Symp. Vol., 3s, £41
(1970).

(49) PPP calculations by the authors using self-consistent molec-
ular orbitals and parameters from: J. Koutecky, J. Paldus, and R.
Zahradnik, J. Chem. Phys., 36, 3129 (1962).

(50) P. Hochmann, R. Zahradnik, and V. Kvasnicka, Coll. Czech.
Chem. Commun., 33, 3478 (1968).
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The main limitation of the method is its inapplica-
bility to molecules of equal width and length. However,
this is much less serious than previously assumedi6 and
good results have been obtained, e.g., for acenaph-
thylene, benzo[<iw]perylene, and benzo [ghi jfluoran-
thene.

A second limitation is the small solubility of some
compounds in polyethylene and similar polymers, which
makes observation of weak transitions difficult or im-
possible. This is not very serious with solutes of low
molecular weight. For example, we have recently
determinedel even the polarization of the first transition
in fluoranthene which is seen as a shoulder of log eca. 2
in the absorption spectrum. Very much larger mole-
cules present difficulties. Polar molecules are usually
insoluble in polyethylene. They can be studied in
polyvinyl alcohol, which, however, does not orientate
solutes as well.

The third main limitation is inherent to our method
of quantitative evaluation: the method is difficult to
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apply to molecules whose spectra consist only of diffuse
featureless overlapping bands and to molecules whose
spectra do not contain any region without substantial
contribution from out-of-plane polarized transitions.
Some help might be obtained using estimates of orien-
tation factors from molecular shape.

Finally, accuracy is fairly low for weak bands buried
under much stronger bands of opposite polarization.
This is unfortunately true of most methods.
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Orientation factors of planar nolecules in stretched polymer sheets are discussed in relation to molecular shape
and orientation distribution. Normalization factors no determined from measurements in unstretched poly-
ethylene agree with those calculated from results of stretched sheet measurements assuming axial symmetry
around the stretching direction. Methods are described for the determination of the angles between transi-
tion moment directions in planar molecules of arbitrary shape and the effective orientation axis of dichroismin
a stretched polyethylene sheet. The necessary information about the orientation distribution could be ob-
tained from measurements on nolecules of C2r or DZhsymmetry and related shape in the manner described in
part 11.1 It could also be obtained from measurements on less symmetrical nolecules of related shape, for
which directions of two of the transitions are already known, such as alkyl derivatives of hydrocarbons of C2/

or Dzhsymmetry.  As an example, results for 10a4a-borazarophenanthrene are presented, using phenanthrene

to obtain orientation factors.

Introduction

In part 111 we have discussed ways in which those
characteristics of the orientation distribution of solute
molecules in stretched polyethylene which determine
dichroic properties can be found from absorption mea-
surements on stretched and unstretched sheets. The
procedure was limited to planar molecules of Da or C2%/
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symmetry with negligible out-of-plane absorption.
For our purposes the orientation distribution is suffi-

ciently described by the ratios of the orientation factors
Ky-Ki.

(1) Part1l: E.W. Thulstrup, J. Michl, and J. H. Eggers, J. Phys.
Chem., 74, 3868 (1970).
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In this paper, we first examine the physical signifi-
cance of the factors «y-x y. Then, we investigate the
use of our approach for the determination of the angles
< between electric dipole transition moment directions
in planar molecules of low symmetry and the effective
orientation axis. Such molecules constitute a large
majority of molecules of interest; the « w* transition
moment directions may lie anywhere in the molecular
plane. Out-of-plane polarized absorption is again as-
sumed to be negligible. In the general case it is not
possible to derive the necessary ratios of orientation
factors «y-xy from the observed dichroic spectra.
Then, only the order of the Xs can be determined from
the spectra alone.

If the conclusion of part Il that the ratios of « y -« y
are primarily determined by molecular shape is ac-
cepted, it becomes possible to estimate these ratios for
molecules of low symmetry from values which had been
derived for those of Dhor C2/symmetry. Such an as-
sumption is highly plausible on the basis of the orienta-
tion model discussed in part 11, which quite success-
fully accounts for all experimental observations avail-
able.

At present, it is not possible to measure these ratios
with high accuracy, mostly because for the symmetrical
molecules themselves the reproducibility is low (typ-
ical uncertainty +10%). We hope that this can be
improved in the future. Nevertheless, it is already
possible to estimate reasonable limits. In the fol-
lowing, we derive formulas for ¥\ and discuss several
cases of practical importance where good estimates of
orientation factor ratios should be possible already at
present. Orientation of transitions in 10a,4a-borazaro-
phenanthrene is discussed as an example; other appli-
cations will be described in forthcoming papers. We
believe that our method for analysis of stretched sheet
data offers significant advantages over other existing
methods,2'3 both in experimental simplicity and in that
it makes far fewer assumptions.

Physical Significance of the Orientation Factors« , -« «

We shall use the three Euler angles a, /3 y, as defined
in ref 4 (Figure 1) to express the orientation of the
molecule-fixed coordinate system x, y, z with respect to
the sheet-fixed system X, Y, z, which are defined as in
part Il. Thus, @3 is the angle between the effective
orientation axis z and the stretching direction z, y de-
scribes the rotation of the molecule-fixed coordinate
system around the molecular z axis, and the angle a
corresponds to rotation of the z axis around z.

The orientation factors « y-« y introduced in part Il
can then be expressed4 in terms of a, /3 y (c/. ref 5 for
similar treatments orientated toward investigation of
the polymer itself)

Ky = -JI X) COS: /3j (1)
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ZF¥

Figure 1. The sheet-fixed (X F, YF, zF) and the molecule-fixed
(X, yit Zi) coordinate systems and the
three Euler angles (<* 1), y)-

1 N
K2= - Y, sin2/Vcos2li )
tv y_1
1 N .
A3 = — 2] cos2 cg-sin2 i3, (©)
1 N ) )
Ky = — 27 (cos a, mcos ftjmcos y} — sinay siny,)2 (4)
W j=1

Clearly, « y-« y lie between 0 and 1. If the a distribu-
tion is independent of the /3 and y distributions and
symmetrical with respect to reflection in the Yz and
X zZ planes, as is considered highly likely for uniformly
stretched sheets,6« y can be simplified

Ky = X) (cos2 oijmcos2 & cos2 7, +

A
sin2 a}-sin2y}) (5)

The expressions for « y-«x y simplify considerably if
one assumes that the a distribution is uniform,
(cos2 a)av = y 2 This assumption (uniaxial stretching)
seems reasonable but cannot be made automatically
since in stretching the width of the sheet decreases by
only 20% or less, while its thickness decreases 4 times
or more.

(2) Y. Tanizaki and S.-1. Kubodera, J. Mol. Spectrosc., 24, 1 (1967),
and references therein.

(3) A.Yogev, L. Margulies, D. Amar, and Y. Mazur, J. Amer. Chem.
Soc., 91,4558 (1969).

(4) H. Margenau and G. M. Murphy, “The Mathematics of Physics
and Chemistry,” 2nd ed, D. Van Nostrand Co., Princeton, N. J.,
1956, p 286.

(5) R. Zbinden, “Infrared Spectroscopy of High Polymers,” Aca-
demic Press, New York, N. Y., 1964; S. Nomura, H. Kawai, I.
Kimura, and M. Kagiyama, J. Polym. Sd. A-2, 5, 479 (1967); 1.
Kimura, M. Kagiyama, S. Nomura, and H. Kawai, ibid., 7, 709
(1969).
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Table I: Reduction and Normalization Factors
no found from
The k 's and no calculated from the assumption 211X,
Reduction factors (cos2a)av = I/j and Eo(\)

Compound Gir dre Ki Ki Ki Ki no no
Fluoranthene 0.80 0.40 0.56 0.29 0.22 0.36 1.56 1.70
Phenanthrene 0.70 0.45 0.52 0.26 0.23 0.37 1.41 1.31
Acridine 0.55 0.40 0.55 0.22 0.22 0.39 1.41 1.39
Benzo [ghi]perylene 0.90 0.50 0.50 0.31 0.25 0.35 143 1.41
Pyrene 0.95 0.50 0.50 0.32 0.25 0.34 1.48 1.37
Anthracene 0.50 0.33 0.59 0.20 0.20 0.40 1.48 1.46
Perylene 0.55 0.25 0.67 0.21 0.17 0.39 1.72 1.66

Some information about the detailed structure of
stretched polyethylene under our experimental condi-
tions can be obtained from X-ray diffraction photo-
graphs taken on our stretched sheets. While the
diffraction pattern changes when the direction of the
incident X-ray beam is moved in the X z plane, it stays
unchanged when the beam is directed along various di-
rections in the X Y plane. This strongly indicates that
the “ a distribution” of the crystallites is uniform so that
it is very likely that the amorphous part also is uniaxial.
Another way to verify this would be a study of polarized
fluorescences which we have not yet undertaken.

If the a distribution is uniform, eq 1-3 and 5 can be
combined to give

K, = (1 —*0/2 (6)

X4= Q2 —*,)I2 @)

so that, using the notation of part Il, the quantities
characterizing the ;3and 7 distributions can be expressed
in terms of observables dj_° and i\ F

(cos2RB)avy = *1 = 1/ (@di.° + 1) 8)

(sin2 (3-cos2 y)av = = d|i°/2 + dM) (©)

The usual orientation function for the z axis then be-
comes (3(cos2Rav — 1)/12 = (A + dj_°)/(I + 2d+°) asit
should in this special case (e.g., ref7).

At the same time, the following relation should hold

no= *j/* 4= (2 + da0)/(2dx° + 1) (10)

This relation provides another way to check the correct-
ness of the assumption (cos2 a)ar = 2 since nQ d]J°and
d=+° can all be measured.

Table | gives results of an attempt to determine how
well relation 10 is satisfied under our experimental con-
ditions (assuming the same number of molecules in the
light path during measurement of E\\ and E +; these re-
sults are averages of three measurements; for details see
part 11). It should be remembered that nQ dj_°, and
dii° themselves are read off with relatively large errors
(up to 10%). The deviation of the novalues calculated
from the assumption of uniform a distribution from
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those measured is always less than 10%. The accuracy
of the data is not sufficient to detect reliably any devia-
tion of (cos2 a)avfrom 0.5. Therefore, in the following
discussions of (3 and 7 distributions, we shall assume
that the a distribution is uniform. This result is also
important as a labor-saving device; since no can be ob-
tained from d+° and d]|°, extra measurements on un-
stretched sheets are not needed.

Equation 8 allows the formal definition of the direc-
tion of the effective orientation axis in a planar mole-
cule to be expressed in terms of the orientation distri-
bution: it is that choice of the z axis for which Ki —
(cos2 g)av acquires maximum value. One could expect
(cos2/3)av to be simply related to the ratio of the width
and length of the molecule. Our results indicate that
this is only approximately true since factors such as
“filling of the corners” also play a role (compare pyrene
and perylene in Table 1). Actually, the ratio of the
diagonal to the width is the best shape describing factor
that we have found so far. An increase in thickness, for
instance ¢-butyl substitution, decreases the value of
(cos2 R)av remarkably. A study of relations between
molecular shape and (cos2 /3)avis being continued.

While the results given so far characterize the 3 dis-
tribution directly by the value Ki = (cos2/?av, the 7
distribution is only characterized indirectly from K 2 =
(sin2 [3mcos2 y)av. It is not possible to derive the value
of (cos2 7)av from the measurements without assuming
some special form of the 7 distribution such as its being
independent of the @ distribution. This assumption is
not a priori justifiable for planar molecules of arbitrary
shape (it is made both in the model of Tanizaki and
collaborators2 and the recent model of Yogev, Muzur,
and collaborators3. Using our orientation model to
estimate what the possible 7 distributions could be, it
is seen that one extreme is a completely uniform distri-
bution, to be expected for rod-shaped molecules; the
other (hypothetical) extreme is 7 = 0° or 180° for all
molecules, which might be approached for very large

(6) Y. Nishijima, Y. Onogi, and T. Aaai, J. Polymer Sci., C, 15,
237 (1966); C. R. Deeper and I. Kimura, J. Appl. Phys., 38, 4225
(1967).

(7) R.S. Stein and B. E. Read, J. Appl. Polymer Sci., Appl. Polym.
Symp., 8,255 (1969).



Polarization Spectra in Stretched Polymer Sheets

sheet-shaped molecules (in reality, that fraction of
molecules for which f} is close to 0° will always have a
nearly uniform y distribution). On the other hand, it
is unlikely that the values of 7 near 90° would be pre-
ferred. Thus, our hypothesis about the orientation
mechanism gives y2 < (cos2 y)av <1. In both
extreme cases, the 7 distribution is independent of the /3
distribution and we may write from (1) and (2)

K2 = (cos2 7>aV(l -
From (8), (9), (11)
Iid,° =
and from (2), (3)
K2= 2(cos2y),-K,

K i)

(1)

[t + 1/ (dj.0]/2(cos2 7>V - Vt (12)

13

For uniform 7 distribution (rod-shaped molecules)
K2 = K;i and further l/du°® = + Ut Ki/K2 =
Ki/2K3+ y 2 for the other limiting case (cos? y)& =
1, K2 = 2k3 and I/du® = \Udx\ K./K, = K~ K».
Our experimental data agree qualitatively with these
expectations. A detailed study is in progress.

Determination of In-Plane Transition Moment
Directions in Molecules of Low Symmetry
The starting point is the same as for molecules of Dzh
and C2rsymmetry
IFIION = (K,
\Ex(k)J \K3 K j 1

/cos2M

A,(X
\sin2”" / )

K t\
(14)

using notation of part 1.

If the structuring of the observed spectra is sufficient,
features contributed by a transition can be recognized
as peaks and shoulders; the contribution of the jth
transition to the curves E\\ and E x will be labeled
[E\\]j] and [Ex\j. For spectra consisting entirely of
broad strongly overlapping bands such features may be
impossible to recognize and our method will be of little
use.

Let us construct a series of curves F||() —b-E x(\)
for suitable positive values of b, until for each transition
we find such a value of b (say bj for the jth transition),
for which the spectral features due to that transition are
just absent in the curve, so that [f?n(X)]., —b}[Ex (\)
= 0. In practice, we use the same computer program
as for symmetrical molecules;! if the contribution of
the jth transition just disappears in one of the curves
Eu(X) — d\\Ex(\), then obviously o = d\\ if this
happens in one of the curves E x (\) — dxE\\(\), then b
= I/dx. It is usually sufficient to plot the curves for
both o\ Jand dx varying between0 and 1 in steps of 0.1.

From eq 14, for the jth transition

Kiecos24§ + Kiesin2 —

bj(Kz cos24j + Ki sin2<y) = 0 (15)

Thus

tan2& = (Ki - bjKJ/ibjKi - Kt) (16)
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For a transition which happens to lie in the effective
orientation axis (g = 0°), b} = Ki/K3 while for a
transition perpendicular to this axis (¢ = 90°), bj =
K ZKi. For molecules of C&s and Dz symmetries
treated in part 11, such relationships could be used for
the actual determination of the quotients Ki/Ks =
I7dx° and K ZKi = d\{' since for any transition either
<= 0°or G = 90°. Obviously, such a straightforward
procedure is not generally possible for molecules of
lower symmetry.

Certain limits can nevertheless be obtained, using the
condition tan2 ¢> 0 and the fact that for all molecules
investigated so far, « 1/« 3> K ZKi.

The condition tan2 $> 0 and eq 16 give for all bj

K2/Ki < b} < Ki/Kz

17

Differentiation of eq 16, using Ki/Ks > K ZKit
shows that tan2 4-is a monotonously decreasing function
of b. Therefore, the order of decreasing values of b is
the order in which the transition moments deviate from
the effective orientation axis, the transition with small-
est b deviating the most. The sense of the deviation
cannot be determined; if two transitions deviate by the
same angle they may be parallel or lie at a mutual
angle of 24>

This is an important result since the determination
can be easily carried out even in cases of strong band
overlap. Since transitions with differing polarization
usually have different b values, an inspection of the
change in the F||(X) — bEx (\) curve as afunction of b
may help to distinguish between vibrational structure
and distinct electronic transitions as well as help to find
hidden bands. Great caution is required, however,
since in these molecules the individual vibronic com-
ponents of a given electronic transition may in principle
have quite arbitrary transition moment directions in the
yz plane, particularly for weak transitions. It should
be helpful to investigate the effect of some weakly
interacting substituents as well, or to find correlations
with a related and more symmetrical molecule.

To calculate the values of KY} we rewrite eq 16

tan2 45§ = (Ki/Kj)(Ki/K3- b))/ (b} - KZKi) (18)

In part 11, we have mentioned the existence of relations
between the orientation factors Kr-Ki and molecular
shape. Although more and better data are needed
before such relations can be used for reliable a priori
estimates, a certain amount of interpolation is already
possible.

In the absence of any information on the orientation
ratios, one could obtain some idea of the relative values
of A for the various transitions in the molecule by
assuming that the transition which deviates least from
the effective orientation axis (largest b) actually lies in
it and that the one which deviates most from this axis
(smallest b) is perpendicular to it. Thus, in such an
unfavorable case, we set K I/K3 = hnax, K 7 Ki = 6nmm
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where the b's are determined from the set of curves
E LX) — bEL{\). One must keep in mind that the
differences in the absolute magnitudes of the finally
calculated angles [y may be exaggerated; only relative
values of the differences between the calculated values
are meaningful. The third needed ratio, K 2 K 3, which
is a measure of the deviation of the molecular shape
from a perfect rod, only varies between 1 and 2 and in
practice only between 1.0 and 1.4; use of both limiting
values will provide information about a range for the
I$l's. Alternatively, K ¥ K3 can be derived from K x/ K 3
and Ki/Ki assuming that the stretched polymer sheet is
uniaxial.

Fortunately, usually a suitable similarly shaped
molecule of C2sor Dzhsymmetry can be measured and
somewhat more reliable values of K1/K3 and K K\
derived. A comparison of values for anthracene and
acridine (Table 1) makes it clear that even for molecules
of quite similar shape the orientation ratios can differ
somewhat. A further investigation of this point shall
hopefully lead to an improvement in the estimates. A
specific example of the errors in g\ resulting from such
uncertainties is presented below.

If the stretched polymer can be considered uniaxial, a
certain simplification is possible: eq 16 can be re-
written in terms of the basic orientation factors Ki and
Ki as

tan2fa = [Ai —V(&i + 2)]/

[bjzih + 2) - Ka] (19)

Now, « i and « - must be obtained from measurements
on symmetrical molecules of similar shape. The
factor b/(b + 2) can acquire values between « x (for
¢+ = 0° and« » (for0 = 90°). Since « « and « » for
symmetrical molecules are experimentally obtained
frommeasuredd]» = « is« cand (I/dX°) = k\/k%, itis
useful to rewrite eq 19 in a more direct way

(W) -bj
b,~dii°

2 + dr
2 + (1/dx°)

tan2 fa (20)

The procedure described so far is particularly suitable
for molecules of approximately symmetrical shape, for
instance aza analogs of hydrocarbons which themselves
are of CAsor Dhsymmetry.8 Although aza substitu-
tion may destroy the symmetry of the chromophore, it
barely affects the symmetry of the shape. A compari-
son of orientation factors for the parent hydrocarbon
and suitable symmetrical polyaza analogs may allow a
fairly accurate bracketing of the values for the less
symmetrical aza analogs. This case seems to be of
considerable theoretical interest.9

Another case of importance for theoretical work9'10 is
the effect of substituents on polarization of transitions
in symmetrical hydrocarbons. Here the shape is
usually unsymmetrical and it is not possible to find a
symmetrical molecule of quite such a close shape as the
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derivative in question. One may of course make
approximate estimates even from orientation factors of
molecules whose shape differs somewhat more, but these
may be less reliable.

A possible solution to the problem consists in finding
a substituent of similar shape to that under investiga-
tion, which, however, interacts so weakly with the
parent C2s or D zh chromophore that it does not affect
polarization of transitions (for example, alkyl). This
can be checked in some cases using polarized emission
measurements. In principle, it is sufficient if polariza-
tions of at least two bands remain unaffected by the
substituent and their intensities are comparable so that
they can both be recorded accurately in one spectrum.
Let the deviations of these transitions from the effective
orientation axis be fa and fa; we assume that the posi-
tion of the effective orientation axis can be estimated so
that fa and € are known. In the simplest case of a
very weakly perturbed inherently symmetrical hydro-
carbon all transitions are polarized at either fa or fa and
these two directions are mutually perpendicular. Let
the b values of the transitions polarized at fa and fa be
61 and b2 respectively. To determine the three ratios
Ki'.Ki'.Ks-.Ki, three independent equations are needed.
Two are obtained fromeq 15 by puttingj = l1andj = 2.

If uniaxial stretching can be assumed, relations 6 and
7 provide enough information to calculate not only the
ratios but K x and K 2 themselves. From eq 19 for fa
and fa, and assuming K ~ [2]and thus bx ~ 62

Kj = [Pisin2fa/(p\ - 2) —k@sin2fas (62 + 2)]/
(sin2 fa — sin2 fa)
K2 = [6l cos2fa/(bi + 2) — f2 cos2fas(b2+ 2)]/

(cos2 fa — cos2 fa) (21)

Obviously, the results are very inaccurate when Hi| is
close to \fa\

If it is not possible to assume that the stretching is
uniaxial, or if an independent check is desired, the third
equation may be obtained from measurements using
unstretched sheet by a procedure similar to that de-
scribed in part I1.

Application to 10a,4a-Borazarophenanthrene

As an example of an application of our method we
present data on a borazaro analog of phenanthrene
() .11 The experimental dichroic curves were obtained
by a low-temperature (77°K) modification of the
technique described in part | I ; they are shown in Figure
2, together with sets of their linear combinations Ej_(X)
— dzE\\(\) and E]|() — d]|Ix(X). For each of the

(8) J. Michl, Theoret. Chim. Acta, 15, 315 (1969).
(9) J. Koutecky, J. Chem. Phys., 47,1501 (1967).

(10) K. Nishimoto and R. Fujishiro, Bull. Chem, Soc. Jap., 37,
1660 (1964); K. Nishimoto, ibid.., 39, 645 (1966).

(1) The origin of the sample and additional spectral measurements
are described elsewhere; J. Michl and R. Jones, Coll. Czech. Chem.
Commun., in press.
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insufficient to treat its components separately, however,
and therefore only very crude estimates are possible.
A better resolved unpolarized absorption spectrum in
3-methylpentanell actually shows clearly that b is a
superposition of at least two peaks.

The following order is obtained for the values of

<$al > > Jom|] = |<bnl > \<PR\ > |<Pe] =
W > 4= > k4= Kd = 8l

To obtain numerical estimates for the s, assumptions
about orientation ratios must now be made. The
values of b showninTable |1, used in formulas 18 or 19,
give results presented in columns 1-5, depending on the
assumptions about orientation ratios. In columns 1
and 2, they are assumed to be the same as in phen-
anthrene. Since the assumption of uniaxial stretching
is justified, columns 1 and 2 differ very little. In
columns 3 and 4, 1 is assumed to orient somewhat better
and somewhat worse than phenanthrene, respectively
In column 5, peaks g, i, and k are assumed to be polar-
ized parallel to the effective orientation axis, peak a
perpendicular to it.

It is seen that small uncertainties in the estimates of
orientation ratios are not critical. Accuracy is worst
for transitions with ¢>close to 0 or 90°. To relate the
calculated angles to the molecular framework, one must

Figure 2. Diehroic spectra E+(\), E\\(\) of 10a,4a-borazaro- make an additional assumption concerning the position
phenanthrene in stretched polyethylene (I11) and sets of of the effective orientation axis. As discussed in detail

curves Ex(\) — dx£[|(X) (11) and jB||(X) — d]II?}.(X) (1) for earlier,1 it should be quite close to the z axis in formula l.
and <} varying from 0.1 to 1.0 in steps of 0.1. Three sheets

were used in the long-wavelength part, one in the +z
short-wavelength part.

peaks a-n the value of dL or d\\is found for which the
peak is just absent in the linear combination. These
values and estimated errors are collected in Table I1.
The shape of peak b is different in E x (\) and -En(X), |
indicating that it is a composite. The resolution is I

Table I1: Deviation of Transition Moment Directions in 10a,4a-Borazarophenanthrene (1) from the Orientation Axis
) deg-——-

Band* dj|(- 0° dX(= 1/6)« 16 2C 3d 4a 5/

a 0.9 £+ 0.05 60-67 61-68 66-73 54-61 (90)

b (1.0’ (1.0) (57) 8¢9 63)" (51)" (66)'

i 1.0+ 0.1 1.0 £0.1 51-63 52-63 57-68 46-57 55-83

1 1.0+ 0.2 1.0 £+ 0.2 46-68 46-69 51-74 40-62 44-90

m, n 0.9 + 0.1 46-57 46-58 51-63 40-51 44-66

h 0.78 £+ 0.05 41-47 41-48 47-53 35-42 35-47

c d 0.75 £+ 0.05 39-46 39-46 45-51 32-40 30-44

e f 0.70 = 0.05 35-42 35-43 41-48 28-36 21-37

k 0.60 + 0.05 25-35 25-35 32-41 16-28 (0)

g i 0.60 + 0.03 27-33 27-33 34-40 19-26 0)

“See Figure 2. " Assuming K 3/Ki = 0.45, KKt = 0.70, Ki/Kt = 1.31, as in phenanthrene (obtained from E\\, E+, and E,) and

using eq 18. ‘ Assuming K 3/K3 = 0.45, Ki/Kt. = 0.70 as in phenanthrene, and uniaxial stretching (ki = 0.52, K% = 0.26), using eq

19. dAssuming K 3/K\ = 0.40, Kt/Kt = 0.75, but keeping K 3/K3 = 1.19 as in phenanthrene, and using eq 18. ‘ Assuming K 3/Ki =
0.50, Kis/Kt = 0.65, but keeping kK 3/k3 = 1.19 asin phenanthrene, and using eq 18. ' Assuming that band a is polarized perpendicular
and bands g,i,k parallel to the effective orientation axis: K 3/Ki = 0.6, Kt/Kt = 0.9, with K 2/K3 — 1.19 as in phenanthrene, and using
eq 18. " Uncertain values; see text.
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Conclusions

The stretched sheet method allows a determination of
the deviations of individual transition moments of
planar molecules from the effective orientation axis, if
the molecule is not round-shaped and if an estimate of
the ratio of orientation factors can be made. The most
favorable cases are those of molecules with an essentially
symmetrical shape and an unsymmetrical chromophore,
and of simple derivatives of symmetrical hydrocarbons.
As more data on the relation between shape and orienta-
tion distribution of various symmetrical molecules are
accumulated, applications to planar molecules of
arbitrary shape should give more accurate results. At

M. Reddy and J. A. Marinsky

present, the errors are as much as +15°, the major
obstacle to more accurate determination of angles being
the relatively low reproducibility of the orientation
factors even for symmetrical hydrocarbons. In most
cases this will overshadow the errors in the estimates of
the exact position of the effective orientation axis.

Acknowledgments. We wish to thank Professor S. E.
Rasmussen, who has kindly taken X-ray diffraction
photographs of our stretched sheets, and Statens
Almindelige Videnskabsfond who has given valuable
economic support. We are further indebted to Dr. A.
Berg and Dr. E. Clar for kind gifts of samples.

A Further Investigation of the Osmotic Properties of Hydrogen

and Sodium Polystyrenesulfonatesl
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The instability of polystyrenesulfonic acid (HPSS) and the marked effect of its degradation, as a consequence
of this instability, on osnmotic measurement reliability have been carefully examined. Criteria for sample
purity and appropriate methods for storage and handling of HPSS to assure such purity for meaningful osmotic
study have been developed. The osnotic properties of HPSS and its sodium salt that have been measured
over a large concentration range extending from approximately 0.01 to 7.5 m (monomer basis) by using two
experimental methods, vapor pressure osmometry and isopiestic equilibration, are believed to be nore reliable
than previously published measurements because of this careful attention to sanple purity. Although there
is reasonable accord between the data conpiled here and in some of the earlier studies, the osmotic properties
appear to be insensitive to nmolecular weight to contradict the results of an earlier investigation. In addition
there is almost quantitative agreement between the data conpiled in this research program with many of the
data that have been obtained in earlier studies for their counterpart low cross-linked gels.

Introduction

The osmotic properties of H+ and Na+ ion forms of
polystyrenesulfonate (PSS) have been investigated
over an extended concentration range by vapor pres-
sure osmometry and by the standard isopiestic method.
The objectives of this research have been (1) to provide
a reexamination of earlier studies effected in this labora-
tory by differential osmometry2* and (2) to extend the
concentration range of study for appropriate compari-
son with similar data obtained for a 0.5% cross-linked
PSS gel. The sharp disagreement between the earlier
measurements reported from this laboratory?* and
those due to Ise and Okubo3 needed to be resolved and
provided reason for pursuit of the first objective. The
employment of experimental procedures different from
those utilized in the earlier research2‘ sought to eliminate
experimental bias. Attainment of the second objec-
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tive of this research program was expected to provide a
meaningful consideration of the validity of the sugges-
tion that relationships describing the physical-chem-
ical behavior of ionized macromolecular systems are
generally applicable to the corresponding cross-linked
systems (ion-exchange gels) as well.4 It has been
claimed that the cross-linking of an ionized macromole-

* To whom correspondence should be addressed c/o Dr. Leo Yaffe,
Chemistry Department, McGill University, Montreal, Quebec,
Canada.

(1) This paper is based on a portion of a dissertation submitted by
M. Reddy in partial fulfillment of the requirements of the degree of
Doctor of Philosophy.

(2) (a) P. Chu and J. A. Marinsky, J. Phys. Chem., 71, 4352 (1967);
(b) B. Soldano and Q. V. Larson, J. Amer. Chem. Soc., 77, 1331
(1955).

(3) N. Ise and T. Okubo, J. Phys. Chem., 72, 1361 (1968).

(4) J. A. Marinsky in “lon Exchange,” Vol. 1, J. A. Marinsky, Ed..
Marcel Dekker, New York, N. Y., 1966, Chapter 9.
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cule does not alter the thermodynamic properties of the
polymer unit, with some experimental verification.5-7

HPSS is not stable under ambient conditions and may
undergo several reactions such as: chain scission,8 de-
sulfonation,9 and autoxidation,10 cross-linking, and
sulfone formation.1l1 The degradation of HPSS is thus
as much a potential source of error to this projected
program as the presence of simple electrolyte.

The presence of simple electrolyte would be expected
to yield too high a value for the osmotic coefficient of a
given sample, the distortion of the measurement up-
ward being quite sensitive to the presence of simple
electrolyte. The presence of such impurity in samples
from a common source would be expected to mask some-
what the relative change in osmotic coefficient of the
polyelectrolyte with concentration as well.

Degradation of HPSS by oxidation with the produc-
tion of low molecular weight polymer fragments and
the consequent lowering of the charge density of the
polyelectrolyte would also be expected to produce too
high an experimental osmotic coefficient. The effect
of this source of impurity on the variation of osmotic
property with concentration is less predictable.

Since sample degradation by slow oxidation was be-
lieved to be the major potential source of experimental
difficulty in this investigation, the removal of simple
electrolyte impurity having been assured by the purifi-
cation techniques employed in this study, a method to
preserve sample integrity in the course of the measure-
ment program was sought successfully to facilitate the
objectives of this program.

Experimental Section

Sodium polystyrenesulfonates, average molecular
weight ~40,000 (Lot Number CP 522-13-118), and
average molecular weight ~500,000 (Lot Number ST
475-4-87B) were kindly supplied by Dr. H. Volk and
Dr. T. A. Brodof of the Dow Chemical Company, Mid-
land, Michigan. Dialysis tubing was from Union
Carbide. A Model 301 A vapor pressure osmometer
(VPO) manufactured by Hewlett-Packard, Inc. and an
isopiestic apparatus designed and constructed in this
laboratory were employed for the osmotic coefficient
measurements. A Beckman DU spectrophotometer
with hydrogen lamp and photomultiplier tube and a
Cary 15 spectrophotometer were used to examine the
spectra of PSS samples in the uv region.

Preparation of PSS Samples. Sodium polystyrene-
sulfonate was first dialyzed for 24 hr to remove a large
fraction of simple electrolyte impurities. Dialyzer
tubing was treatedi2 to remove preservatives usually
contained by the tubing.13 The polyelectrolyte solu-
tion, after dialysis, was concentrated at the ambient
temperature, evaporation from the dialysis bag being
facilitated by its exposure to a flow of air for 1 day.
Concentration of PSS at elevated temperatures was
avoided because of its instability. This product was
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then passed through two ion-exchange resin columns
arranged in tandem to remove residual simple electro-
lyte and low molecular weight polyelectrolyte frag-
ments. The first column contained Dowex-50 resin in
the hydrogen form and the second column consisted of
Dowex-1 resin in the hydroxide form. The HPSS
product thus obtained was dialyzed for 1 week, was
concentrated as before, and was frozen prior to storage.

An alternate procedure was developed for preparation
of the more viscous higher molecular weight HPSS.
In this method NaPSS, placed in a dialysis bag, was
converted completely to HPSS during exchange dialysis
with 0.1 N HC1. Exhaustive dialysis of this HC1-
HPSS product with distilled deionized water until the
diffusate was free of chloride ion produced HPSS free of
simple electrolyte. The polymer solution after con-
centration was stored frozen.

The HPSS solutions were analyzed after preparation;
HPSS (molecular weight ~40,000) had an equivalent
weight of 185.4 g/equiv and extinction coefficients of 407
1. cm-1 equiv-1 at 261 m™ and 10,180 1. cm-1 equiv-1
at 224 m/i. HPSS (molecular weight ~500,000) had an
equivalent weight of 186.5 g/equiv and extinction co-
efficients of 388 1 cm-1 equiv-1 at 261 mand 10,210
1 cm-1 equiv-1 at 224 mix.

The exhaustive dialysis method was also used to pre-
pare the NaPSS solutions. The NaPSS (molecular
weight ~500,000) solution was analyzed after prepara-
tion and was found to have an equivalent weight of 210
g/equiv and extinction coefficients of 3961. cm-1 equiv-1
at 261 npi and 9980 1 cm-1 equiv-1 at 224 m/i. NaPSS
(molecular weight ~40,000) had an equivalent weight
of 206 g/equiv and extinction coefficients of 402 1 cm-1
equiv-1 at 261 npi and 99101. cm-1 equiv-1 at 224 npt.

The HPSS prepared by both methods was colorless.
By storing it frozen, an HPSS inventory could be main-
tained for months without encountering any noticeable
deterioration of the product. Its rather rapid deteriora-
tion, as evidenced by the appearance of amber color in
the solution which progressively intensifies with stand-
ing at the ambient temperature, required prompt utili-
zation of the HPSS in the osmotic studies once it was
sampled for study. The NaPSS is a much more stable

(5)
(6)
()
(8) R. B. Hodgdon, Jr., J. Polym. Sci., Part A-l, 6, 171 (1968).

(9) H. Cerfontain, “Mechanistic Aspects in Aromatic Sulfonation
and Désulfonation,” Interscience, New York, N. Y., 1968, Chapter

12.

(10) T.A.Brodof, Dow Chemical Company, Midland, Mich., private
communication, 1968.

. E. Boyd and B. Soldano, Z. Elektrochem., 57, 162 (1953).
. Glueckauf, Proc. Roy. Soc., Ser. A, 214, 207 (1952).

G
E
A. Chatterjee and J. A. Marinsky, J. Phys. Chern., 67, 41 (1963).
R

(11) H. H. Roth, Ind. Eng. Chem., 49, 1820 (1957).

(12) D. S. Olander and A. Holtzer, J. Amer. Chem. Soc., 90, 4549
(1968).

(13) L. C. Craig in “Advances in Analytical Chemistry and Instru-
mentation,” Voi. 4, C. N. Reilley, Ed., Interscience, New York,
N.Y, 1965, p 41.
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product and could be stored at 0 to 5° for an extended
period prior to its utilization.

Sample Purity. Two principal absorption maxima in
the ultraviolet region (224 and 261 nyi) characterize the
PSS. The peak at 224 npt is unaffected by degradation
of the polyelectrolyte whereas the molar extinction co-
efficient of the absorption maximum at 261 m/i increases
with sample deterioration. Spectroscopic examination
of PSS using this criterion was employed periodically to
substantiate sample purity. In the more dilute poly-
electrolyte systems the amber color of degraded product
is difficult to detect visually

Osmotic Coefficient Measurements. The Mechrolab
YPO is a commercial model of the thermoelectric os-
mometer of Brady, Huff, and McBain.14 A description
of this instrument detailing the principles and mode of
its operation and the scope of its utilization has been
presented by Burge.16

Recently, Boyd, 16 et al., have used a vapor pressure
osmometer to determine osmotic coefficients of aqueous
solutions of p-ethylbenzenesulfonic acid and its alkali
metal salts.

In the experiments performed in this laboratory both
KC1 and sucrose were used as calibration standards.
An all-glass syringe and a Kel-F stainless steel needle
were eventually used to hold samples before measure-
ment to eliminate the possibility of sample contamina-
tion arising from interaction of polyelectrolyte with the
metal fittings of the standard syringe assembly provided
with the instrument. The conveniently small sample
volume (0.5 ml) of the glass syringe was an additional
advantage.

The calibration constant of the instrument, K, deter-
mined by measuring the difference in resistance, AR,
between two thermistor beads that originates from the
difference in temperature arising from the unequal vapor
pressure of solutions of known water activity placed on
the thermistor beads was computed with eq 1

K = AR/mv<t> (D)

where m is the molal concentration of the standard solu-
tion, v is the number of particles produced when one
molecule of the reference standard dissolves, and < is
the published practical osmotic coefficient correspond-
ing to the experimental molality of the reference stan-
dard. Measurement of AR values effected by differ-
ences in vapor pressure between reference solution and
the different polyelectrolyte samples for employment
ineq 1 then yielded the practical osmotic coefficient of
polyelectrolyte samples under investigation. In the
case of polyelectrolyte m was expressed on a monomer
basis to make v correspond to unity. The precision of
AR measurements was enhanced by repetitive measure-
ments.

Use of the Mechrolab YPO was restricted to HPSS
(molecular weight ~40,000) at concentrations no
greater than 1.5 m. Higher concentration values could
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not be employed because of the sizeable viscosity of such
samples. Osmotic study with this instrument of the
higher molecular weight HPSS above a concentration
value of 0.9 m was inpracticable for the same reason.
The essential requirements for a highly efficient
isopiestic apparatus that have been listed by Scatch-
ard7 were incorporated into the system designed and
constructed in this laboratory. The isopiestic chamber
was a truncated 500-ml freeze dry flask. Its interior
and the outer upper portion were silvered. An elec-
trodeless nickel-plated copper disk (7.40 cm in diameter
and 1.3 cm thick) with six 0.6-cm deep circular depres-
sions symmetrically arranged to hold the gold-plated
silver sample cups (1.7 cm in diameter and 2.0 cm deep)
was machined to fit securely in the bottom of the
chamber. The chamber, spring mounted on an elec-
tric vibrating motor with adjustable speeds, was placed
in a water-tight Plexiglas compartment which was
sealed to a second similar compartment that held the
motor firmly secured to a steel plate base (Figures 1 and
2). The two compartments were submerged in a con-
stant temperature bath fitted with a Plexiglas cover and
insulated on all sides. Operation of the vibrating motor
produced extremely efficient agitation of the samples.
The complete assembly was in a temperature-con-
trolled air-conditioned room. Compressed air used to
agitate the bath water was released directly below a
125-W blade heater. The compressed air forced bath
water first to contact the heater and then a proportional
temperature controller probe manufactured by the Yel-
low Springs Instrument Company, Inc. (YSI-Model

Figure 1. Isopiestic chamber and Plexiglas container.

(14) A. P. Brady, H. Huff, and J. W. McBain, J. Phys. Colloid
Chem., 55, 304 (1951).

(15) D. E. Burge, J. Phys. Chem.., 67, 2590 (1963).

(16) G. E. Boyd, F. Vaslow, A. Schwarz, and J. W. Chase, ibid.,
71, 3879 (1967).

(17) G. Scatchard, W. J. Hamer, and S. E. Wood, J. Amer. Chem.
Soc., 60, 3061 (1938).
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Figure 2. Isopiestic chamber.

72). This arrangement was shown to provide excellent
temperature stability (£0.003°) by continuous moni-
toring with a quartz thermometer (Model 2801 A-
Dymec) in connection with a digital to analog con-
verter and a strip chart recorder. With this procedure
the temperature of the bath was displayed as an abso-
lute centigrade value to the nearest 10-4 deg over the
operation interval.

Isopiestic equilibrations were performed using the
procedures described by Robinson and Stokes.18 In all
experiments the reference isopiestic salt was reagent
grade KC1 dried at 110° and stored over P20 6 The
polyelectrolyte solutions were brought to the starting
concentration by freeze drying. At the beginning of an
equilibration the isopiestic chamber was evacuated to
the vapor pressure of water at 25°.

Isopiestic experiments were performed with reference
solutions ranging from 0.2 m to saturated KC1. Equi-
libration attainment was verified by repeated experi-
ments at fixed concentrations.

Results

Sample Purity. Degraded HPSS samples, prepared
by allowing the solutions to become distinctly amber
colored during storage in tightly capped bottles at var-
ious temperatures above their freezing point and in one
instance by concentrating rapidly at -~100°, were
studied spectroscopically for comparison with the highly
purified colorless source material and p-toluenesulfonic
acid. Representative results of this study are pre-
sentedin Table I. There are two absorption peaks in the
ultraviolet region which characterize the spectra of all
the HPSS samples. They occur at very nearly the
same wavelength at which maxima are observed for the
p-toluenesulfonic acid. The absorption maxima at
224 and at 261 mu correspond to the maxima observed
with a concentrated effluent wash solution from cross-
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Table | : A Comparison of Uv Absorption Maxima
and Extinction Coefficients for Toluenesulfonic Acid
and Various Polystyrenesulfonic Acid Samples*
Extinc-
Wave- tion co- Wave- Extinc-
length of efficient length tion coef-
absorp- at ab- of ab- ficient at
tion sorption sorption absorption
max max max max
Toluenesulfonic acid 260.5 377 221. 10,700
Polystyrenesulfonic 261 534 224 10,200
acid (PSSA) [B5
P80]
PSSA [B5 P82-M138] 261 442 224 10,150
PSSA [B5 P82-M142] 261 443 224 10,400
PSSA [B5 P84-M024] 261 427 224 10,000
PSSA [B5 P86 1] 261 509 224 10,250
PSSA [B5 P86 11] 261 552 224 10,130
PSSA [B5 P99] 261 432 224 10,120
PSSA [B6 P9] 261 506 224 9,900

° All measurements were made using a Beckman DU photom-
eter with a hydrogen lamp and photomultiplier tube. The
samples were contained in quartz cells (path lengths of 1.0 and
0.1 cm were used). The values given above are the average
values obtained from a minimum of three measurements at dif-
ferent concentrations. Wavelength is given in m”™ and extinc-
tion coefficient is expressed as 1 cm-1 equiv-1.

linked polystyrenesulfonate ion exchangers collected in
this laboratory. The 224-npi peak characterizing such
wash effluent had been reported earlier.19

The extinction coefficient at 224 m” is much less af-
fected by HPSS degradation than at 261 mu. The
marked increase in its value at this wavelength is, we
believe, an indication of HPSS deterioration. Evi-
dence for HPSS deterioration has been presented in the
literaturel1,2021 and may arise from sulfone forma-
tion,11,20,21 chain scission,8 or desulfonation.9 Experi-
mental results listed in Table | can be reasonably ra-
tionalized with the assumption that the increased ab-
sorption at 261 mu reflects degradation of HPSS. The
magnitude of the absorption coefficient at 261 mu ap-
pears to be a good semiquantitative test for sample
purity.

The effect of sample degradation on the osmotic prop-
erties of HPSS is very dramatically demonstrated in
Figure 3 where a purified source sample (exa 407)
(the lower curve) is compared with one of the degraded
samples (ezi 506). The osmotic coefficients are con-
siderably elevated in the degraded sample over the
entire concentration range studied. The change in os-
motic coefficient with sample concentration is not, how-
ever, appreciably affected. Spectroscopic examinations

(18) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
2nd ed, rev, Butterworths, London, 1959, pp 177-180.

(19) G. E. Boyd and K. Bunzl, J. Amer. Chem. Soc., 89, 1776 (1967).
(20) H. H. Roth, Ind. Eng. Chem., 46, 2435 (1954).

(21) J. A. V. Butler, A. B. Robins, and K. V. Shooter, Proc. Roy.
Soc., Ser. A, 241, 299 (1957).
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Figure 3. Concentration dependence of the molal osmotic
coefficient, <j, for degraded (upper curve) and pure (lower curve)
polystyrenesulfonic acid.

of HPSS samples thus provide a useful analytical criter-
ion of sample purity for meaningful study of the os-
motic properties of this polyelectrolyte. It was ex-
perimentally determined that HPSS samples could be
stored frozen for months without noticeable degrada-
tion, thereby assuring the validity of the osmotic mea-
surements performed in this experimental program.
Repre-
sentative data that were obtained with the Mechrolab
VPO during its periodic calibration in the course of con-
tinuing osmotic studies are presented in Table 11.

Osmotic Coefficient Data. The osmotic coefficient
data obtained with vapor pressure osmometry for HPSS
(mol wt 40,000 and 500,000) over the concentration
range 0.01 to 1.4 m and for NaPSS (mol wt 40,000 and
500,000) over the concentration range 0.07 to 0.6 m are
represented by eq 2.

Calibration of Vapor Pressure Osmometer.

0 = 0.24m + 0.24 2)

Table Il: Determination of the Mechrolab
Osmometer Calibration Constant K

A. Calibration with Sucrose

AR m > K

1.84 0.0259 0.0260 71.04
5.08 0.0727 0.0731 69.88
6.91 0.0983 0.0991 70.30

K = 70.41

B. Calibration with Potassium Chloride

AR M m(f> K

3.74 0.0273 0.0521 71.81

4.73 0.0347 0.0658 ' 71.90

14.67 0.1155 0.216 68.64

18.39 0.1431 0.264 69.76

27.29 0.2125 0.388 70.37 K = 70.49
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Results of isopiestic measurements of HPSS and NaPSS
osmotic coefficients are given in Tables 111-VL The
osmotic coefficient data for both NaPSS and HPSS are
in reasonable accord in the region of overlap for the two
methods of measurement, thus indicating absence of ex-
perimental bias. In addition, the osmotic coefficients
of HPSS and NaPSS appear to be insensitive to poly-
anion molecular weight and temperature within the
precision of the measurement.

Discussion

The osmotic data presented in the preceding section
for polystyrenesulfonate solutions extend over a larger
useful concentration range than has been examined by

earlier investigators. As a consequence, the objectives
of this program, comparison of these results with (1)

Table 111: Isopiestic Measurements of HPSS
(Mol Wt 40,000) at 25°

5SS md.
monomol/1000 g mol/1000 g

of HO of H H=
0.959 0.224 0.43
0.983 0.229 0.42
1.503 0.504 0.60
1.504 0.495 0.59
2.89 1.501 0.94
3.56 2.018 1.03
4.29 2.66 1.15
4.33 2.74 1.18
4.37 2.84 1.21
4.88 3.49 1.36
5.01 3.59 1.37

Table 1V: Isopiestic Measurements of HPSS

(Mol Wt 500,000) at 25°
WHSS VWKCI,

monomol/1000 g mol/1000 g

of 1.0 of HIO +
1.020 0.224 0.40
1.042 0.229 0.40
1.516 0.504 0.60
1.524 0.495 0.58
2.90 1.501 0.93
3.01 1.442 0.88
3.03 1.453 0.89
3.08 1.480 0.90
3.58 2.02 1.03
3.99 2.43 1.12
4.02 2.46 1.10
4.29 2.66 1.15
4.34 2.74 1.17
4.39 2.84 1.20
4.88 3.49 1.36
5.02 3.51 1.34
5.05 3.59 1.36
5.51 4.03 1.41
5.53 4.07 1.42
5.58 4.12 1.43
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Table Y : Isopiestic Measurements of NaPSS
(Mol Wt 40,000) at 25°

VWMNEPSS, *»KCL,
monomol/1000 g mol/1000 g
of H0 of HD «NaPSS
0.801 0.1749 0.40
1.264 0.328 0.47
1.630 0.470 0.52
2.047 0.643 0.56
2.637 0.888 0.60
3.070 1.074 0.63
Table VI: Isopiestic Measurements of NaPSS
(Mol Wt 500,000) at 25°
HNFSS g,
monomol/1000 g mol/1000 g

of HD of HIO NS
0.799 0.1749 0.40
1.256 0.328 0.47
1.620 0.470 0.52
2.042 0.643 0.57
2.640 0.888 0.60
3.064 1.074 0.63
3.962 1.501 0.68
5.195 2.018 0.71
6.394 2.738 0.80
6.599 2.837 0.80
7.541 3.590 0.91

those of earlier studies of the linear polyelectrolyte and
(2) its low cross-linked analog, has been facilitated.
More attention is believed to have been given to sample
preparation and purity than in earlier published studies
as well to justify criticism of some of the earlier work.

Data that are available for HPSS and NaPSS from
this study and the literature in the low and intermediate
concentration range are presented graphically in Fig-
ures 4 and 5. The lowest lines in Figures 4 and 5 rep-
resent data compiled by Chu and Marinsky2‘ using
differential osmometry. The next lowest curve in each
figure is a representation of the data obtained in this
research program while the third curve tangent to curve
2 in Figure 4 is based on data obtained from freezing
point lowering measurements reported by Waxman,
Sundheim, and Gregor.2 The highest curves in Fig-
ures 4 and 5 are obtained from isopiestic studies of Ise
and Okubo3and deviate remarkably from the others.

There is good agreement between this research and
that of Waxman, et al. The increasing discrepancy be-
tween the data with increasing molality can be ex-
plained reasonably by a difference in charge density be-
tween the HPSS samples employed. If sulfonation of
the Waxman, et al., HPSS product was somewhat less
than in the HPSS samples used in this research, one
would expect the above result.

There is some discrepancy between the data obtained
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Figure 4. Comparison of the concentration dependence of the
molal osmotic coefficient, 5 for polystyrenesulfonic acid at
intermediate concentrations with published data (curve 1 ref 1,
curve 2 this study, curve 3 ref 22, and curve 4 ref 3).

Figure 5. Comparison of the concentration dependence of the
molal osmotic coefficient, 55 for sodium polystyrenesulfonate at
intermediate concentrations with published data (curve 1 ref 1,
curve 2 this study, and curve 3 ref 3).

(22) M. H. Waxman, B. R. Sundheim, and H. P. Gregor, J. Phys.
Chem., 57, 969 (1953).
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in this study and the data compiled by Chu and Mar-
insky using differential osmometry. Experiments were
conducted to examine more closely the reliability of the
differential osmometry method, and the slightly lower
values of the earlier study were demonstrated to be an
artifact of the method of measurement employed. The
differential osmometry technique employed by these
researchers, although based on fundamentally sound
principles, yielded low results. This failure has been
attributed to the small permeability of the membrane
that was employed to the polyethylene glycol reference
solution. This deviation from ideality of the mem-
brane was expected by Chu and Marinsky to have a
negligible influence on the measurement.

The anomalous behavior of Ise and Okubo’s data may
be attributable to improper attention having been
given to the preparation of their HPSS samples. In
the study of the effect of sample impurity on osmotic
measurements that was conducted in this investigation
it was shown that degraded samples yielded results simi-
lar to those reported by Ise and Okubo (see Figure 3)
to strongly suggest this possibility as the source of their
conflicting observations. Since all of the salt forms of
the PSS employed by Ise and Okubo were converted
from the H+ form by neutralization with standard al-
kali, the osmotic data due to these investigators for the
Na+ and other salt forms of HPSS are believed to be in
error as well and need to be disregarded.

A second compelling reason for strongly questioning
their results originates in the osmotic data that are re-
ported for barium polystyrenesulfonate over a concen-
tration range, on a monomer basis, from 0.242 to 3.45 m.

Figure 6. Comparison of the concentration dependence of the
molal osmotic coefficient, 43 for polystyrenesulfonic acid at high
concentrations with published data (curves 1 and 2 ref 23, curve
3 this study, the area within the dashed lines bordering curve 3
ref 23, 2, and 24, and curve 4 ref 25).
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It is difficult to rationalize this with the solubility be-
havior of this salt form of HPSS at 25°. Barium poly-
styrenesulfonate has been reported to be insoluble.2
Its solubility at 25° has been measured in this labor-
atory as well and it lies far below the concentration
values reported for this salt by Ise and Okubo. The
low charge density product of degraded PSS could ac-
count for the observed solubility of their Ba(PSS)2

The osmotic coefficient data available for HPSS and
the corresponding low cross-linked (DVB) gels at more
elevated concentrations are presented in Figure 6 to-
gether with the data (curve 3) that were obtained in
this investigation. The data obtained by Bonner and
OvertonZ3 for low molecular weight HPSS and the K
ion form of Dowex 50, by Soldano and Larson2 for
<0.5% cross-linked (DYB) HPSS, and by Sundheim,
Waxman, and Gregor2 for 0.4% cross-linked (DYB)
HPSS lie within the two dashed lines on either side of
curve 3 and are in closest agreement with the results of
this study. The osmotic coefficients obtained for the
higher molecular weight HPSS (curves 1 and 2) by
Bonner and OvertonZ3 increase more slowly with con-
centration than those determined in this program, while
the osmotic behavior of 0.5% cross-linked (DVB) HPSS
observed by Myers and Boyd® (curve 4) indicate a more
rapid increase of the osmotic coefficient with the con-
centration of the gel.

Figure 7. Comparison of the concentration dependence of the
molal osmotic coefficient, 0, for sodium polystyrenesulfonate at
high concentrations with published data using NaPSS with
different molecular weights or cross-linkages (curve 1 mol wt
40,000 and 500,000 this study, curve 2 mol wt 10,000 ref 23,
curve 3 mol wt 70,000 ref 23, curve 4 mol wt 400,000 ref 23,
curve 5 Dowex 50 X -1 ref 23, curve 6 < 0.5% cross-linked (wt
% DVB) ref 2, and » 0.4% cross-linked (wt % DVB) ref 24.

(23) O.D. Bonner and J. R. Overton, J. Phys. Chem., 67,1035 (1963).

(24) B. R. Sundheim, M. H. Waxman, and H. P. Gregor, ibid., 57,
974 (1953).3

(25) G. E. Myers and G. E. Boyd, ibid., 60, 521 (1956).
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A comparison of the data compiled for NaPSS in
Figure 7 shows that the osmotic measurements with
NaPSS (molecular weight ~70,000) and with the
Na+ ion form of Dowex-50 X -1 by Bonner and Over-
ton (curves 3 and 5) and with the 0.4 and the < 0.5%
cross-linked (DVB) NaPSS by Gregor, et al.,u and by
Soldano and Larson2 (circles and curve 6) are in closest
agreement with the results obtained in this research
program. The Bonner-Overton data do in the first in-
stance yield an S-shaped curve similar to but less ex-
aggerated than is obtained in this investigation.

The osmotic data obtained by Bonner and Overton23
for HPSS (molecular weight 70,000 and 400,000) devi-
ate from the results presented in this study, although
these two sets of data are parallel. The sensitivity of
osmotic properties to molecular weight observed by
Bonner and Overton with other ion forms of PSS
(Na+ and Li+) as well led to their conclusion that this
eolligative property of polystyrenesulfonates was a
function of molecular weight. This observation, how-
ever, is contrary to experimentally and theoretically
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based conclusions that have received general accep-
tance.B

The almost quantitative agreement between the os-
motic coefficient data for HPSS that have been com-
piled in this investigation and a large proportion of the
data obtained for their counterpart low cross-linked gels
together with the observation that molecular weight is
unimportant support the validity of the concept that
relationships describing the physicochemical behavior
of ionized linear macromolecular systems are generally
applicable to their cross-linked ion-exchange gel analogs.

Acknowledgment. The authors wish to express their
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styrenesulfonate and to the United States Atomic En-
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Osmotic Properties of Divalent Metal Polystyrenesulfonates

in Aqueous Solutionl

by M. Reddy, J. A. Marinsky,* and A. Sarkar

Department of Chemistry, State University of New York at Buffalo, Buffalo, New York

i4214 (Received April 21, 1970)

Molai osmotic coefficients of aqueous solutions of divalent polystyrenesulfonates have been measured over a
large concentration range using two experimental methods: vapor pressure osmometry and isopiestic equilibra-
tion. The osmotic coefficients of the divalent polystyrenesulfonates (Mg2+, Ca2+, Sr2+, Co2+, Ni2+, Zn2+,
and Cd2+) were practically independent of concentration in the low concentration region (0.04 to 0.5 m); at
higher concentrations the osmotic coefficients increased rapidly with concentration, eventually becoming
greater than unity. The osmotic coefficient of zinc polystyrenesulfonate increased most rapidly with concen-
tration while that for strontium polystyrenesulfonate increased most slowly. The osmotic coefficients at
low concentrations are in agreement with theoretically based predictions. At high concentrations the osmotic
behavior is remarkably similar to that exhibited by the divalent metal perchlorates over the same concentra-

tion range.

A most interesting and important observation is the equivalent osmotic properties of the cross-

linked polystyrenesulfonate ion-exchange resin and its linear polyelectrolyte analog.

Introduction

In this research program a systematic study of the
osmotic coefficients of seven counterion forms of poly-
styrenesulfonate (Mg2+, Ca2+, Sr2+, Co2+ Ni2+ Zn2+,
and Cd2+) was undertaken to extend earlier studies of
polyion-monovalent counterion interaction.2 The aims
of this program were threefold: (1) to determine the
osmotic coefficients of polystyrenesulfonate as a func-

tion of divalent counterion identity and concentration;
(2) to examine the validity of theoretically based pre-
dictions of the osmotic properties of divalent salts of

* To whom correspondence should be addressed c/o Dr. Leo Yaffe,

Chemistry Department, McGill University, Montreal, Quebec,

Canada.

(1) This paper is based on a portion of a dissertation submitted by
M. Reddy in partial fulfillment of the requirements of the degree of
Doctor of Philosophy.
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polystyrenesulfonic acid; and (3) to test the hypothesis
that linear divalent polystyrenesulfonates are suitable
model compounds for their cross-linked polystyrenesul-
fonate ion-exchange resin counterparts in the divalent
ion form.

Knowledge of the physical and chemical properties
of polyelectrolyte solutions has evolved primarily from
experimental and theoretical studies conducted during
the past 20 years.2-6 For example, Kern78 Nagasawa,
and coworkers,4 and Alexandrowics56 have measured
the osmotic coefficients of several polyelectrolytes.
Their results as well as those of others3indicate that the
polyelectrolyte osmotic coefficient is one of the most
useful parameters for describing the properties of poly-
electrolyte solutions. Unfortunately, almost all osmo-
tic coefficient measurements of polyelectrolytes have
been obtained with their univalent counterion forms
over a limited concentration range. Theoretical ex-
amination has been essentially confined, as a conse-
quence, to these systems.

Katchalsky3has pointed out that for polyelectrolytes
with monovalent counterions the osmotic coefficient of
the polyelectrolyte does not seem to be sensitive either
to the chemical nature of the polymeric charged group
or to the counterion. Proton magnetic resonance9and
RamanD investigations indicate that polystyrenesul-
fonic acid is completely dissociated in aqueous solution.
Osmotic coefficient measurements and theoretical cal-
culations have shown that the simple monovalent cat-
ions Li+, Na+, and K+ behave similarly to H+ in
dilute polystyrenesulfonate solutions.1l For polyelec-
trolytes with divalent counterions, the osmotic coeffi-
cient may be strongly influenced by the nature of the
repeating functional unit of the polyelectrolyte. For
example, weakly acidic functional units have been shown
to complex divalent ions as a function of solution
piji2-i6 ancj to give rise to divalent ion-polyanion pre-
cipitates.17-20 Specific ion-binding, however, is not a
general phenomenon in polyelectrolyte solutions and
may be unimportant in many divalent polyelectrolyte
solutions. Recent measurements have shown a smooth
increase in volume changes (in the series Li+, Na+, K +,
Mg2+, Ca2+) accompanying the interactions between
polyelectrolytes containing sulfonate groups and alkali
and alkaline earth metal ions.2l This suggests that
specific ion-binding and ion-association of divalent coun-
terions are not appreciable in polystyrenesulfonate
solutions. Furthermore, the “single ion” activity
coefficients of the salt-free solutions of divalent and
univalent counterion forms of polyelectrolytes show a
similar concentration dependence.2 23

Experimental Section

Distilled deionized water was used in all experiments.
All chemicals, except where indicated, were reagent
grade. Sodium polystyrenesulfonate of average molec-
ular weight 40,000 (Lot CP 522-13-118) was kindly
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supplied by Dr. T. A. Brodof of the Dow Chemical Co.,
Midland, Mich. All polymer solutions were prepared
and stored in polyethylene vessels.

Polystyrenesulfonic acid, used in the preparation of
the divalent polystyrenesulfonates, was obtained by the
methods described earlier.24 Equivalent weight and
uv extinction coefficients for this material have been
reported. 24

Magnesium, calcium, strontium, cobalt, and nickel
polystyrenesulfonates were prepared by treating the
freshly dialyzed, colorless polystyrenesulfonic acid
with the appropriate divalent carbonate until the pH of
the solution exceeded 5.0. Nonreacted carbonate was
filtered from solution using a Millipore filter. The
concentrations of the divalent salts were determined
from the initial concentration of the polystyrenesul-
fonic acid used in their preparation. The concentra-
tions were checked by complexometric titrations.5
The exchange dialysis method2 was used to prepare
calcium, strontium, zinc, and cadmium polystyrene-
sulfonates and the concentrations of these salts were
determined by complexometric titration.5

(2) S. A. Rice and M. Nagasawa, “Polyelectrolyte Solutions,”
Academic Press, New York, N. Y., 1961.

(3) A. Katchalsky, Z. Alexandrowicz, and O. Kedem in “Chemical
Physics of lonic Solutions,” B. E. Conway and R. G. Barradas, Ed.,
Wiley, New York, N. Y., 1966, pp 295-346.

(4) (a) M. Nagasawa and I. Kagawa, J. Polym. Sci., 25, 61 (1957);
(b) A. Takahashi, N. Kato, and M. Nagasawa, J. Phys. Chem., 74,
944 (1970).

(5) Z. Alexandrowicz, J. Polym. Sci., 40, 91 (1959).
(6) Z. Alexandrowicz, ibid., 43, 337 (1960).

(7) W. Kern, Z. Phys. Chem., Abt., 181, 249 (1938).
(8) W. Kern, ibid., 184, 197 (1939).

(9) L. Kotin and M. Nagasawa, J. Amer. Chem. Soc., 83, 1026
(1961).

(10) S. Lapanje and S. A. Rice, ibid., 83, 496 (1961).
(11) P. Chu and J. A. Marinsky, J. Phys. Chem., 71, 4352 (1967).

(12) H. P. Gregor, L. B. Luttinger, and E. M. Loebl, ibid., 59, 34
(1955).

(13) A. M. Kotliar and H. Morawetz, J. Amer. Chem. Soc., 77, 3692
(1955).

(14) M. Mandel and J. C. Leyte, J. Polym. Sci., 56, S23 (1962).
(15) J. C. Leyte, Kolloid-Z. Z. Polym., 212, 168 (1966).

(16) J. C. Leyte, L. H. Zuiderweg, and M. van Reisen, J. Phys.
Chem., 72, 1127 (1968).

(17) L. Costantino, V. Crescenzi, F. Quadrifoglio, and V. Vitagliano,
J. Polym. Sci., Part AS, 5, 771 (1967).

(18) M. Mandel and A. Jenard, Trans. Faraday Soc., 59, 2170
(1963).

(19) A. lkegami and N. Imai, J. Polym. Sci., 56, 133 (1962).

(20) A. Shatkay and I. Michaeli, J. Polym. Sci., Part AS, 5, 1055
(1967).

(21) U. P. Strauss and Y. P. Leung, J. Amer. Chem. Soc., 87, 1476
(1965).
(22) J. W. Lyons and L. Kotin, ibid., 87, 1670 (1965).

(23) S. Oman and D. Dolar, Z. Phys. Chem. (Frankfurt am Main),
56, 13 (1967).

(24) M. M. Reddy and J. A. Marinsky, J. Phys. Chem., 74, 3884
(1970).

(25) G. Schwarzenbach, “Complexometric Titrations,” H,

Irving,
Ed., Interscience, New York, N. Y., 1957
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Table I: Osmotic Coefficients of Divalent Polystyrenesulfonates for Interpolated Molalities
R
m Mg(PSS)2 Ca(PSS)2 Sr(PSS)2 Co(PSS)2 Ni(PSS)2 Zn(PSS)2 Cd(PPS);
0.05 0.11 0.11 0.15 0.17 0.12 0.12
0.10 0.11 0.11 0.15 0.17 0.12 0.12
0.20 0.11 0.11 0.16 0.17 0.12 0.12
0.30 0.17 0.12 0.11 0.17 0.18 0.12 0.13
0.40 0.18 0.12 0.11 0.19 0.19 0.14 0.14
0.50 0.19 0.14 0.11 0.22 0.21 0.16 0.15
0.60 0.20 0.16 0.11 0.26 0.24 0.20 0.18
0.70 0.18 0.12 0.31 0.28 0.24 0.21
0.80 0.21 0.14 0.37 0.34 0.29 0.26
0.90 0.24 0.16 0.43 0.40 0.35 0.31
1.00 0.28 0.18 0.50 0.46 0.42 0.37
1.20 0.35 0.24 0.66 0.62 0.57 0.50
1.40 0.45 0.31 0.83 0.78 0.74 0.64
1.60 0.55 0.40 1.02 0.96 0.92 0.77
1.80 0.66 0.48 1.21 1.15 1.10 0.90
2.00 0.78 0.57 1.41 1.35 1.29 1.04
2.50 1.06 0.88 1.76 1.87 1.74 1.42
3.00 1.34 1.00 2.34 1.81
3.50 1.62 1.22 2.94 2.20
4.00 1.88 1.44 3.60 2.59
4.50 2.14 1.66 4.32 3.06
5.00 2.40 1.86 3.35
5.50 2.66 2.07 3.68
6.00 2.92 2.27 4.05
6.50 3.18 2.48
7.00 2.69
Osmotic coefficient measurements were obtained

using two techniques: vapor pressure osmometry and

isopiestic equilibration. The deviation of individual

osmotic coefficient measurements from a best fit curve

of the experimental data was usually less than 3%.

At low concentrations the deviation increased to 10%.

A description of the experimental procedure employed

in this study has been given elsewhere.24

Results

Osmotic coefficients for seven divalent polystyrene-

sulfonates, obtained using vapor pressure osmometry

(at 37°) and isopiestic equilibration (at 25°), are listed

in Table |I. Values of the osmotic coefficients at

rounded concentrations were determined by interpola-

tion from experimental data. Potassium chloride, the

reference solute in vapor pressure osmometry and most Figure 1. Concentration dependence of the molal osmotic

isopiestic experiments, could not be used as reference
solute in experiments at the highest polyelectrolyte
concentrations because of its limited solubility. Lith-
ium chloride served as reference solute for isopiestic
experiments in these cases.

The osmotic coefficients in Table | are shown to be
constant at low concentration and increase rapidly at
high concentration. This behavior is depicted in Fig-
ure 1 for the osmotic coefficients of HPSS, Sr(PSS)2,
Ca(PSS)2 zZn(PSS)2 and Cd(PSS)2 The osmotic
coefficients of Co(PSS)2 and Ni(PSS)2 are practically
the same as those for Zn(PSS)2

coefficient, < for polystyrenesulfonic acid and several of its
metal salts in aqueous solution.

Discussion

As was mentioned earlier, the osmotic coefficients of
divalent polystyrenesulfonates have not been studied
previously in any detail. Ise and OkuboX have re-
ported osmotic coefficients for Ba(PSS)2 and Ca(PSS)2
which are questionable.24 For example, the barium

(26) N. Ise and T. Okubo, J. Phys. Chem., 72, 1361 (1968).
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Table I1:

m Mg(C10.)2 Ca(C10.)i

1.0 1.323 1.219

2.0 1.945 1.710

3.0 2.667 2.261

Figure 2. Concentration dependence of the molal osmotic
coefficient, < for zinc polystyrenesulfonate
(m, this study; <, ref 28).

form of polystyrenesulfonate is insoluble at 25°2 in the
molecular weight range of polymer employed by them,
yet they report osmotic coefficient data for Ba(PSS)2
at 25° over a concentration range of 0.24 to 3.45 m.
Their Ca(PSS)2 osmotic data which do not agree with
the results reported here for this divalent salt form of
polystyrenesulfonic acid must also be suspect as a con-
sequence.

Osmotic coefficient data reported at high concentra-
tions for Zn(PSS)2 (low cross-linked ion-exchange
resin) by Soldano and Larsonz are presented in Figure
2 together with the results of this research. These
data, expressed on a molality scale, are in excellent
agreement. This agreement supports further the con-
tention that the physicochemical properties of a cross-
linked ion-exchanger and its polyelectrolyte analog
should be identical provided the gel is homogeneous.

Water adsorption measurements for several low
cross-linked (DVE) polystyrenesulfonates have been
determined by Glueckauf and Kitt2 at low water activ-
ities. Their data show that the order of decreasing
osmotic coefficient at a fixed polyelectrolyte concentra-
tionis: Mg2+> Ca2+> Sr2+ This is the same order
found in this study for the polystyrenesulfonate osmotic
coefficients.

Insight with regard to the nature of interactions
regulating the osmotic behavior of the divalent poly-
styrenesulfonates can be obtained by comparing the
experimental results in Table | with the recently re-
ported data of Libus and Sadowska® and with the data
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Sr(C10.)!

1.170
1.577
2.008
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Osmotic Coefficients of Divalent Metal Perchlorates at 25° in Aqueous Solution

-

C0(C10.)2 Ni(C10%)s zZnfClOm

1.337 1.328
1.990

2.762

1.340
1.996
2.755

1.986
2.739

given by Robinson and Stokes.3l Libus and Sadowska
report the osmotic coefficients of Ni(C104)2 and Co-
(C1042 while Robinson and Stokes list the osmotic
coefficients of Mg(C104)i, Ca(C1032 Sr(C1042, and
Zn(C1042 Data from these references (in Table I11)
demonstrate that the osmotic coefficients of Co(C104)2,
Ni(C1042 and Zn(C10 42 are equal within experimental
error and that the magnitude of the osmotic coefficient
is: Sr2+ < Ca2+ < Mg2+ < Co2+ = Ni2+ = Zn2+
These trends are equivalent to those observed in the
osmotic coefficient measurements obtained for the di-
valent polystyrenesulfonates at high concentration as
shown in Figure 1. Differences between cobalt, nickel,
and zinc polystyrenesulfonate osmotic coefficients are
slightly greater than experimental error.

Similarities between osmotic coefficients in divalent
polystyrenesulfonate solutions and divalent perchlorate
solutions beyond the dilute concentration region sug-
gest that in both systems at high concentrations cor-
responding divalent ion-solvent interactions become
important.

Quantitative interpretation of the increase in osmotic
coefficient of simple divalent halides at high concentra-
tion has been attempted by Robinson and Stokes3 and
by Glueckauf3 by assuming that each ion in solution
removes a certain number of water molecules from the
bulk solvent to form a hydration sphere. By com-
bining Bjerrum’'s3 thermodynamic treatment of ion-
solvent interactions with the Debye-Hiickel treatment
of ion-ion interactions an equation was obtained which
permitted evaluation of the hydration number of the
ionic species. Glueckauf's approach was different from
Robinson and Stokes’ by the substitution of “volume
fraction statistics” for “mole fraction statistics.”
Glueckauf® also used water absorption measurements
of lightly cross-linked polystyrenesulfonate ion-ex-
change resins to attempt quantitative evaluation of the

(27) M. H. Waxman, B. R. Sundheim, and H. P. Gregor, J. Phys.
Chem., 57, 969 (1953).

(28) B. Soldano and Q. V. Larson, J. Amer. Chem. Soc., 77, 1331
(1955).

(29) E. Glueckauf and G. P. Kitt, Proc. Roy. Soc., Ser. A, 228, 322
(1955).

(30) Z. Libus and T. Sadowska, J. Phys. Chem., 73, 3229 (1969).

(31) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 2nd
ed rev, Butterworths, London, 1965, Appendix 8.10, Tables 4 and
5, pp 486-487.

(32) Reference 31, Chapter 9.
(33) E. Glueckauf, Trans. Faraday Soc., 51, 1235 (1955).
(34) N. Bjerrum, Z. Anorg. Allgem. Chem., 109, 275 (1920).
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number of water molecules associated with a.divalent
cation in solution.

Libus and Sadowska, 30 influenced by the above, con-
cluded that the behavior of Co2+, Ni2+, and Zn2+ per-
chlorates reflects only the presence of the hydrated di-
valent cation in solution. This interpretation implies
that ionic species such as { [M(H20)6](H20),,}2+ exist
over a large perchlorate concentration range and are
independent of the nature of the metal ion (i.e., Co2+,
Ni2+, or Zn2+) insolution. In the case of Mg2+, Ca2+,
and Sr2+ perchlorates the hydrated ionic species
{[M(H20)6](H20) 1§ 2+ exist over a large concentration
range as well. However, the value of n is not inde-
pendent of divalent ion and is less than that for the
Co2+, Ni2+ and Zn2+ ions.

This interpretation of the osmotic coefficient behavior
of divalent perchlorate solutions at high concentration
may be applicable to the osmotic coefficient behavior
of divalent polystyrenesulfonate solutions. If this is
the case the increase of the osmotic coefficient in the
divalent polystyrenesulfonate solutions at high con-
centrations originates from divalent ion-solvent inter-
actions. These interactions can be represented by the
existence of a hydrated ionic species {[M(H20)6]-
(H20),,}2+ in these solutions. A similar interpretation
of cation hydration in monovalent polyelectrolyte sys-
tems has been presented by Marinsky.%

Valid interpretation of the osmotic properties of uni-
univalent polyelectrolytes at low concentration has
been reasonably well achieved with the theoretical
model of Fuoss, Katchalsky, and Lifson.% Additional
insight has come from modification and extension of
this model by several authors.11’37 It has been shown
in the case of polystyrenesulfonate that the variation of
osmotic coefficient with concentration in the dilute
region can be anticipated from the computation of the
change in free energy of the polyelectrolyte with volume,
other factors being equal. 37

Recently, Manning3 has presented a limiting law for
the osmotic coefficient of polyelectrolyte solutions. A
different interpretation of ion-binding evolves as a
result but does not alter in any way the statements that
are made above. In fact, the assumption of a flexible
cylindrical rod model is stated to be scheduled for study
by Manning.

Since it is felt that the variation of +with concentra-
tion is well understood from the flexible cylindrical rod
model, concern is with the relative 9> values of uni-
divalent forms of PSS. The equations proposed by
Manning are useful for examination of this aspect.
The equation given by Manning for the osmotic coeffi-
cient of a highly charged linear polyelectrolyte in solu-
tion at infinite dilution is

¢= DKTD k)

where e is the protonic charge, zM + A the charge of
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Table I11: Calculated and Experimental Values of the
Divalent Polystyrenesulfonate Osmotic Coefficient at
Low Concentration
Caled . Experimental .
«H+/2  (Mg2+ ~Ca2* 92+ 7sQ2+ ¢(Ni2+ «Zn2+ >0+
0.12 014 011 0211 015 0.17 0412 0.12

the counterion, D the dielectric constant of the solvent,
b the total contour length of the polystyrenesulfonate
anion divided by the total number of charged groups on
the polyanion, and k and T have their usual meanings.
This equation showing an inverse dependence of the
osmotic coefficient on counterion charge, though per-
taining to the situation approaching infinite dilution,
describes well the osmotic behavior of a dilute poly-
electrolyte solution. This equation is not valid for
real polyelectrolyte solutions at very low concentration
(less than 10-6 N) since it has been assumed in its deri-
vation that the length of the polyion rod is much greater
than the distance between strands. Using the osmotic
coefficient of HPSS,24 extrapolated to zero concentra-
tion with eq 1, the osmotic coefficient for the divalent
polystyrenesulfonates may be calculated. Table 111
shows the results of such a calculation and the osmotic
coefficients of the divalent polystyrenesulfonates ex-
trapolated to infinite dilution. The results of this
analysis indicate that an electrostatic model is appro-
priate for the interpretation of the osmotic coefficients of
the divalent polystyrenesulfonates at low concentration.

Experimental results in the present study as well as
data in the literaturel9-24,39-41 clearly indicate that the
osmotic coefficients of the divalent polystyrenesul-
fonates can best be interpreted in terms of divalent ion-
polyanion and divalent ion-solvent interactions. Di-
valent ion-polyanion interactions dominate the osmotic
coefficient behavior at low concentrations while divalent
ion-solvent interactions appear to dominate at high
concentrations.
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The solubilities of calcium in liquid calcium chloride in equilibrium with liquid Ca-Cu alloys were measured

by determining the calcium content of the chloride in the temperature range 800-925°.

Relative partial

nolar enthalpy and excess partial nolar entropy of solution of calcium in liquid calcium chloride were found
to be about 10 kcal mol-1 and 1.5 cal deg-1 mol-1, respectively. From the activities of calcium in Ca-Cu
alloys that were calculated from the solubilities of calcium in CaCl2and compared with the activities of calcium
in Ca-Zn alloys and of magnesium in Mg-Zn and Mg-Cu alloys, it appears that calciumdissolves either by the

reaction Ca+ Ca2+ <x2Ca+ or Ca Caz2++ 2e-.

The calcium activities so calculated were used to derive

the activities of copper in liquid Ca-Cu alloys at 1150°K. The relative partial nolar and integral nolar
free energies of mixing for liquid Ca-Cu alloys were also calculated at this tenmperature.

Introduction

In the past decade, extensive effort has been made to
understand the nature of metals dissolved in their
molten salts. Most of the work has been done with
alkali metal-metal halide and alkaline earth metal-
metal halide systems.2’3 The studies include: tem-
perature-composition equilibria;2 electrical conduc-
tivity,2'45 magnetic susceptibility;6 polarographic,7
spectroscopic,89 and chronopotentiometric measure-
ments;10 and metal alloy-metal halide equilibria 11’12

In the present investigation, the solubilities of cal-
cium in liquid calcium chloride in equilibrium with
liquid Ca-Cu alloys in the temperature range 800-925°
have been measured. The solubility data were re-
quired in studying the kinetics of U0 2 reduction by
calcium dissolved in liquid calcium chloride. The
equilibrium phase diagram of Ca-CaCl2 systems has
been investigated by Staffanson.i3 The solubilities of
calcium in liquid calcium chloride in equilibrium with
pure calcium have been reported by Peterson and
Hinkebein,14 Dworkin, Bronstein, and Bredig,4 Fes-
chotte-Oestertag,3 Emons and Hellmold,3 and Wade
and Wolf.15 The vapor pressures of calcium over Ca-
CaCl2 have been determined by Johnson,6 and Van
Westenburg.i7 The electrical conductivity measure-
ments have been reported by Dworkin, Bronstein, and
Bredig.4'5
Experimental Section
Anhydrous calcium chloride, in the
granular form, was purified by a method similar to that
described for the purification of MgCIl2 by Laitinen,
In this method hydrogen chloride gas was
passed through the solid and liquid CaCl2 for several
hours. The HC1l gas was then removed by passing
dry helium gas through the chloride for about 1 hr.
The chloride was then filtered through a silica frit into

Materials.
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a silica capsule which was later sealed. Calcium metal
(Mg 0.5%, Fe + A1+ Mn + Co + N2< 0.05%) was
distilled in all tantalum equipment before use. Elec-
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Solubilities of Calcium in Liquid Calcium Chloride

trolytic copper was used in the preparation of Ca-Cu
alloys.

Apparatus. The apparatus has been described in
detail by Krumpelt, et al.,12 in their studies of Mg-Mg-
Cl2 solutions. The Kanthal-wound tubular furnace
suitable for use up to 1000° had three separate heating
elements. The stainless steel furnace well that fitted
in the furnace tube was attached by a flange to the
bottom of a helium-atmosphere drybox. A tantalum
liner was placed into the furnace well. By manipula-
ting the input voltage to the furnace heating elements,
a uniform (£ 1°) heating zone 6 in. long was obtained.

The tantalum melt container, 1.9 in. in diameter by
5 in. in depth, was covered with a tantalum lid to mini-
mize loss of metal or salt by evaporation. It was
placed inside another tantalum vessel (2.5-in. diameter,
8-in. height). In addition, two tantalum shields were
mounted above the latter container. The lid of the
container and the radiation shields had about 10-mm
diameter central holes for insertion of the sampling
tube. In each radiation shield a hole was also made
for a thermocouple protection tube. The thermo-
couple protection tube was inserted into the annulus
between the two containers. The temperature was
measured by the chromel-alumel thermocouple that
was placed in this tube and was found to be equal to the
temperature measured by another thermocouple that
was immersed in the salt. It was calibrated against
a National Bureau of Standards standard Pt—Pt-10%
Rh thermocouple.

Procedure. In each experiment a calcium-copper
alloy (30-40 g) of known composition was melted,
homogenized, and subsequently quenched in a tantalum
container. The composition of the alloy was checked
by chemical analysis of the samples which were taken by
sampling tubes from the liquid alloy. Calcium chloride
(150 g) was added to the alloy in the container. The
container was placed inside the furnace at a definite
temperature for 3 to 24 hr for equilibration. The tan-
talum sampling tube with a tantalum frit was gradually
lowered into the furnace over a period of 20 min so
that it would come to temperature prior to introduction
into the chloride. The sampling tube was also kept
immersed in the chloride for another 20 min to allow the
system to attain the equilibrium that might have been
disturbed during immersion of the sampling tube. A
pressure of 2 atm of helium was applied for about 3 min
over the calcium chloride in which the sampling tube
was still immersed. The sampling tube was raised
under pressure to the upper and cooler part of the
furnace to solidify the sample. The system was then
restored to atmospheric pressure. Three samples were
taken at intervals of 2 hr after the initial equilibrium
period, which was observed to be about 3 hr. The
same procedure was adopted for each of the compositions
of the alloy studied. The equilibrium between calcium
chloride and the alloy at different temperatures was ap-

3897

proached only by proceeding from lower to higher tem-
peratures. This was necessary because the calcium
metal which dissolved in the calcium chloride was not
observed to precipitate out into the alloy phase on
lowering the temperature.

The outside of each of the tubes that were
used for sampling the chloride was mechanically
cleaned. The upper part of the tube and the frit at the
lower end were cut off. The part of the tube containing
the salt sample was weighed and placed in a glass hy-
drolysis vessel inside the helium atmosphere drybox.
The hydrolysis apparatus consisted of a bulb for HC1
solution, an argon reservoir, a calibrated gas container,
a (Toepler) pump, a mercury gauge, a manometer, and
equipment to evacuate the entire apparatus. The
hydrolysis vessel was incorporated into the hydrolysis
apparatus, evacuated, and then cooled with a mixture
of Dry Ice and trichloroethylene. The (1 N) HC1
solution which had been twice degassed was admitted
into the hydrolysis vessel, which was then filled with
argon to about 90 mm pressure. The hydrolysis vessel
was warmed, and the salt sample dissolved in the acid
solution with the evolution of hydrogen. After the
evolution of hydrogen ceased, the acid solution was
frozen with a mixture of Dry Ice and trichloroethylene,
and the Ar-H2 gas mixture was pumped by the Toepler
pump into the calibrated gas container. A measured
fraction of this gas mixture was analyzed chromato-
graphically for its hydrogen content. The accuracy of
the gas chromatographic analysis was observed to be
+5%, and was further checked by wet analysis of
duplicate salt samples. In the wet analysis, the sample
was dissolved in a known amount of 0.05 N HC1 solu-
tion, the excess of which was back titrated with 0.05 N
NaOH solution using Brom Cresol Green as indicator.
The results of the wet analysis for calcium in the salt
sample were found to be in agreement (+6%) with
those obtained chromatographically. The copper con-
tents of salt samples equilibrated with Ca-Cu alloy
were observed to be below the limits of spectroscopic
determination, and therefore, calcium-copper inter-
metallics in the salt phase were assumed to be absent.

Analysis.

Results and Discussion

The calcium solubilities in liquid CaCl2 in equilibrium
with liquid Ca-Cu alloys at different temperatures are
given in Table I. Each alloy composition has been
calculated for the average of the equilibrium concen-
trations of calcium in the chloride. The mole per cent
of calcium in solution with CaCl2 at 850° and 925° are
plotted against the atom per cent of calium in Ca-Cu
alloys in Figure 1. The calcium solubilities in CaCl2 in
equilibrium with pure calcium are in good agreement
with those of Dworkin, Bronstein, and Bredig4 (2.2 at
785° and 2.95 + 0.2 mol % Ca at 855°) and in fair
agreement with those of Peterson and Hinkebeini4
(3.8 at 900° and 4.2 mol % Ca at 950°). However,

The Journal of Physical Chemistry, Vol. 73 No. 22, 1970



3898

Table | : Solubilities of Calcium in Liquid CaCl2
in Equilibrium with Liquid Ca-Cu Alloys

Calcium
atom,
fraction
in Ca-Cu e Mol % calcium in CaClz at temp, °C - n
alloys 800 850 900 925
0.30 0.263 0.335 0.473
0.43 0.576 0.624 0.668 0.690
0.55 0.820 1.078 1.647
0.63 1.660 1.926 2.330
0.70 1.737 2.061 2.435
0.76 1.796 2.322 2.801
1.00 2.142 2.748 3.257 3.466
(2.45 at (3.598 at
830°) 940°)
0 10 20 0 40 50 60 70 80 90 100
CALAUM QONC. IN Ca-Cu ALLOY, ATOM %
Figure 1. Solubilities of calcium in liquid CaCl2as a function

of calcium concentration in Ca-Cu alloys.

the calcium solubilities are too low to be in agreement
with those that have been reported by Staffansoni3
(33 mol % Ca at 763°), Emmons and Hellmold,3
Feschotte-Oestertags (12.5 mol % Ca at 1000°), and
Wade and Wolf.16 This disagreement might be a result
of segregation during quenchingi3 or the presence of
impurities, especially water and CaO in the CaCl214
used by these investigators. The plot between the
logarithm of mole fraction of calcium in' CaCl2 in
equilibrium with pure calcium and the reciprocal of
absolute temperature was observed to be a straight line.
The relative partial molar enthalpy and the excess
partial molar entropy of solution of calcium in liquid
calcium chloride that were calculated from the slope
and the intercept of the plot were found to be about 10
kcal mol-1 and 1.5 cal deg-1 mol-1, respectively.

At the present time, three modes of dissolution of
metals in their molten salts have been proposed in the
literature.2b’'3 In the case of dissolution of calcium in
CaCl2 they may be represented by the following reac-
tions

Ca >Ca° 1)
i.e., calcium dissolves in CaCl2 as a neutral atom
Ca + Caz2+ 2Ca+ (2a)

Ca + Ca+" (Cad 2+ (2b)
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i.e., calcium dissolves in CaCl2 forming a monomeric
(2@) or dimeric (2b) subchloride

Ca”™ Ca2++ 2e- (©)

i.e., calcium dissolves in CaCl2 dissociating into a cal-
cium ion and two electrons. The electrons are assumed
to be like F-centers and to behave thermodynamically
like the other anions.

The possibility of reaction 1 has been discounted be-
cause of its inconsistency with the depression of the
melting point of CaCl2 by the addition of calcium.2
Johnsoni6 measured the vapor pressures of calcium over
Ca-CaCl2 solutions at 1255°K by the -carrier-gas
method. He found that the calcium vapor pressures
were proportional to the square of the mole fractions of
calcium in the CaCl2 and thus obeyed Henry's law in a
modified form, PGa = CAca2 which takes into account
complete dissociation (3) or reaction with the Caz+
(2a) of the solute Ca to form two particles, even up to
the saturation solubility of calcium in CaCl2 This
observation was confirmed by Van Westenburg, 17 who
measured the calcium vapor pressures over Ca-CacCl2
solutions at 1133.5°K by the Knudsen effusion method.
In other words, the activity coefficient of calcium when
accordingly defined as 70a = Ctca/Aca2 is independent of
its mole fraction, Aca in the calcium chloride.

In the case of the present studies of the solubilities of
calcium in liquid calcium chloride in equilibrium with
Ca-Cu alloy, Acawould be proportional to the square
root of calcium activity in Ca-Cu alloy for the dissolu-
tion reactions 2a or 3 if the modified Henry’s law is
obeyed, and to the activity of calcium in the alloy for
the dissolution reaction 2b on the application of the
usual Henry's law. This means that the activity of
calcium in Ca-Cu alloy would be equal to (AGa/Ac&’)?2
for reactions 2a or 3 and to (Aca/AC) for reaction 2 b,
where Acé& is the mole fraction of calcium in CaCl2 in
equilibrium with pure calcium. The activities of cal-
cium in Ca-Cu alloys with reference to pure liquid cal-
cium, ftca, which were calculated on the basis of reac-
tions 2a or 3, and also on the basis of reaction 2b are
shown in Figure 2. The activities of calcium in Ca-
Zn19 and the activities of magnesium in Mg-Zn2 and
Mg-Cu2t alloys are also shown in this figure for com-
parison.

The activities of calcium in Ca-Cu alloys that were
calculated on the basis of reactions 2a or 3 are observed
to fall in the right order with respect to the calcium
activities in Ca-Zn alloys and to the magnesium activ-
ities in Mg-Zn and Mg-Cu alloys (assuming the rela-
tion between Ca-Zn and Ca-Cu similar to that be-

(19) P. Chiotti and R. J. Hecht, Trans. Met. Soc. AIMB, 239, 536
(1967).

(20) P. Chiotti and E. R. Stevens, Trans. AIME, 233, 198 (1965).
(21) R. Hultgren, R. L. Orr, P. D. Anderson, and K. K. Kelley,

“Selected Values of Thermodynamic Properties of Metals and
Alloys,” Wiley, New York, N. Y., 1963, p 677.
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Figure 2. Activities of Ca in Ca-Cu and Ca-Zn and of Mg in
Mg-Cu and Mg-Zn at 1150°K as a function of atomic fraction
of calcium or magnesium (supercooled liquid in the regions of
solidification below 0.2 atom fraction Ca): dashed curve,
Mg-Zn; dash-dot-dot curve, Mg-Cu; dotted curve, Ca-Zn;
smooth curve, Ca-Cu; A, etc = AGJAGE

-, GCa = (ACa/ACdD)2

tween Mg-Zn and Mg-Cu). The activities of calcium
in Ca-Cu alloys that were calculated on the basis of re-
action 2b are not only misplaced with respect to the
activities of calcium in Ca-Zn alloys and the activities
of magnesium in Mg-Zn and Mg-Cu alloys, but have
also positive deviations above 0.6 mole fraction (Figure
2) which is most unlikely for the activities of calcium in
Ca-Cu alloys. They are also observed to have no
agreement with the activities of calcium in Ca-Cu
alloys with reference to pure liquid calcium that were
computed on the assumption that, at a given mole frac-
tion, the ratio of the activity coefficients of calcium in
Ca-Cu and Ca-Zn alloys is equal to the ratio of the
activity coefficients of magnesium in Mg-Cu and Mg-
Zn alloys (Figure 2). The activities of calcium in Ca-
Cu alloys that were calculated on the basis of reactions
2a or 3 are observed to have agreement with the cal-
cium activities that were computed from the derived
calcium activity coefficients (Figure 2). This indicates
that calcium most probably dissolves in calcium chlo-
ride by reactions 2a or 3. This inference is in agree-
ment with the observation by Johnson,16 as well as
Van Westenburg, 17 that the calcium vapor pressures
over Ca-CaCL solutions show a dependence on composi-
tion which is consistent with a two-particle solute.
Dworkin, Bronstein, and Bredig46 have reported a
cryoscopic number of 2 from the analysis of the depres-
sion of freezing point of CaCl2 This is again consistent
with the dissolution of calcium in CaCl2 by reactions 2 a
or 3.

From the results of the present study, it is not possible
to distinguish whether calcium dissolves in CaCl2 by
reactions 2a or 3. Dworkin, Bronstein, and Bredig45
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observed an increase in specific conductivity in CaCl2
with the addition of calcium and proposed the dissolu-
tion of calcium by reaction 3. However, the increase
in specific conductivity in CaCl2 has been reported to be
only 17% up to the saturation solubility of calcium, and
the rate of increase in the specific conductivity and the
equivalent conductance of calcium in the CaCl2 was
observed to decrease with increasing calcium concen-
tration. The decrease in the equivalent conductance
of calcium in CaCl2 was attributed to the trapping of
the mobile electrons by the reaction 2e~ + 2Ca2+ =
(Ca22+. The cryoscopic data and the results of mea-
surements of calcium vapor pressures over Ca-CacCl2
solutions do not indicate the extent of this reaction to
be large, even though it seems to be much larger in the
CaBr2Ca system.5 The slightly greater values of the
experimentally derived activities of calcium than those

Table II: Computed Activities and Free Energies
for Liquid Ca-Cu Alloys at 1150°K

Calcium - AGCa, —A<Tcu, -A<?
atom kcal/ kcal/ kcal/

fraction Gca Gcu g atom g atom g atom
0.1 0.00007 0.78 22.8 0.6 2.8
0.2 0.0012 0.48 16.0 1.8 4.6
0.3 0.010 0.23 11.0 3.4 5.7
0.4 0.047 0.10 7.3 5.4 6.2
0.5 0.14 0.04 4.7 7.6 6.1
0.6 0.30 0.017 2.9 9.8 5.6
0.7 0.50 0.006 1.7 12.0 4.8
0.8 0.70 0.0024 0.9 14.4 3.6
0.9 0.87 0.0007 0.3 17.4 2.0

Figure 3. Relative partial molar and integral molar free

energies of mixing for liquid Ca-Cu alloys at 1150°K.
Dashed curve supercooled liquid region.
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of the computed activities in Ca-Cu alloys in the region
of higher concentration of calcium (Figure 2) may indi-
cate the above reaction proposed for trapping the mo-
bile electrons.

Thermodynamic data on calcium-based alloys, with
the exception of Ca-Zn19 and Ca-Mg2 systems, are
nonexistent in the literature.2l The calcium activities
of the present investigation that have been calculated
on the basis of reactions 2a or 3 have been used to de-
rive the activities of copper in liquid Ca-Cu alloys with
respect to pure solid copper, ftcy at 1150°K by the
Gibbs-Duhem relation and are given in Table Il. The
relative partial molar free energies of mixing of calcium
(AGca) and copper (AGcu) and integral molar free en-
ergies of mixing, AG, for liquid Ca-Cu system were also

C. V. Krishnan and H. L. Friedman

calculated and are given in Table Il and Figure 3. The
data below 0.2 atom fraction of calcium, in the ranges
of solidification, are for supercooled liquids. Large
negative deviations from ideal solution behavior are
apparent in this system.
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Steunenberg for his encouragement during the investi-
gation. The author also wishes to thank A. Panek for
gas chromatographic analyses and T. Lekberg for
assistance with the experimental work.
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The enthalpies of solution at infinite dilution of alkylammonium salts have been measured in several solvents.
Salts of RNH+, RINH2+, RNH3+, and NH4+ have been studied, with R a normal alkyl chain ranging from
methyl to amyl and, in some cases, to octyl. The regularities previously reported for the behavior of alkyl
chains in aprotic solvents (J. Phys. Chem., 73,1572, 3934 (1969)) are also found here in the enthalpies of transfer
to PC (propylene carbonate) from DMSO. In addition, evidence is found for the strong mutual interference
of the N-H- «-O hydrogen bonds involving a single nitrogen. For example, the enthalpy of transfer to PC
from DMSO, after extrapolating to zero length of the R chains, is 1.64 kcal/mol for RNH+ and 1.16 kcal/mol
for y RNH3+. The enthalpies of transfer of the alkylammonium ions to DMSO from H2D show a relatively
complex dependence on the length and number of R chains. This has been interpreted in terms of two effects
in the aqueous solutions: interference of the R chains with the N-H - ®O hydrogen bonds and mutual inter-
ference of the N-H <= 0 hydrogen bonds. The latter effect is so great that the enthalpy of NH4+ is 5 kcal/mol
higher in water than in PC. The enthalpies of transfer of RNH3+ to DO from H2, when analyzed as in the
earlier studies of ROH and R4N + solutions, tend to confirm the estimate that the structural or hydrophobic
effect of alkyl groups in aqueous media is 5% larger in D2 than in HD. The previously reported saturation

of the structural effect is not found here.

1 Introduction

Studies of the enthalpies of transfer of normal alco-
hols2 and tetraalkylammonium ions3-4 to propylene
carbonate (PC) from water (W), to PC from dimethyl
sulfoxide (DMSO), and to W from D20(D), have led to
a measure of the enthalpy associated with the struc-
tural effect (sometimes called “icebergs”) produced by
these species in water. In a qualitative way these
results fit in quite well with other measures of the same
phenomenon, for example, heat capacitiess-7 and mo-

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970

bilities.8 These studies also have led to a simple pic-
ture of the solvation of the hydrocarbon chains in PC
and DMSO.
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It seems of great interest to extend these results to
primary, secondary, and tertiary alkylammonium ions,
both to test the interpretation made of the R4AN + be-
havior and because of the great biological importance of
some of the less alkylated species. As reported below,
the new results are complicated by the appearance of a
sizable contribution from the hydrogen bonding of the
alkylammonium ions to the solvent. This contribu-
tion is found to be quite sensitive to the nature and
number of alkyl chains attached to the nitrogen. A
corresponding complication would no doubt appear in
the study of the alcohols if awider range of alcohols were
studied.

Properties of these incompletely alkylated ammonium
ions as solute species have not previously been sys-
tematically investigated, with the following notable
exceptions: the partial molal volumes, viscosities, and
conductivities of aqueous solutions of the primary am-
monium salts,9-11 the acid ionization constants, 12’13 and
partial molar volumesi4'16 of some secondary and ter-
tiary ammonium salts in aqueous solution.

2. Experimental Section and Results

The instrumental aspects have already been de-
scribed.’6 The alkylamine hydrochlorides were com-
mercially available. All other salts were prepared from
the corresponding amines and trifluoroacetic acid
(HTFA) or mineral acid. The salts were purified by
crystallizing from alcohols, acetone, or ether. Each
salt was dried under vacuum, ground, and dried under
vacuum again. Me2NH2TFA, a liquid at room tem-
perature, was crystallized at low temperature. The
purity of the halide salts was checked by estimation of
the halide and found to be better than 99.7%. The
agreement with the heats of transfer of the cations ob-
tained from the halide salts was used as the criterion of
purity for the trifluoroacetates except for NH4ATFA and
(CsHIi])2NH2TFA. In these cases the purity, found to
be better than 99.9 and 99.7%, respectively, was esti-
mated by passing a known amount of salt through a
sulfonic acid exchanger and titrating the liberated acid.

The purification of the solvents used has been de-
scribed elsewhere.2’'3'16'17

The dissolution and mixing processes were practically
complete within 2-10 min except as follows: Bu2
NHZTFA in water, MeNH3TFA, PrNH3TFA, Hex-
NH3TFA, HeptNH3TFA, Bu2NH2Cl, MeNHBr in
DMSO, all salts except tetraalkylammonium halides in
PC, 15-35 min. The heat of solution of NH4TFA in
PC could not be satisfactorily obtained because of the
slow rate of dissolution and the uncertainty is as high
as £0.5 kcal/mol.

All the measurements were made at 25.0°. The re-
sults are given in Table I. The values given are aver-
ages of two or more measurements agreeing within 0.05
kcal/mol except as noted. In the case of heats of solu-
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Table I : Enthalpies of Solutions of Pure Substances at 25°
(values in kcal/mol)

Solvent

Solute hD DD DMSO PC
CHNH2HC1 1.42 1.40 -0.93
CHINH2HC1L 2.08 2.03 0.78
chhhheci 0.33 0.22 -0.49
CH, NHHC1 -0.64 -0.80 - 1.20
CeHiiNH 2HC1 -0.23 -0.43 -0.73
cthh haci 0.28 0.04 -0.18
CHiNHZ2HC1 0.90 0.63 0.50
cth,nhaci 3.04 2.75 2.57
chhhhtfa 1.77 1.93 6.12
chmhhhtfa 0.51 1.69 5.80
chhhhtfa 1.06 2.75 6.76
CHNHHTFA 0.42 2.33 6.27
CHuUNHHTFA 1.93 3.87 7.93
CHINHHTFA 2.33 4.24 7.95
CHIBNHHTFA 3.48 5.45 9.03
cth ,hhxhtfa 4.41 6.50 10.21
(CH3NHHC1 0.47 0.46
(CH3NHHTFA -2.61 -0.37 3.45
(CHS)NHHBT 1.93 0.65
(CHEONHHTFA -0.52 4.28 7.87
(CH?NHHBT -0.42 -0.78
(CH?NHHTFA -0.39 5.47 8.95
(CHI9YNHHC1 -1.61 2.37
(CHYNHHTFA -0.85 5.49 8.72
(CHU)NHHTFA 0.02 6.28 9.41
(CH3)ANHC1 0.83 2.02
(CH3NHBTr 4.59 2.14 5.80
(CH3NHTFA -0.50 3.22 5.16
(CHEONHBTr 2.83 3.36 6.86
(CH?ONHBTr -0.97 1.48 4.64
(CHYNHBT 0.24 3.83 6.63
(CHELHNI 4.78 1.80 3.30
(CHYXLHMNI 4.45 3.25 4.48
(CHOYXHNI 2.32 3.05 3.93
(CHYXH NI - 0.66 1.94 2.70
nhifa 3.92 1.08 6.60

tion in HD and DD the agreement is within 0.03 kcal/
mol.
For the trifluoroacetates of dialkylammonium ions

(6) E. M. Arnett and J. J. Campion, to be published.

(7) T.S. Sarma, R. K. Mohanty, and J. C. Ahluwalia, Trans. Fara-
day Soc., 65, 2333 (1969).

(8) R. L. Kay and D. F. Evans, J. Phys. Chem., 69, 4216 (1965).
(9) J. E. Desnoyers and C. Jolicoeur,.“Modern Aspects of Electro-
chemistry,” Vol. 5, J. O'M. Bockris and B. E. Conway, Ed., Butter-
worths, London, 1968.

(10) J. E. Desnoyers and M. Arel, Can. J. Chem., 45, 359 (1967).

(11) J. E. Desnoyers, M. Arel, and P. A. Leduc, ibid., 47, 547
(1969).

(12) E. Grunwald, J. Phys. Chem., 71, 1846 (1967).

(13) E. Grunwald and E. K. Ralph, J. Amer. Chem. Soc., 89, 4405
(1967).

(14) B. E. Conway and R. E. Verrait J. Phys. Chem., 70, 3952
(1966).

(15) B. E. Conway and R. E. Verrait ibid., 70, 3961 (1966).

(16) H. L. Friedman and Y. C. Wu, Rev. Sci. Instrum., 36, 1236
(1965).

(17) Y. C. Wu and H. L. Friedman, J. Phys. Chem., 70, 501 (1966).
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and MeaNH+, the heats of solution in propylene car-
bonate were found to be strongly concentration de-
pendent. This suggests an ion association process with
a substantial heat effect contributing to the heat of
solution. Since the concentration dependence was not
linear, heat values were fitted by the equation

AHmM = AHg+ Am + Bm2

where m is the molal concentration, AH mis the heat of
solution at molality m, A//0is the value at infinite dilu-
tion, and A and B are constants. The A//0 values
(x 0.2 kcal/mol) obtained from the least-squares solu-
tion of this equation are given in Table | for the above-
mentioned salts.

The ionic enthalpies of transfer in Table 11 provide an
extension, made possible by the new data, of similar
tables given earlier.8 They depend on the convention3
that the enthalpies of transfer of Ph4As+ and Plu4B*“
are equal. In the body of this table the figures are
“best values” while the individual experimental values

Table I'l: lonic Enthalpies of Transfer at 25°
(Values in kcal/mol*)

DMSO — PC — DD —
lon Hi0 H2D HsO
chhh3+ —6.82° —3.44" 0.03’
chmh 3+ —5.79* —2.50" 0.00°
chhh3t —5.30c -2.09” -0.06°
ch Ghh3+ —5.05“ -1.94" -0.11°
cth,nh 3+ -5.01° 21,794 -0.15°
cyiilh h 3+ —5.00% -2.17” -0.19°
CHINH,+ —4.957 -2.24” -0.22°
c&,nh3+ -4.92" -1.99” -0.24°
(CH3NH 2+ -4.61* -1.73”
(CHHNH2+ -2.14d 0.60”
(CHTNH 2+ —1.15% 1.55”
(CH YN H 2+ -0.57*' 1.78”
(CH ., )NH2+ —0.71" 1.64”
(CH3H + -3.28* -2.08*
(CHEONH + —0.30* 0.79*
(CHDNH+ 1.62* 2.37*
(CHYNH + 2.76% 3.15%
nh 4+ -9.81” -5.11"
(CHOTHN + 0.07"' ~0 ¢
(CHHLCHN + 1.85* 0.81*
(CH YL HN + 3.78* 2.39*
(CHYTHN + 5.65* 4.14*

“ For each solvent pair the ionic enthalpies of transfer depend
on the convention that Ph4As+ and Ph4B “ have the same en-
thalpy of transfer. For further details see ref 3 and 4 from
which some of the data used in the construction of this table

were taken. 6Data for CI“, Br“, and TFA*“ salts agree within
0.06 kcal/mol. cData for CI* and TFA* salts agree within
0.06 kcal/mol. dData for Br*“ and TFA*“ salts agree within
0.06 kcal/mol. “From CI“, —4.95; from TFA*“, —5.06.

7From CI*“, —4.89;
from TFA“, -4.88.
1From CI*“, —0.51;
from TFA“, —2.03.
” From TFA*“ alone.

from TFA“, —5.00.e From CI*, —4.96;
*From CIl“,-4.50;from TFA*“, -4.73.
from TFA*“,—0.63.b From Br*, —2.13;
*From Br“ alone. *From 1“ alone.
BFrom CI* alone.
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PC—DMSO

Figure 1. lonic enthalpies of transfer to PC from DMSO based
on the data in Table Il. These depend on the convention that
the enthalpy of transfer is the same for Ph4As+ and Ph4B “.

The RN + data are from an earlier report.3 The slope of the
straight line through these data is —0.40. The other lines are
drawn with the slopes RNH3+, —0.10; RNH 2+, —0.20;
R:ANH+, —0.30. Thus these lines are drawn on the assumption
that in every case there is a constant increment per CH2group
and this increment is —0.10, the same as for normal alcohols.2

are given in the footnotes when there are data for the
cation with more than one anion.

3. Transfers to PC from DMSO

The enthalpy data for this process are plotted as a
function of the length of the alkyl chains in Figure 1
The lines are drawn on the assumption that!s

(CH)pc<<mso = —0.10 kcal/mol (3.1)

as determined already from the studies of the normal
alcohols2 and the tetraalkylammonium ions.3 Ap-
parently the constancy of this group contribution to the
enthalpy of transfer holds equally well for the incom-
pletely alkylated ammonium ions. Of course, it would
be paradoxical if it turned out otherwise since the degree
of interaction between the alkyl chains must be minimal
for the normal alcohols as well as for the RNH3+ ions.
As noted previously, the constancy of this group con-
tribution and the magnitude observed are to be ex-
pected if the dominant contribution is either the inter-
action2 —n2a/r6 of the dipole p of the solvent with the
polarizability a of the methylene group at a distance r
from the dipole, or the van der Waals interaction3
treated in the approximate framework of the solubility
parameter theory of Hildebrand and Scott.19

(18) In this notation, which was introduced earlier,2 (x)b<—a is the
standard enthalpy of transfer of solute species x to solvent b from
solvent & In eq 3.1 the solute species is just the methylene group.
The linearity of the plots in Figure 1 makes it possible to identify a
methylene group contribution.2

(19) J. H. Hildebrand and R. L. Scott, “Solubility of Non-Electro-
lytes,” 3rd ed, Reinhold, New York, N. Y., 1960.
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Table I11: Enthalpy of Transfer of Hydrogen-Bond
Donors to PC from DMSO, Extrapolated to
Zero Alkyl Substituent in Figure 1

Type RAN-H + RANH2+° rnh 3+

kcal/mol per 1.64 1.59 1.16
H bond

Type NH/ ROH®6 HD6

kcal/mol per 1.18 1.93 1.64
H bond

° Because of the difficulties described in section 2 the error
limits on this datum are +0.15 kcal/mol rather than 0.05 kcal/
mol as for the others. 6From ref 2.

The intercepts at N = 0 in Figure 1 are dominated by
the difference in strengths of the hydrogen bonds to the
solvent in DMSO and in PC. Adopting the general
formula

(CAHGWi)4-z,NHzZ+ (3.2)

for these ions, the intercept in Figure 1 divided by L
is the average value of the enthalpy of transfer of a
hydrogen bond

(NH- =-solvent)pc"DMso

for each type of ammonium ion. These results are
given in Table 111 together with some relevant earlier
results. They are consistent with the usual view that
NH - «-0 hydrogen bonding is weaker than OH - =-O
hydrogen bonding® if we assume that the stronger
bonds distinguish more sharply between PC and DMSO
as acceptors. In the case of the ROH, HD comparison
this assumption may be checked because these species
are known in the gas phase so one knows the enthalpy of
solvation in each solvent as well as the enthalpy of
transfer; inthat case itis correct. That is, both liquid
DMSO and liquid PC, as hydrogen bond acceptors,
react more energetically with ROH (extrapolated to zero
length of the R chain) than with V2H2D, and the differ-
ence is 0.5 kcal/mol larger for DMSO which forms
stronger hydrogen bonds than PC by about 2 kcal/mol.2

The other conclusion which may be drawn from
Table 111 is that multiple hydrogen bonds from a given
donor molecule interfere with each other, at least judg-
ing from the enthalpy criterion. Of course the inter-
action of several hydrogen bonds connected to a given
molecule may be different in other cases in which the
molecule functions both as a hydrogen bond donor and
hydrogen bond acceptor (e.g., water) or in which the
molecule offers widely separated sites for hydrogen
bonding.

4. Transfers to DMSO from Water

In the earlier studies with other solutes2 3 the data
were organized to focus the discussion on transfers to
PC from other solvents for the reason that PC provides
the weakest solvation, judging by all the criteria except
methylene group transfers, and therefore is most ap-
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dmso- h2o

Figure 2. lonic enthalpies of transfer to DMSO from water
based on the data in Table II.

propriate for use as a reference solvent.2 However, in

the present case the data are less complete in PC than

in DMSQ, because of experimental difficulties with

RANH2+ and NH4+ salts, so it seems advantageous to

discuss DMSO ®—W transfers rather than PC «* W.
We may think of the enthalpy of transfer

Ht(N,L) = ([C"H2W4 iINHi+)DMBXw (4.1)

as a surface depending on the independent variables N
and L. The corresponding surface for PC DMSO
transfers (Figure 1) has a very simple shape which in-
dicates that the CH2groups in the chains act indepen-
dently. For the present case the projection of the Ht
surface on the Ht,N plane (Figure 2) and on the L,N
plane (Figure 3) reveals much more complicated be-
havior. This was to be anticipated because it was re-
ported earlier that, for PC «* W transfers, the methy-
lene groups in normal alcohols2 or in RN +3 (also in-
cluded in Figure 2 and 3) do not act independently.
While the projection in Figure 2 is the familiar way
to represent such data, Figure 3 shows an important
feature which is clear neither in Figure 2 nor in Table
11, where of course there are only entries for integral N
and L so it is hard to visualize the surface. Variation
along the dashed line in Figure 3 shows that the
enthalpy of transfer increases as the hydrocarbon con-
tent is increased; this much is apparent in Figure 2.
Next, examine the tangent to the intersection of a con-
tour and the dashed line, such as the dotted line in
Figure 3. This shows that as one increases N while

(20) Presumably the difference is larger in cases in which -NH
hydrogen-bond donors are uncharged.
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N

Figure 3. Lines of constant H t projected on the LN plane.
The lines are labeled with H t in kcal/mol.

changing L so as to keep the total hydrocarbon content

nearly constant, the enthalpy of transfer first increases

(AB) and then decreases (BC). This enthalpy effect is
about as large as that along the dashed line, which makes

it abundantly clear that the hydrophobic effect of a

given amount of hydrocarbon can depend very strongly

on how it is distributed in a molecule.

It is interesting to see what happens if it is assumed
that the Ht(N,L) surface results from independent
action of the alkyl chains. The function

Ht'(N,L) = Ht(N,L) - 4.2)
would be just the hydrogen-bond contribution to the
enthalpy of transfer to DMSO from water if Ht(N,L)
were the sum of 4 — L chain terms and a term for the
net effect of the L hydrogen bonds. It is plotted as a
function of L for various N values in Figure 4. The
simplest picture of the underlying phenomena would
have all the data falling on line 1 or Il which would
represent the additive contribution of the L hydrogen
bonds to the enthalpy of transfer, with the hydrogen
bonds having lower enthalpy (stronger H bonds) in
DMSO than inwater. Although the data do not lie on
the line 11, it certainly represents the dominant effect in
Ht'. Four minor effects may be distinguished.

Chain-Chain Interactions. Evidence that the en-
thalpy effect of chain-chain interactions is small is
given in Table IV.

In terms of eq 4.2 these data are all for L — 0, tetra-
alkylammonium ions, but the various chains have
different carbon numbers N. Clearly, eq 4.2 can be
generalized to include this case. The difference be-
tween the second and third columns in Table IV isHt'
for the PC w* water transfer in cases in which there
is no hydrogen bonding from the ions to the solvent.
These Ht' values are indeed very small compared to
those in Table Ill. To test these ideas further, the
same comparison was made for the PC~ DMSO trans-
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Figure 4. 1it’, ionic enthalpies of transfer to DMSO from
water reduced on the assumption that the alkyl chains make
independent contributions. Data points: M = methyl,

E = ethyl, P = propyl, B = butyl, A = amyl; —msrough
extrapolation to zero chain length. |, data would fall on this
line if H bonds were independent of each other and of R groups,
with H-bond strength given by RNH + data. I, same as |
but with H-bond strength given by NH 4+ datum; - ,
DMSO w»* PC transfers extrapolated to zero chain length.

Table 1V: Enthalpies of Transfer in kcal/mol
e PC — H,0-------- — PC — DMSO--—-—---
lon Obsd* Add.6 Obsd- Add.6
EtMeN + -0.70 -0.85 -0.77 -0.69
Et®PrN + 0.81 0.83 -1.04 -0.94
BudMeN + 2.39 2.32 -1.39 -1.30
Bu®rN + 4.14 3.99 -1.51 -1.55
° Observed enthalpy of transfer, Tables | and Il. bEnthalpy

of transfer calculated from data for symmetrical tetraalkyl-
ammonium ions3 assuming additive contributions of alkyl
chains.

fer where the enthalpies do comprise additive contribu-
tions from the methylene groups; the Ht' quantities
have magnitudes as large as 0.1 kcal/mol. Therefore,
Ht' values of this order for the DMSO water trans-
fersin Table IV cannot be taken as evidence for “hydro-
phobic” contributions to the enthalpy of chain-chain
interaction in water.

Interaction of the Alkyl Chain with the Hydrogen Bonds.
This interaction is manifested by the spread of data
points for various N but fixed L in Figure 4. Two
kinds of interaction may be distinguished, an inductive
effect and a steric effect. We assume the inductive
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effect is roughly constant from methyl to amyl so it
does not contribute to the spread of the data points.
The steric effect would be expected to be largest when
L = 1, asobserved, and to change uniformly with chain
length. Most of the data are consistent with this too.
However, looking at changes at fixed L it is also ap-
parent that increasing steric effect (i.e., increasing N)
either strengthens the N-H e<<0 hydrogen bonds to
DMSO more than those to water or weakens the hydro-
gen bonds to water more than those to DMSO. This
seems surprising; we would have expected the steric
interference to weaken the hydrogen bonds in either
solvent and to weaken those in DMSO more because
they are stronger to begin with. The observations
imply that the peculiar “structural” properties of water
play a dominant role here.

For example, one might suppose that the steric inter-
ference with a hydrogen bond by a given alkyl group is
larger in water than in DM SO because of the conflicting
requirements of the solvent-solvent hydrogen bonds in
the vicinity of the alkyl groups and the N-H =<0 hy-
drogen bonds. In this case the steric effect mainly
weakens the N-H <=« hydrogen bonds in water. This
is consistent with the data for the PC w- DMSO trans-
fers while an interpretation requiring a larger steric
effect (leading to strengthening of the H bonds) in
DMSO than in water would lead one to expect that the
steric effect would be reflected in the data for the PC +~
DMSO transfers.

Mutual Interference of the Hydrogen Bonds. The
N = 0 curve in Figure 4 is a rough extrapolation of the
Ht'(N,L)datatoN = OatfixedL. Assuming that the
mutual interaction of the hydrogen bonds to a given
ammonium ion is destructive rather than cooperative,
it follows from the relation of the N = 0 curve to line |
that the mutual interaction is more destructive in water
as solvent than in DMSO. Since this occurs in spite of
the large size of a molecule of DMSO relative to HD,
one may be tempted to also characterize this as a
“structural” effect in the water, but in this case it would
seem desirable to seek a more detailed explanation in
terms of models for the distribution of charge and po-
larizability in each of the solvent molecules; maybe the
dominant effect here is the mutual electrical repulsion of
water molecules participating in N-H =<0 hydrogen
bonds to the same nitrogen atom.

It is interesting to note that the N = 0 curve in Fig-
ure 4 passes through —0.3 kcal/mol at L = 1. This
may be compared with the corresponding extrapolation
for the normal alcohols which may be deduced from
Table 1V of ref 2, which is —0.4 kcal/mol. This com-
parison seems reasonable in view of the corresponding
comparison in Table 111, which was much more simply
arrived at. The new comparison tends to support the
rather tentative conclusion reached earlier2 that when
an ROH molecule is added to water there is a net gain
of one hydrogen bond.
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The enormous magnitude of the mutual interference
of the hydrogen bonds in water is shown by considering
the dotted lines in Figure 4. These represent the data
in Table 111 for the PC m—DMSO transfers after extrap-
olation to zero chain length. They have been multi-
plied by —L to correspond to the ordinate scale of Fig-
ure 4. Comparing with the N = 0 line we see the four
hydrogen bonds from NH4+ to water are weaker than
to PC by 5 kcal/mol and the three hydrogen bonds from
~NH3+ to water are weaker than to PC by 2 kcal/mol
while for =N H + the comparison shows that the hydro-
gen bond to water is 1.4 kcal stronger than to PC. If
the interference effect were negligible in PC these data
would average out to an interference in the enthalpy of
about 2 kcal/mol per hydrogen bond. It seems im-
portant to note that interference effects of this order
have been found for three water molecules hydrogen-
bonded in the parallel topology

H H
\ /
0
I\
H H H H
\ |/ \ /
o o

in recent quantum-mechanical calculations.2L  This
also suggests that the H-bond interference effects may
be understood without recourse to the study of large
assemblies of water molecules.

Effect of the Residual Charge in Hf. It must be
noted that the charge does not balance in eq 4.2 in the
sense that there is a complete cancellation of the charge
when L = 0 and no cancellationwhen L = 4. There-
fore line 11 in Figure 4 may be misleading if interpreted
as suggested above because it must also incorporate the
effect of the changing charge. One may take the en-
thalpy of transfer (K+)dmso<-w shown in Figure 4 as
representative of where the L = 0 point on the line 11
might be if the charge it represents were constant at
+ 1. It is not known how to estimate this effect in
interpreting the other data in Figure 4. Its neglect in
the preceding discussion presumably makes a contri-
bution to what has been identified as the effect of the
mutual interference of the hydrogen bonds.

5. DD from HD Transfers

The new data for enthalpies of transfer to D2 from
H2 are shown in Figure 5 as a function of the chain
length and compared with similar data for other solute
types. It is striking that the new data show less level-
ing-off at large N than the ROH data.2 In the case of
RNH3+ much longer chain lengths are accessible to

(21) D. Hankins, J. W. Moskowitz, and F. H. Stillinger, Chem.
Phys. Lett., 4, 527 (1970).

(22) G. C. Kresheck, H. Schneider, and H. A. Scheraga, ./m Phys.
Chem., 69, 3132 (1965).
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Figure 5. Enthalpies of transfer to D2 from H2 based
on the data in Table | in the case of RNH3+, ref 3 in the case
of RAN +, and ref 22 in the case of ROH.

determination of calorimetric heats of solution than for
the other solutes in Figure 5 because of the more favor-
able rates of solution.

On the assumption that the structural effect is a
fixed percentage larger in DD than in HD solutions2
one can reduce the D20-H 2 transfer data in terms of
enthalpies of transfer to an aprotic solvent from water,
as shown earlier.3 The corresponding plot for the
present data is shown in Figure 6. While the treat-
ment of the data in this way is rather difficult here be-
cause the enthalpies of the DD w* HD transfer are so
small for the alkylammonium ions, still reasonably
good linearity of the reduced enthalpy plot is obtained
for y = 0.05, corresponding to the structural effect
being 5% larger in DD than in H20, the same as in the
systems studied earlier.2-4 If the underlying assump-
tions were correct, one could estimate the slope of the
y = 0.05 line from the alcohol dataz and the slopes of
the PC o~ DMSO transfers in Figure 1. The estimate
obtained in this way, usingy = 0.05 for the alcohols as
well, is —1.12 while the actual slope of the y = 0.05
line in Figure 6 is —0.74. A similar calculation can be
made for the adjacent y values in the figure, and it is
found that the agreement isbest fory = 0.05. It seems
likely that the difference between —1.12 and —0.74
mostly reflects the chain-hydrogen bond interaction in
aqueous solutions of RNH3+ which was already de-
duced from the DMSO —H2 transfers in section 4.
This also may account for the lack of saturation in the
DD == H?0 transfers of the alkylammonium ions.

The near parallelism of the curves for RNH3+ and
V4R4AN + in Figure 5 suggests that the difference, —0.05
kcal/mol, is the enthalpy of transfer of an -N H 3+ group
to DD from H20, although this can be only an ap-
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Figure 6. Test of the assumption that the structural effect in
aqueous solutions of RN H 3+ is a fixed percentage larger
in DD thanin HD.

proximate figure in view of the evidence previously cited
as supporting a substantial chain-H-bond interaction
in these solutions. It is of interest to consider how
much of the enthalpy of transfer of -N H 3+ might be
due to the transfer without exchange and how much
due to the establishment of the isotope exchange equi-
librium between -N H 3+ and the DD medium. While
it is hard to investigate this here, it is found that in the
case of the alcohols it can be established that the ex-
change is the dominant effect in the heats of transfer of
the -OH group to DD from H20.

To see this, consider the following sequence of reac-
tions and their heats.

CH30H(g) + D20(g) —*
CHID(g) + HOD(g)

AH = A
—0.20 kcal/mol

CH30D(g) + CH30H(L) (B)
CH30D(L) + CH30H(g) -0.13

(23) See eq 10 and Figure 3 of ref 2, and Figure 3 of ref 3. In those
studies the aprotic solvent used was PC while here the reduction
is made with DMSO because of the complications due to low rate of
dissolution in PC (section 2).

(24) The M1 for this process was computed from the differences in
the zero point energies of the reactants and products. The vibra-
tional frequencies used for calculating these for CH:OH and CH30D
are taken from M. Falk and E. Whalley, J. Chem. Phys., 34, 1554
(1961), and that of HDO and D:O from the tabulated data given by
H. C. Urey, J. Chem. Soc., 562 (1947).

(25) The AH for this process has been quoted by L. Benjamin and
G. C. Benson, J. Phys. Chem., 67, 858 (1963).
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DD(D) + HOD(g) (Y3
DX(g) + HOD(D) 0.19

CH®D(L) + CHaOHW) — > (D)Z
CHID(D) + CHIH(L) -0.14

CHHW) + DD(D) — (E)

CHD(D) + HOD(D) -0.28, -0.18, -0.23

The final reaction is the sum of the others, and the first
value given for its AH is obtained by summing the data
for the other reactions. The second figure is that de-
termined by Kresheck, Schneider, and Scheraga,2 and
the third is the result obtained by Arnett and McKel-
vey.B The good agreement of the sum with the more
directly observed values is gratifying. Moreover, the
comparison of the simple exchange reaction (A) with the
overall transfer reaction (E) shows that the enthalpy of
the exchange reaction is a dominant contribution in the
enthalpy of transfer. A similar conclusion can be
reached on the basis of a similar treatment for the data
for CHB0OH assuming that the reaction corresponding to
(A) has the same AH as (A) itself.

6. Comparison with Other Studies

Here brief mention is made of earlier studies which
seem especially relevant to the conclusions reached
here.

The rate constant fiH for breaking the N-H- « 0
hydrogen bond in aqueous ammonium salts decreases in
the sequence RNH3+, RANH2+, RN H +, as is consistent
with the present finding that the NH =<0 hydrogen
bond gets stronger in this order.
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The partial molal volumes at infinite dilution in alkyl-
ammonium salts change with increasing substitution in
away which has been interpreted in terms of decreasing
hydration at the N+ center as one substitutes H by R
groups.® The effect is qualitatively like the chain-H-
bond interaction discussed here.

The nmr relaxation of ABr~ in aqueous solutions of
alkylammonium bromides also give evidence for chain-
hydrogen-bond interference.® The alkylammonium
ions all promote the relaxation to a larger extent than
predicted from the solution viscosities alone. The
extra relaxation produced by an R group is larger when
itis in RAN+ than in less alkylated ammonium ions.

The effect of the alkylammonium ions in salting-in
or salting-out of benzene in aqueous solution® also
shows that an R group is more effective in tetraalkyl-
ammonium ions than in the ions with NH - « 0 hydro-
gen bonds.

(26) Thisisthe difference in heats of vaporization of D-O and HDO,
the values for which are obtained from “Selected Values of Chemical
Thermodynamic Properties,” Circular of the National Bureau of
Standards, 500, 1952. The heat of mixing of HDO with D20 or
H20 in the liquid state seems to be negligible, judging from the calor-
metric data of E. Lange and E. Doehlemann, Z. Elektrochem., 41, 539
(1935), for the reaction H.OCW) + D20(D) —m2HOD (in mixtures
of Wand D).

(27) L. Benjamin and G. C. Benson, J. Phys. Chern., 67, 858 (1963).

(28) E. M. Arnett and D. R. McKelvey in “Solute-Solvent Inter-
actions,” J. F. Coetzee and C. D. Ritchie, Ed., Marcel Dekker, New
York, N. Y., 1969.

(29) B. Lindman, H. Wennerstrom, and S. Forsen, J. Phys. Chern.,
74, 754 (1970).

(30) J. E. Desnoyers, G. E. Pelletier, and C. Jolieoeur, Can. J. Chem.,
43, 3232 (1965).
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lonization Constants for Water in Aqueous Organic Mixtures

by Earl M. Wooalley, Donald G. Hurkot, and Loren G. Hepler*

Department of Chemistry, The University of Lethbridge, Lethbridge, Alberta, Canada {Received May 14, 1970)

A potentiometric method is described for determining the equilibrium constants for ionization of water in
various aqueous organic mixed solvent systems. The method has been applied to determination of ionization
constants for water in binary mixtures of water with ethanol, 1-propanol, 2-propanol, 2-methyl-2-propanol,

ethylene glycol, acetone, and p-dioxane at 25°.

In general, pKwvalues increase with increasing organic con-

centration, but the opposite is observed for glycol solutions and is discussed in relation to enthalpies and

entropies of ionization.

Introduction

The ionization of water has been investigatedlby a
variety of methods that have led to reasonably accurate
equilibrium constants over a wide range of temperature
and pressure and a considerable range of dissolved salt
concentration. In spite of evidence2of a small error in
the temperature dependence of these Kw values, it
must be accepted that there are several satisfactory
methods for determination of K w in purely aqueous
solvent systems. Similar methods have been applied
with considerable success to determination of ioniza-

tion constants for various weak acids i s solu-
tion.
The status of measurements leadii. ization

constants for water and various weak aciuo m aqueous
organic mixed solvent systems is not nearly so satis-
factory, in spite of excellent work by Harned, Grun-
wald, Bates, and others.13-5 Experimental methods
are difficult and those methods that make use of the hy-
drogen electrode can only be applied to systems in
which there is no complication due to reduction at the
hydrogen electrode.

Our measurements were undertaken to provide data
on the ionization of water in a variety of aqueous or-
ganic mixed solvent systems and to establish a conve-
nient and rapid method for determination of ionization
constants of various weak acids in these same solvent
systems.

Method and Calculations
We describe the ionization of water in solvent S
by167

HD(S) = H+(S) + OH-(S) @

Various equilibrium expressions for (1) can be defined
on the basis of several reasonable choices of standard
states for the various species. One such choice leads to
quantities that should be called equilibrium quotients
rather than equilibrium constants. In these expres-
sions we use molar concentrations of H+ and OH- and
set the activity of water to be unity in all solutions so
that we have

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970

Qdi — chCon (2)

in which the subscript c/1 indicates molar concentra-
tions in the numerator and unit activity in the denom-
inator. We also define an equilibrium constant with
activities on the molar scale for H+ and OH- and with
the activity of water again taken to be unity as

Ka/i = CnCon(yx)2 = Qdi{ytY (©)

in which y+ is the mean activity coefficient for the so-
lute ions. Still another useful equilibrium expression
can be defined with molar activities in the numerator
and the activity of water in the denominator set equal
to the molarity of water in the solution (subscript a/c
so that we have

Kalc = C,,Coh(24)VGw = (KaMCw N

Our last equilibrium constant is one in which we use
activities for all species as indicated by

Kafa ~ CnCou(yzy/ayi — (K a/i)/aw 5)

In principle we have a wide choice of standard states
for the activity of water denoted by a,, but in practice
the only choice that appears to be useful and for which
we have the necessary vapor pressure data for a wide
variety of systems is the choice based on Raoult’s law—
that is, the activity of pure water is taken to be unity.
Our investigations of the ionization of water in var-

* To whom correspondence should be addressed.

(1) H. S. Harned and B. B. Owen, “The Physical Chemistry of
Electrolyte Solutions,” 3rd ed, Reinhold Publishing Corp., New York,
N. Y., 1958.
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ious aqueous organic mixed solvent systems are based
on the potentials of cells represented by

glass electrode poln A: HC1(Ci),
KNO03((79, in solvent SJAgCLLAg (A)
and
glass electrode |soln B: NaOH(C3),
NaCl(C4, in solvent SJAgCI,Ag (B)
A general equation for the potentials of these cells is
E = ki + ®log (ataci) ©)
and a specific equation for cell A is

Ea = k, + R2log (Ci)2+  log (y+)A2 ()

A similar specific equation for cell B containing known
concentration of hydroxide ion can be given in terms
of an equilibrium expression for the ionization of
water. It is convenient to do this in terms of Qc/t
defined by eq 2, which leads to

Eb = ki + k2log (Qdict/Cs) + k2log (yx)B (8)

Since solvent compositions are the same and ionic
strengths in solutions A and B are low and nearly iden-
tical for each pair of measurements, junction potentials,
asymmetry potentials, glass electrode responses, and
mean activity coefficients may be taken to be equal.
Thus we combine (7) and (8) to obtain

Ea —Eb = ki log (C~Cs/C'iQe/i) ©)

Equation 9 leads directly to

p(Qc,i) = - Ab-Eb + log (C4C 312 (10)
Thus we can calculate Qcll from the two potentials and
known concentrations represented by cx, €3 and C\.
This procedure, in which we make use of the difference
in two potentials, thereby eliminating the (often un-
known) standard potential (h) from our calculations,
was used by Harned and coworkers168 in determining
ionization constants for water in aqueous electrolyte
systems.

For solvent of any particular composition it is
possible to determine the equilibrium constant denoted
by K a4 by extrapolating values of Qc/ derived from eq
10 to zero ionic strength, or we can calculate the mean
activity coefficient represented by y+ by making use
of some equation based on the Debye-Huckel theory
and then obtain K a/i from eq 3. In general, we have
found that p(A0i) values obtained in these two ways
differ by less than 0.03 and we have therefore treated
most of our data with the equation17

7000  [p(S)eXS)]VTi

| +)2 =
G U=2= 1, 8876[AS)AS) T A
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In this equation p (S) and e (S) are used to represent the
density and dielectric constant of solvent mixture S and
I represents the ionic strength, which typically varied
from about 0.004 to about 0.015 M. Density and di-
electric data were obtained from Timmermans,9 with
additional dielectric data for aqueous 2-methyl-2-
propanol from Brown and Ives.D

The value of k2 to be used in eq 10 for each series of
measurements was evaluated by setting pAai =
14.001for the entirely aqueous solvent systems. These
ki values ranged from 58.3 to 58.9 mV, as compared to
2.303RT/F = 59.16 mV.

Calculation of K a# from K a/l only requires knowl-
edge of the molarity of water in the solution and is
easily done from knowledge of solvent composition.

Carrying these calculations on to K a/a requires activi-
ties of water obtained from

aw = PWP W (12)

in which P w and PWwW represent vapor pressures of water
over solution S and over pure water, respectively.
Vapor pressure data for aqueous 2-methyl-2-propanol
solutions have been taken from Brown and lIves.D
Data for aqueous dioxane are from Goates and Sul-
livanll and data for all other systems are from Timmer-
mans.9

Experimental Section

Potential measurements were made both with an
Orion Model 801 digital pH meter and with a Corning
Model 12 research pH meter. Glass electrodes used
with these meters were the Beckman 39004 pH 0-14
electrode, the Coleman 3-472 pH 0-14 electrode, and
the Fisher 13-639-1 pH 0-14 electrode. The AgCI,Ag
electrode was prepared from a Beckman 39261 Silver
Billet Electrode by electrolysis in chloride solution.6

Most of our measurements began with cell A con-
taining a known volume of purely aqueous solution of
HC1 and K N 03of known concentrations represented by
Ciandc2 After PAwas measured, a known amount of
pure organic solvent was added and the new potential
measured. This procedure was continued until the
solvent composition reached 50-60 wt % organic com-
ponent. The same procedure was then followed with
cell B that initially contained the same known volume
of purely aqueous solution with appropriate concentra-
tions of NaOH and NaCl suchthat Ci + c2= C3+ CV
These C values ranged between 0.0005 and 0.01 M in
the initial solutions and decreased in known fashion as
the solutions in the cells were diluted with organic sol-
vent.

(8) H. S. Harned and W. J. Hamer, J. Amer. Chem. Soc., 55, 2194
(1933).

(9) J. Timmermans, “The Physico-chemical Constants of Binary
Systems in Condensed Solutions,” Vol. 4, Interscience Publishers,
Inc., New York, N. Y., 1960.

(10) A. C. Brown and D. J. G. lves, J. Chem. Soc., 1608 (1962).
(11) J. R. Goates and R. J. Sullivan, J. Phys. Chem., 62, 188 (1958).

The Journal of Physical Chemistry, Vol. 71+ No. 22, 1970



3910

Table | :

Wt %
EtOH

0.00
3.77
7.27
105

13.
16
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26 .
30.
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I3,

gy o N oo

“20.00 ml of solution in each cell, with ci

mV.

(e}

78
76.
74.
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69.
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P

9971
9902
9845
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9573
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9440

9377
9317
9261
.9208
9159
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9069

—log
(PW/Pw»)

0.000
0.006
0.012
017
024
031
.038
046
.053
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067
071
075
079
082
.085

o

O OO0 OO0 0 OO0 oo oo o

0.005075 M, C\ =
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555.
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553.
552.
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pQcli

14

14
14

13.
13.
14.
14.
.19
14.
14.
14.
44
49
14.
14.
14.
14.
14.
14.
14.

91
99
06
13

24
32
38

52
58
62
65
68
70
74

0.004805 m,, C3 =

Data from a Typical Series of Measurements with Water-Ethanol Mixtures*

pKaA

14.
14.
14.
.23
14.
14.
14.
14.

14

14

14

0.004880 M, and c\

00
08
16

29
34
42
48

.54
14.
14.
14.
14.
14.
14.
14.
.87

60
63
69
74
77
80
83

vKala

14.
14.
14.
14.
14.
14.
14.
43
14.

14

14

= 0.005000 ™m;

00
07
15
21
27
31
38

49

.54
14.
14.
14.
14.
14.
14.
14.

57
62
67
69
72
75
78

Pxale

15

15

74
15.
.86
15.
15.
15.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.
16.

80

92
96
99
04
07
11
14
14
18
21
22
23
24
26

k2 =

58.56

In iill cases the cells were maintained at 25.0 (x
0.1)° and the potential readings were recorded when
they became constant to +0.1 mV, which was usually
within 2 min after each addition of the organic compo-
nent to the solution in the cell. Measurements were
repeated at least three times, using different combina-
tions of pH meters and electrodes. Average deviations
in pQdi and pKdi values derived from these indepen-
dent measurements were always less than 0.06 except
for water-dioxane solutions containing more than 40
wt % dioxane, for which some average deviations were
as large as0.13.

Results and Discussion
Data for a typical series of measurements are given in

Table Il: lonization Constants of Water in Aqueous Ethanol

Wt %

EtOH pKa/l Ra/a Pale
0.00 14.00 14.00 15.74
3.77 14.10 14.09 15.82
7.27 14.17 14.16 15.87

10.5 14.23 14.21 15.92

13.5 14.29 14.27 15.96

16.4 14.35 14.32 16.00

21.5 14.43 14.39 16.05

26.2 14.49 14.44 16.08

30.1 14.54 14.49 16.11

33.7 14.61 14.55 16.15

36.fi 14.65 14.59 16.16

39.9 14.70 14.63 16.19

42.6 14.75 14.68 16.22

45.1 14.79 14.71 16.24

47.3 14.82 14.74 16.25

49.3 14.85 14.77 16.26

51.3 14.89 14.80 16.28
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Table I, in which we have also included the auxiliary
data used in our calculations and the results of the cal-
culations.

Results of all our pA determinations in mixtures of
water with seven organic cosolvents are shown in
Tables 11-VI1Il. Each pk value reported is the mean
result of three to five series of measurements.

Gutbezahl and Grunwald4 have reported pKdi
values for mixtures of water with 20.0, 35.0, and 50.0
wt % ethanol. Their results are in excellent agreement
with our pAai values at the same solvent compositions
obtained by interpolation in Table 11, with differences
of 0.06, 0.05, and 0.02. Harned and Fallon3 have re-
ported pk values (molality standard state) that lead to
pK a/i values for mixtures of water with 20.0 and 45.0

\
lonization Constants of Water in Aqueous Dioxane

Table I11:

Wt %
dioxane pKa/l pKa/a Pale
0.00 14.00 14.00 15.74
4.90 14.14 14.14 15.86
9.35 14.27 14.26 15.95
13.4 14.38 14.37 16.07
17.1 14.49 14.47 16.16
20.5 14.60 14.58 16.25
26.5 14.79 14.76 16.41
31.7 14.97 14.94 16.56
36.2 15.14 15.10 16.70
40.1 15.31 15.26 16.84
43.2 15.45 15.40 16.96
46.7 15.60 15.54 17.08
49.5 15.76 15.70 17.22
52 0 15.83 15.76 17.27
54 3 15.93 15.86 17.35
56.3 16.01 15.94 17.41
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Table 1V: lonization Constants of Water
in Aqueous Ethylene Glycol

Wt %
glycol pUi pKa/a Rasc
0.00 14.00 14.00 15.74
5.27 13.93 13.92 15.65
10.0 13.88 13.85 15.58
14.3 13.82 13.78 15.50
18.2 13.78 13.71 15.44
21.8 13.73 13.66 15.38
28.0 13.69 13.60 15.30
33.4 13.65 13.55 15.23
38.0 13.61 13.50 15.16
42.0 13.59 13.47 15.12
45.5 13.57 13.44 15.07
48.6 13.55 13.41 15.03
51.4 13.54 13.38 15 00
53.9 12.54 13.37 14.98
56.1 13.54 13.36 14.95
58.2 13.54 13.35 14.93
Table V: lonization Constants of Water
in Aqueous 1-Propanol
Wt %
1-PrOH pAO/i pKa/a pKafc
0.00 14.00 14.00 15.74
3.86 14.08 14.08 15.80
7.43 14.17 14.17 15.88
10.7 14.24 14.24 15.93
13.8 14.29 14.29 15.96
16.7 14.35 14.35 15.98
21.9 14.42 14.42 16.04
26.5 14.49 14.48 16.08
30.6 14.55 14.54 16.11
34.3 14.62 14.61 16.16
37.6 14.66 14.65 16.17
40.6 14.73 14.72 16.22
43.3 14.78 14.77 16.24
45.7 14.83 14.81 16.27
48.0 14.87 14.86 16.29
50.1 14.92 14.91 16.32

wt % dioxane that differ by 0.03 and 0.14 from the
values we obtain at the same solvent compositions by
interpolation in Table I111. For solutions that are 10.0,
30.0, and 50.0 wt % ethylene glycol we have pk values
(molality standard state) and thence pAai values from
Banerjee, Kundu, and DasZX that differ by 0.03, 0.00,
and 0.02 from the values we obtain at the same con-
centrations by interpolation in Table V.

All of the earlier pA values cited above341R2 were
derived from measurements with the hydrogen elec-
trode. The good agreement of those results with our
results confirms that the glass electrode responds to the
same H+ (S) species in these aqueous organic solvent
systems as does the hydrogen electrode.

Results of our pk determinations are displayed
graphically in Figures 1, 2, and 3. A simple treatment

3911

Table V I: lonization Constants of Water
in Aqueous 2-Propanol

Wt %
2-PrOH pKa/l Rasa Rralc
0.00 14.00 14.00 15.74
3.77 14.11 14.11 15.83
7.26 14.20 14.19 15.90
10.5 14.30 14.29 15.97
13.5 14.38 14.36 16.03
16.4 14.46 14.44 16.09
21.5 14.58 14.56 16.18
26.1 14.67 14.64 16.23
30.1 14.76 14.73 16.29
33.7 14.84 14.81 16.35
37.0 14.91 14.87 16.39
40.0 14.98 14.94 16.44
42.7 15.04 15.00 16.47
45.1 15.10 15.05 16.51
47 .4 15.15 15.10 16.54
49.5 15.22 15.17 16.59
Table VII: lonization Constants of Water
in Aqueous 2-Methyl-2-Propanol
Wt %
t-BUOH Pan pKa/a PHale
0.00 14.00 14.00 15.74
3.76 14.12 14.11 15.84
7.26 14.23 14.21 15.93
10.5 14.32 14.30 16.01
13.5 14.40 14.38 16.07
16.4 14.46 14.44 16.11
21.5 14.61 14.59 16.23
26.0 14.70 14.68 16.29
30.1 14.77 14.74 16.33
33.7 14.86 14.83 16.40
37.0 14.95 14.92 16.46
39.9 15.01 14.98 16.50
42.7 15.09 15.06 16.55
45.1 15.16 15.13 16.60
47.4 15.22 15.19 16.64
49.4 15.29 15.26 16.69

in which the solvent is regarded as a continuous di-
electric medium suggests that a plot of pk vs. 1/<(S)
should be linear with positive slope.167 Figure 1
demonstrates once again the well known inadequacies
of this approach, especially for water-glycol mixtures
for which the slope is negative. Figure 2 was suggested
by Marshall's13 treatment of “complete” equilibrium
constants in relation to “traditional” constants. Ac-
cording to this treatment, which was intended to apply
only in the case of “inert” cosolvents such as dioxane,
the slopes of the lines provide evidence about the differ-
ence between “hydration numbers” of H +(S) + OH~(3)

(12) S. K. Banerjee, K. K. Kundu, and M. N. Das, J. Chem. Soc., A,
166 (1967).
(13) W. L. Marshall, J. Phys. Chem., 74, 346 (1970).
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Table Vili: lonization Constants of Water
in Aqueous Acetone

wt %
acetone pian pKala PKale
0.00 14.00 14.00 15.74
3.79 14.11 14.11 15.84
7.30 14.21 14.20 15.92
10.6 14.30 14.29 15.99
13.6 14.42 14.40 16.09
16.5 14.51 14.48 16.17
21.6 14.68 14.64 16.31
26.2 14.84 14.79 16.44
30.2 15.00 14.94 16.57
33.9 15.12 15.05 16.66
37.1 15.24 15.16 16.75
40.1 15.36 15.27 16.85
42.8 15.48 15.38 16.95
45.3 15.58 15.47 17.03
47.5 15.69 15.57 17.12
49.6 15.78 15.66 17.19
100/C
Figure 1. Plots of pK a/ vs. 1/« as suggested

by the Born theory.

and HXD(S). The initial slopes of these lines are
about —3, +5, +5, +5, +6, +6, and +7 for mixtures
of water with ethylene glycol, ethanol, 1-propanol, 2-
propanol, 2-methyl-2-propanol, acetone, and dioxane,
respectively. Comparison of Figures 1-3 shows the
importance of careful consideration of standard states
and the basis for classifying or describing solvent com-
position. For example, in Figure 1 we have pK for
water in aqueous acetone always greater than pk for
water in aqueous dioxane, whereas just the reverse
order is observed in Figures 2 and 3.

Possibly the most striking feature of all our results is
the qualitative difference between pk values for ion-
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Figure 2. Plots of pk an vs. log Cwas suggested by
Marshall’s treatment.13

Figure 3. Plot of pK a4 vs. mole fraction of
water in the solvent.

ization of water in aqueous ethylene glycol and in all of
the other systems. The increasing values of pk with
increasing organic content in the solvent system is to be
expected on the basis of the decreasing dielectric con-
stant of the medium and has been observed before for
aqueous ethanol and dioxane,34in good agreement with
our results. Further, the “unexpected” decrease in pK
for ionization of water in aqueous ethylene glycol has
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also been observed before,2 again in good agreement
with our results. It thus appears that neither the
“normal” behavior of water in most of the systems nor
the “abnormal” behavior in aqueous ethylene glycol
can be attributed to experimental error.

Banerjee, Kundu, and Dasl2 have previously dis-
cussed the decrease in pk for ionization of water in
aqueous ethylene glycol in terms of the idea that eth-
ylene glycol is more acidic and less basic than water.
Since further understanding along this line requires
more data about the acid-base properties of the organic
solvents that appear to lead to “normal” behavior of
water in their agueous mixtures, we presently turn to
another approach.

Earlier calorimetric measurements4 have led to AH °
values for reaction 1 in aqueous ethanol mixtures. We
also have AH ° values for reaction 1 in aqueous ethylene
glycol from the pK values at several temperatures as
calculated by Banerjee, Kundu, and Das.22 Both sets
of positive AH ° values decrease with increasing organic
content, which corresponds to decreasing (positive)
AG° of ionization and thence to decreasing pk values as
observed for water in ethylene glycol, but opposite to
the observed trend for ionization of water in agueous
ethanol. It is therefore required that the trend in
TAS° with increasing organic content must be dom-
inant in determining the trend in pk for ionization of
water in aqueous ethanol.

As previously noted, the choice of standard states can
have important bearing on conclusions drawn from
comparisons of equilibrium constants, and also on AG°
and AS° values derived from these equilibrium con-
stants. For present purposes it appears to be most
useful to calculate AG° from pK at values and then to
combine these AG° values with the AH° values cited
above to obtain TAS® values. In order to display the
results of these calculations in convenient form, we de-
fine the quantity 5AG° in terms of the difference be-
tween pK values in solvent S and for pure water as

8AG® = 2.303#T(pKao - pK alc’) (13)

in which superscripts s and w indicate pk values
referring to solvent system S and to pure water. We
similarly define sAH° as

8AH° = AHs® - AHwW (14)

in which subscripts s and w indicate AH ° of ionization
values referring to solvent system S and to pure water.

We also have
T8AS°® = 8AH° - B8AG°® (15)

Values of 8AG°, 8AH°, and T8AS° for ionization of
water in aqueous ethanol and in aqueous ethylene

3913

Figure 4. Thermodynamics of ionization of water in aqueous
ethanol and ethylene glycol.

glycol are displayed in Figure 4. We see that there is
partial compensation of 8AH° values by T8AS° values
so that changes in SAG0 values are smaller than the in-
crements in either enthalpy or entropy with changes in
the chemical system under consideration. This sort o:
compensation has been observed many times before27
for other ionization reactions and also for other reac-
tions in solution. The magnitude of 8AH° for ioniza-
tion of water in aqueous ethylene glycol is always larger
than the corresponding T8AS0 value and thus estab-
lishes the trend in SAGO that accounts for the “unusual”
decrease in pK with increasing glycol concentration.
Except at very small ethanol concentration, the situa-
tion is just the reverse for agueous ethanol, where the
magnitude of T8AS° is greater than that of the corre-
sponding 8AH°. It is therefore T8AS° that largely ac-
counts for the “normal” trend in 8AG*° for ionization of
water in aqueous ethanol, and we might expect to find
the same situation for other “normal” solutions. Fur-
ther data are necessary to determine whether T8AS®
values are in fact larger than 8s8AH° values for these
other systems.
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This investigation is based on the working hypothesis that very early electronic effects in aqueous systens
@.e., those which precede dipole relaxation) are susceptible to observation. As a possible example, high con-
centrations of neutral Cl- produce large yields of CI2 and an increase in G(ea ) which can be attributed to
hole trapping. Extensive studies of charged species in the radiolysis of liquid and solid alkanes provide a
partial guide to the physical and chemical effects to be expected in water prior to relaxation. Relative scaveng-
ing efficiencies of solutes for mobile electrons in cH30 H-H 20 glasses at 77°k do not correlate consistently
with the rate constants &ea- + S) inwater. The effects of phenol, acetone, Cd2+, HC1, and NO3 on GW
in aqueous solutions correlate better with results for glassy c H 30 H -H 20 than with conventional rate constants.
In aqueous solutions results for scavenging dry electrons and holes (by hypothesis) are described by a trial
function algebraically equivalent to a conventional kinetic competition between first-order decay and second-
order scavenging. Relative efficiencies of scavengers and primary yields of precursors appear as parameters,
and intermal consistency provides a test of the probably over-sinplified model. Hole scavenging by anions
appears to be a general phenomenon and o H - does not occupy a unique position.  Results in very acid solu-
tions may be conplicated by this anion effect. High yields of oxidized species, e.g., CI2~-and 12, and an in
crease in G(eax ) at high concentrations of oH -, Cl-, and F- support the dry electron nmodel.

Introduction

The following reactions are generally considered to
contribute to GW, the yield of “molecular” hydrogen in
water, according to the spur diffusion model2

@& @ ~H2 ®
e + H > H2 &)
H+ H—>H2 3)

Mahlman and Sworski3have pointed out that competi-
tion between N2 and H+ and between NO3 and H+
for ear gives results which seem to be inconsistent with
known rate constants.4 The substantial constancy of
Gh2 over the range pH 0.89 to 12.6 was taken as
evidence that ea+ in the spur is not a precursor of H2
These and other possible difficulties have been reviewed
by Anbar.6

Schwarz6 has recently reported the results of quanti-
tative calculations, using the spur diffusion model, for
several aqueous systems which had been claimed to be
anomalous. He has shown that the spur diffusion
model “is adequate to explain the major portion of the
molecular yields of hydrogen and hydrogen peroxide.” 6
This model assumes that at a time between 10-11 and
10-10 sec after the primary event the radiolysis of water
can be described in terms of the entities eag , H, H2
H3J +, and OH, with ea~ on the average 23 A from the
center of the spur.6

An attempt has been made by Hamill7 to describe
the radiolysis of water in terms of a somewhat different
model with the emphasis on very early events. It is
an implicit consequence of the spur diffusion model that
the electron encounters not less than 10 2 molecules
prior to hydration, and some prompt recombination
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cannot be excluded. Very early events in water would
resemble those in an alkane because the high-frequency
dielectric constant is ~2, and such dry electrons should
be scavengable as they are in alkanes. The efficiency
of scavenging dry electrons in water will be less than it
is in alkanes because hydration competes with recom-
bination of the dry charge pair. There are only three
features of the dry electron model which need be con-
sidered here. (1) Some charge recombination occurs
before hydration and is responsible for the molecular
products, H2and HD 2 (2) Prior to dipole relaxation
the “dry” hole H)+ (or HD+) and dry electron e-
can be trapped by suitable reagents. (3) The chem-
ical behavior of the dry electron is to be inferred from
the reactions of the “mobile electron” emin polar solids,
or of the electron in liquid and solid alkanes.8 One con-
cludes by these criteria that dry electrons, unlike ea ,
react efficiently with phenol and very inefficiently with
H3Dag+. It should be noted that the dry electron

* To whom correspondence should be addressed.
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model is concerned only with electronic processes, i.e.,
events prior to solvation. Molecular motions and
conventional Kkinetics can be neglected. Electronic
events probably terminate at ~10-12 sec and therefore
do not overlap the range covered by the spur diffusion
model. Consequently, the studies reported here may
bear on apparent difficulties of the spur diffusion model,
but not on those which are real (if there any).

Recently reported experiments9 provide evidence
that em in methanol-water glassy solids at 77°K reacts
efficiently with CaH6 CpHBOH, Cd2+, and N0O3 and
that HC1 suppresses the yield of Cd+ but not the reduc-
tion products C8H7 and CeHBOH from C@H6and Ce&H6
OH, while N03 suppresses all these reduced products
quite efficiently.

The present preliminary study considers principally
the effects of scavengers for H atoms, for eaq and e-,
and for HD + or HY + (the dry hole), on the yield of
molecular hydrogen. By way of illustration, allyl
alcohol is selective for H atoms with /c(H + C3H50H)
= 2.3 X 109M ~1sec-1; there is no measurable reaction
with electrons.4 Strong acid is specific for eag, ac-
cording to the evidence cited. Phenol is a compara-
tively efficient reagent for e- in 3-methylpentane or
methanol at 77°K while k(eag~ + CEHSOH) = 1.8 X
107M ~1 sec-1 and k(H + CEBHZOH) = 42 X 109M ~r
sec-1, with the H adduct formed in both instances.4' 0

The scavenging of dry charge species involves com-
petition with prompt recombination and with hydra-
tion. These are first-order and second-order processes
in a limited sense because conventional kinetics is not
applicable. It will be assumed that the relative proba-
bilities of scavenging and first-order removal can be
fitted by <ri[Sllcr2 where [S] is the concentration of
scavenger and the <'s are appropriate parameters, e.g.,
cross sections. The corresponding trial function is
given by

G(product) = G ° (product) *
G2 (precursor)oi[S]
Vi[S] + W2 {"

In some systems G,0 may be zero, in others it may equal
GZ. When Gi° = G2, the dependence of G-1 vs. [S] is
linear and such a plot is preferred when it is permitted.
When Gi° X G2, then G ° becomes a fitted parameter
and (G —G”)-1vs. [S]-1islinear. It should be noted
that G2 is the total yield of scavengable precursor when
Gi° = 0. When Gi° X 0, G2 represents only the
partial yield of precursor which gives rise to the product
being measured and not necessarily to all of the latter.
It will be convenient to use, e.g., G2(H2 to represent
that part of the primary yield of the product which is
susceptible to suppression by scavenging of a precursor.

Experimental Section
Water was triply distilled. Allyl alcohol was puri-
fied by distillation and passed through a column of
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activated alumina. Acetone-d6and acetic acid-dj were
99.7 atom % isotopic purity. Inorganic chemicals
were Baker's analytical grade.

Samples of 5 ml of aqueous solutions were purged
with N2 and outgassed by repeated freeze-pump-thaw
cycles, then sealed in Pyrex cells with break-seals. Ir-
radiation with 8Co y rays was conducted at 1.36 X
108 eV g-1 min-1, determined by Fricke dosimetry.
The results for Ghad2and G(N02 ) with Cl- as scaven-
ger, which have been published in part,11 were per-
formed at the Tokyo Metropolitan Isotope Center.
For these experiments the dose was 7.8 X 10T/ eV/g.
The yields for all aqueous solutions were measured in
the linear region of yield-dose dependence. For mea-
surements of Gh*the solutions contained 5 X 10-2 M
allyl alcohol (to scavenge H and OH) except for solu-
tions of phenol. Gaseous products were recovered by
Toepler pumping and analyzed using a CEC 21-102
mass spectrometer. The experimental procedures for
methanolic glasses have been described.9

Results

Electrons in Aqueous Glass. The effects of several
solutes on the 560-nm absorption of esiv- in glassy
38% CH3OH-62% HD at 77°K were surveyed to allow
comparison of scavenging efficiencies for em (which
is presumed to be dry) with eat . They are also to be
compared with results for electron scavenging in water
at high solute concentrations. The results appear in
Figure 1 and values of §i/ o2are summarized in Table I.
Small concentrations of allyl
alcohol depress GH2by ~0.05, with GH in acid solutions
greater than in neutral solutions. The results, sum-
marized in Table 11, show a very slow decrease in GH2
for [CHBOH] > 0.1 M, which may be due in part to
simple dilution.

The a-hydrogen of allyl alcohol is rather reactive and
at low pH G(H) is much larger than GH2 As a result
the contribution to G(H2 from G(H)k4(fc4 + kb) must
be considered according to reactions 4 and 5. An esti-

H Atom Scavenging.

CHHOH + H— » CHDH + H2 @)
CHEOH + H — » CHEOH (5)

mate of this contribution to G(hydrogen) was made
using solutions of allyl alcohol in DD with the results
shown in Table I. AGhd = 0.053 and 0.050 in DD
when Geap = 2.3 is converted into G(D) = 2.3 by
acid, from which one obtains kjk~ = 0.022. At 10-2
M allyl alcohol in HD, results for neutral and 0.1 M
acid solutions give fciffcs = 0.021.  Similarly with 1 M
alyl alcohol, h/7k6 = 0.019. If one adopts GH = 0.62
which Schwartz has used,6 then reaction 4 contributes

(9) T. Sawai and W. H. Hamill.V. Phys. Chem., 73, 2750 (1969).
(10) E. J. Land and M. Ebert, Trans. Faraday Soc., 62, 1181 (1967).
(11) T. Sawai and W. H. Hamill, J. Chem. Phys., 52, 2843 (1970).
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Table I:

(a)

Primary Secondary i
solute solutes soln
Cd2+ O.inh + 1.7
Cu2+ 8.4
no2- 1.5
NOs 1IN H+ 2.6
h 22 0.94
ch®ho2 21
(CH3ZCO 10~2N H + 0.9
CeHsOH 0.6
° No second solute. bFrom ref 4.

by 2 as a rough adjustment for ionic strength effects.

S|

Figure 1. The relative efficiencies of several solutes for
decreasing OD(esdv_) in 38 mol % CH30H-62 mol % HD at
77°K and 100eV g_1in a cell 2 mm thick. The curves,
reading clockwise, describe results for Cu2+, CH3N 0 2 phenol
(3 X AOD-1 — 2), acrylonitrile (right-hand scale), N02_,
acetone, HXD 2 and Cd2+.

A(?(H2 ~ 0.012 in neutral 1 M allyl alcohol. The
corrected (?H2 becomes 0.358 — 0.012 = 0.346 and
Acrh2= 0.44 — 0.346 = 0.09 for the combined contri-
butions of reactions 2 and 3 to GBi.

Electron Scavenging. Several scavengers have been
used in this work, both in neutral and acid (HC1) solu-
tions. Acid solutions also contained 0.05 m allyl
alcohol to remove H and OH. The systems have been
selected with the purpose of testing the dry electron
model, e.g., dry electrons do not react with acid.

Acetone-d6was used to examine the effect of electron
scavenging on (?H For the combined yields GBI +
GB, 0.1 M isopropyl alcohol in neutral solution was
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Relative Efficiencies for Scavenging em~ in Methanol-Water at 77°K, e~ and eag~- in Water

(b) ©

(n/tri K- X (a)/(b) X
glass® 10-M 6 (am »y 10«
13 5.2 1.6 13
60 3.5 12 14
22 0.6 1.3 7
40 1.0 1.3 6
18 1.2 0.8 5
60 0.5 42 35
19 0.6 1.5 5
1.2 0.002 300 50

¢ The rate constants for Cd2+ and Cu2+ have been multiplied by 0.2, those for N03~and N 02~

Table Il : Effect of Allyl Alcohol on Hydrogen
Yields in HD and inD2D*“

Allyl
alcohol, HClI,
M M <AH) G(D2 ff(HD)
0.01 1 0.447
0.05 1 0.413
0.10 1 0.423
0.50 1 0.410
1.0 1 0.410
0.01 0.1 0.437
0.05 0.1 0.443
0.10 0.1 0.405
0.50 0.1 0.398
1.0 0.1 0.393
1.5 0.1 0.388
0.01 0 0.381
0.2 0 0.382
1.0 0 0.358
0.2 0 0.005 0.240 0.039b
1.0 0 0.027 0.166 0.069
0.2 0.01 0.011 0.195 0.092
1.0 0.01 0.019 0.154 0.119

“Dose = 13 X 10« eV g-‘. hln neutral 0.02 m NO;
Ohd ~ 0.0060, Gal— 0.244; for 0.1 M NO3, Ithd = 0.0048,
G2 = 0.182.

used. For measurements of (?h2 solutions contained
0.05 m allyl alcohol and 0.01 M HC1l. The results,
which appear in Figure 2, show that the yield of hydro-
gen from acetone cannot be neglected. The yield of
H atoms, GB = (?(H2) — Gn, would be substantially
constant at 0.2 M acetone-d6 if a small correction for
dilution were to be applied.

The effect of NO3~ on GB2 with 10-2 M and 1M HC1
and 0.05 m allyl alcohol appears in Figure 3 and Table
I11.  Scavenging of H atoms occurs almost entirely by
0.05 M allyl alcohol, even at 0.5 M NO3 . If e’ is
the principal precursor of molecular hydrogen, then in
1M HC1 conversion into H atoms will be considerable
with appreciable scavenging by allyl alcohol. There is
no evidence for such an effect. If the dry electron is an
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Figure 2. The yield of H2for solutions of acetone-déwith 0.1
M isopropyl alcohol (O); Ghj (¢) and 10 X G(HD) (©) for
0.05 M allyl alcohol and 0.01 m HC1. The difference curve
is attributed to Gu-

Figure 3. The yield of molecular hydrogen with 10~2m HC1
(O) and 1 M HC1 (*), as functions of N0O3- concentration.
Both systems contain 0.05 m allyl alcohol.

important precursor of H2 acid would not compete
with NO3~.

For G'(H) = 3.3 and kak5 = 0.02, allyl alcohol will
produce AG(H2 = 0.07 at low pH and for [N03-] =
0, but this will decrease as [N03~] increases. This
changing contribution from AG(H2 has been subtracted
from the observed G(H2. The value G\ — 0.35 is
less than the value for water, ~0.45, due to 0.02 M
allyl alcohol. Equations formally equivalent to A
have been used by SworskiR for the effects of scaven-
gers on Gh2 His values of <ri/o2for N03_ in other sys-
tems agree approximately with ours and are included in
Table I11.

The results of Hayon13for G(N02~) in aerated 0.005
M ethanol and N 03~ appear in Figure 4. Values of
axo2 for these two systems are roughly equal, 2.9 and
1.9, which is to be expected if AG(H2 and AG(N02)
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1aNo]

Figure 4. Gh2as a function of [CHNOZ (¢); G(N02 )asa
function of [N03~], from Hayon’s results13 (O).

Figure 5. The yield of molecular hydrogen as a function of
acetone-ds concentration with 10~2 (¢), 10-1 (O),
and 1 M HC1 (©).

are due to a common precursor. The combined yield is
Gi°(N02) + GZANO02) = 3.9. This value will be
shown to be typical for G° (electrons), but the reaction
scheme in this system cannot be stated with confidence.
Both cn and GFR2were measured by Appleby# using
acetone but use of this reagent involves some ambiguity
which can be avoided by using acetone-d6- As an ex-
ample, at [acetone-de] = 1 M, G(HD) was 0.07 in neu-
tral solution. Results for G(H2) in solutions containing
0.05 m allyl alcohol and 10-2, 10_1, or 1M HC1 appear
in Figure 5 and Table 11l. They have been corrected
for AG(H2 from allyl alcohol. The precursors of mo-
lecular hydrogen not suppressed by allyl alcohol appear
to be completely scavengable by acetone, and they are
substantially indifferent toasmuchas 1M HC1. Again,
Gi° is smaller than GHabecause of added allyl alcohol.

(12) T. J. Sworski in “The Solvated Electron,” Advances in Chemis-
try Series, American Chemical Society, Washington, D. C., 1965,
p 263.

(13) E. Hayon, Trans. Faraday Soc., 61, 723 (1965).

(14) A. Appleby, ref 3, p 269.
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Table HI: Summary of Results for Scavenging Electrons and Holes in Water

Primary Secondary solute Product Gi° GP G°(e~) or

solute or condition measured product precursor w2 G°(HsO+) Reference
no3 1m HC1" h2 0.35 0.35 2.9 This work
no3 Ce<+, HZS0, Ce3+ 7.92 5.4 2.3 12
no3 h 2 0.34 2.57 12
no3 Reactor radiation h2 0.67 2.35 12
no3 0 2ethanol, N03_ no 2- 2.1 1.8 1.9 3.9« 13
OH- hco2, no3 no2- ~2.5 -~1.1 3.5 ~3.8b 13
OH- OH 2.1 1.5 3.4 3.6“ 13

4.2C
OH- H2D2 0.75 0.40 3.0 13
no?2. h 2 0.354 1.48 12
ci- N 03-, propanol no?2- 2.76 0.72 0.41 3AD This work
ci- 02 t-PrOH h D2 35 3.7 0.43 15
ci- Cl2- 3.8 0.38 3.8 17
ci- hD2 0.64 0.83 0.43 This work
- Aerated | 2- (2.7) 2.0 0.60 15
CeH5H h 2 0.41 0.20 0.61 This work
cthboh 0.1 AHC1 h 2 0.40 0.20 0.91 This work
cthodh 1AHC1 h 2 0.46 0.20 2.6 This work
ch&ho?2 1N HCP h2 0.38 0.22 21 This work
(CD3ZX0 10~2AHCP h2 0.37 0.37 0.90 This work
(CDh3x0 10-1N HCI™ h2 0.37 0.37 0.90 This work
(Cb3Zxo0o 1N HCP h 2 0.37 0.37 0.90 This work
h 2 h 2 0.345 0.94 12
h22 19 MeV h2 0.475 0.98 12
D+

H 216180 2 H 218 H 218180;2 0.745 0.53 0.46 16
Cu2+ h 2 0.325 8.40 12
Cd2+ 10-1JVHC1 h2 0.42 0.18 1.7 This work
Cd2+ 1N HCP h2 0.37 0.15 6.5 This work
Cd2+ Aerated Cd+ (2.7) 1.26 1.6 4.0 15
CH3C1 Cyclohexane ch3 2.9 15 2.9 21
ch bod Cyclohexane HD 4.0 2.0 4.0 20

o+ o bl o T+XO cEoyd 8,°. dSolutions also contajn 0.5 M allyl alcohol.

For Cd2+, unlike acetone, GZ(H2 = 0.5Gnh2 (Figure
6 and Table I11l) while HC1 greatly increases <ri/a2
Bevan’s® results from pulse radiolysis for G(Cd+) in
neutral solution give a value of <i/<r2 almost equal to
the preceding at 10_1 M HC1, with G2 (precursor) =
1.3. From the same work, (?1°(Cd+) = Gi°(eaq~) =
2.7 and (?2°(Cd+) = 1.3 which combine to give G?°(e~)
= 4.0. Results for Gh2using nitromethane as scaven-
ger with 1M HC1 and 0.05 M allyl alcohol are included
in Figure 4, for which G2 = 0.22. The value of Gi°-
(H2 is consistent with other systems which contain
allyl alcohol. The value 01/<r2 = 21 is remarkably
large.

Solutions of phenol contained no allyl alcohol. The
results for these solutions, which appear in Figure 7,
give G2 (H2 = 0.20 in both neutral and acid solutions
while <i/02 increases strongly with increasing [HC1],
Phenol is a very inefficient scavenger for eaq while
Cd2+ is nearly the best. Their relative efficiencies in
suppressing GH2, both in neutral and in acid solutions,
are rather similar. Phenol is an efficient H atom scav-
enger (k = 4 X 109 M-1 see-1)» but allyl alcohol is
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nearly as efficient (k = 2 X &£ ~ W sec-1)4and if
efficiency was not appreciably affected by acid.

The effect of hydrogen peroxide as scavenger for a
precursor of molecular hydrogen¥has been interpreted
by Sworski2and the values of his parameters appear in
Table I1l. He has called attention to the invariance
of scavenging efficiency with LET, the only change
being exhibited in GZ. The same LET effects on Gh2
were found for NO3 (Table 111).22 The value of
ci/cr2 for H2I6 ® 2 to suppress the molecular yield of
H2181 2 in H2I8® has been evaluated from the results
of Anbar, et al.7 The efficiency is only half that for
suppression of Gh2 and the precursors are probably
different.

Hole Scavenging. Anions provide the most obvious
reagents which can be expected to scavenge dry holes

(15) P. L. T. Bevan and W. H. Hamill, Trans. Faraday Soc., in
press.

(16) A. R. Anderson and E. J. Hart, J. Phys. Chem., 65, 804 (1961).

(17) M. Anbar, I. Pecht, and G. Stein, J. Chem. Phys., 44, 3635
(1966).
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0 4 8 2 6 20 24

Figure 6. The yield of molecular hydrogen as functions of
[CHNO0Z (+) and of [Cd2+] with 10"1(0) and 1 M HC1 (O).

Figure 7. The yield of molecular hydrogen as functions of the
concentration of phenol and 0 (), 10_1 (O), or 1 Hi HC1 (O).

and acetate ion was selected first because the reactions
which can plausibly occur are

HD+ + ch&Xo2 —> HD + CH3X02 (6)
or possibly the proton transfer reaction 7. Reaction 6

HI+ + CH302 —~ HD + CHXOH (7)
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would be followed by the very fast reactioni8 8 and
methyl radicals are converted into methane by reaction
9. In this work only G(hydrogen) and G(methane)

CH302— » CHS+ CO02 ®)
RH + CH3—*aR + CH4 )

were measured, using CH02H or CDX 02D at pH
~8. Results for the latter reagent (Table 1V) show
GH2 + (?(HD) = constant, with (?(D2 negligible.
The combined G(CD4 and G(CD3) increased linearly,
but not strongly, with [CD302~]. The rather small
G(methane) in solutions of 1 M CD3C02‘ may be due
to interference from reaction 7. The results provide no
evidence for hole trapping by electron transfer, and
(?(methane) is probably due to direct effect.

Table IV : Product Yields from CH302- and CD3X02¢
[ace- Other solutes,
tate] M G(H) G(CHO G(CD.H)  G(HD)
0.1“ 0.02 ¢-PrOH 0.795 0.005
0.003 NaNO03
0.5 0.02 i-PrOH 0.760 0.035
0.003 NaNOs
1.0 0.02 ¢-PrOH 0.734 0.073
0.003 NaNOs
0.F 0.002 NaNOs 0.397 0.009 0.009
0.56 0.383 0.027 0.025
1.0s 0.368 0.057 0.042
0.1 0.02 f-PrOH 0.583 0.023 0.00
I.ONaOH
1.0 0.02 i-ProH 0.442 0.100 0.014
I.ONaOH
“cHx02. lcazxoz.

The fact that Cl- can be oxidized radiolytically in
neutral and even in alkaline solutions19 indicated the
use of this reagent. If the mechanism is written as

(HD+, e~) + Clag — » HD + eap + ClI (10)

it is expected that an increased yield of ea~ will be
observed since the hole has been annihilated and some
prompt charge pair recombination has been prevented.
With 0.002 M NO3~ and 0.02 M isopropyl alcohol,
G(H2 is unchanged at 1 m CI“, and (>n2is nearly un-
changed at2 m CI- .

In deaerated neutral solutions containing 10“2 M
NOj-, 10“4m FeS04 and 5 X 10~2M isopropyl alcohol
G'(NOFr) increased with [CI“]. The extinction coeffi-
cient of N02* was unaffected by the highest concen-
trations of CI“. From Figure 8, Gi°[N02‘] = 2.76
and GZ[N02‘] = 0.72. The value or7tr2 = 041 is
typical for CI* hole scavenging.

(18) J. R. Nash, W. H. Hamill, and R. R. Williams, J. Phys. Chem.,
60, 823 (1956).
(19) M. Anbar and J. K. Thomas, ibid.., 68, 3829 (1964).
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Figure 8. AG(N02-) from 10-2 M KNO3measures AG(eat )
from hole trapping by Cl-; GfCU-) is a direct measure of hole
trapping (data from ref 17).

The results of Anbar and Thomas19 for CI2~ in neu-
tral solutions as a function of [CI- ] also appear in Fig-
ure 8. Their measurements extended to 3 M ClI-, and
all data at high concentrations have been included al-
though there must be appreciable contributions to
G(C12 ) from a direct effect. There will be a partial
compensation since energy absorbed by NaCl diminishes
G(H20 +)- The intercept in Figure 8 gives G2 = 3.9
which is interpreted as Q°(H20 +) = 3.9. The effi-
ciency, €\Vc2 = 0.38, compares with that for aerated
solutions of 0.3 M isopropyl alcohol at various [CI- ].
The parameters appear in Table 111.

Fluoride ion reacts very slowly with H atoms,4 but

F- + H—>HF + ea};
k = 14 X 104M-1 sec1  (11)

this reaction was repressed in another series of experi-
ments by adding 0.1 1 isopropyl alcohol to 0.01 m

NO03 which show AG(N02) = —AG(H2 = 0.15 at !

M F- and0.25at5m F-. The efficiency of F-, which
cannot be oxidized by OH, compares with Cl- for which
AG(NO2) = 022 at [CI-] = I f. For the same re-
action system, (?(H2 decreased from 0.960 at [F-] =

010 0.780 and 0.688 in 1 and 5 M solutions of F- , while
G(NO02) increased from 2.52 to 2.66 and 2.74. A
small change in the extinction coefficient of N0O2 has
been allowed for. The necessity of adding isopropyl
alcohol as a scavenger for H precluded measuring Gh2
in solutions of F-. In related experiments the solu-
tions contained 10-2 M NO03 and 1.5 X 10-3 M allyl
alcohol. Gh2 was 0.375 at [F-] = 0 and 0.345 at
[F9 = 1mM. This is much less than the change in
G(H2 for solutions containing isopropyl alcohol and
indicates that AG(H2 arises chiefly from AGH Parallel
experiments measuring G(H2 and GH in solutions with
Cl- with and without isopropyl alcohol showed changes
of these yields did not exceed ~3% for G(H2 while
Gh2increased from 0.445 to 0.464 and 0.483 in 1 and 2
M Cl.-
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I/[No d]

Figure 9. The yield of molecular hydrogen peroxide as a
function of [CI-].

For measurements of GHo2with Cl- as hole scaven-
ger the neutral, deaerated solutions contained 5 X 10-2
M isopropyl alcohol and 10-2 M NO3 . The results
appear in Figure 9 and Table I11.

Results for G(12-) in aerated solutions of iodide ion
from the work of Bevani6 are summarized in Table I11.

High concentrations of OH- would be expected to
produce effects comparable to other anions. The re-
sults of Hayon2 for G(N02 ) to pH 14 in solutions con-
taining5 X 10-3 M HCO02 and 10-3 M NO3 are sum-
marized in Table 111. It should be noted that for the
same system AGHs = —0.04 at 1 M OH-, somewhat
comparable to the result for 1 M F-. The results for
Gon and Gn,o; appear in Figure 10. The oxidation of
OH- to OH is predictable from the formation of Cl2-
and quite analogous. All values of </<r2 for OH- lie
between 3.0 and 3.5, while &2°(OH) = 1.5 depends

Figure 10. The yields of molecular HX2 (=) and primary OH
(O) as functions of [OH-] (from Hayon's resultsd).

(20) E. Hayon, Trans. Faraday Soc., 61, 734 (1965).
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I [G4d]
40

Figure 11. The yields of HD (O) as a function of [C2H50D]
and of CH3 (=) as a function of [CH31], both in cyclohexane
(from ref 21 and 22).

partly on this oxidation and partly on suppression of
molecular hydrogen peroxide.

Hole scavenging by C2HB0OD in cyclohexane, re-
ported by Buchanan and Williams,21 and electron
scavenging by CH3C1 in cyclohexane by Warman, et
al.,2 have been included in this presentation (Figure
11). The high-frequency dielectric constant of water
approximates that of an alkane and comparisons are
desirable.

Discussion

A revised estimate of fa/h is required by the increase
in G(eaq ) due to hole scavenging at high [HC1]. ‘At
10~2m™ allyl alcohol for 0 and 1 m HC1, AGH;j = 0.066
and AG(H) = 2.7 + 0.4 (Table Ill and eq A) to give
ki/kr, = 0.021. Similarly for 10-2 m allyl alcohol and
0and 0.1 M HC1, AGm = 0.056, AG(H) = 2.7 from
which ki/k; = 0.021. With 1m allyl alcohol and 0 and
1M HC1, kvh = 0.017 while 0 or 0.1 m HC1 gives
ki/ki = 0.013. The average k4kis0.018. At various
[HC1], AG(H2 for 10~2 and 1 M solutions of allyl alco-
hol is 0.038, 0.040, and 0.037 at 0, 0.1, and 1 m HCI,
respectively. There is no trend with [HC1] and no
definite evidence that HC1 converts eag~ into H “in the
spur.” The results for DD show AG(HD) = 0.03
as [allyl alcohol] increases from 0.2 to 1.0 M which
indicates AG(D) = 0.03/0.018 > 1.6 whichwould other-
wise be lost through geminate recombination. The
result G(HD) = 0.069 in neutral DD with 1 m allyl
alcohol requires that G(H2 in neutral HD with 1 m
allyl alcohol should be corrected downward by a com-
parable amount, and AG°h2may be —0.11 due to H-
atom scavenging. This approximates the combined
contributions of reactions 2 and 3 in neutral solutions
according to the calculations of Schwarz.6

The interpretation of other results from this work,
as well as results from the literature, depends prin-
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cipally on the adequacy of the trial function A to de-
scribe the facts consistently. This model was sug-
gested by the familiar expressions commonly used for
competition kinetics but, when dry charge species are
being scavenged, conventional kinetics are not pre-
dictably applicable. These expressions are compara-
ble with those used by Sworskil2 except that he em-
ployed rate constants, i.e., Ig[S]/fc2 and attributed the
first-order process to the unimolecular decomposition
of “excited water” to form molecular hydrogen. For
eq A to apply, it is sufficient that cri[S]/cr2 account for
the relative probabilities of the competing processes,
i.e., that (Tiz&z remain constant for a useful range of
[S], or of time. This is not known a priori, but must
be established by experience. The introduction of an
adjustable parameter Gi° is unfortunate but inherently
required by many reaction systems for internal con-
sistency. On the other hand, there are usually narrow
bounds for fitting this parameter, i.e., the range of ac-
ceptable values of GHy Gexy, and the like, and these
uncertainties are not peculiar to the trial function.

For 50% scavenging, or <ri[S]/o2 = 1, the results in
Table 111 show that [S]i/2 usually lies between 0.5
and 2 M, and this regime of scavenging effectively
terminates at 10“2 or 10_1 M. The typical range for
the spur diffusion model extends to ~10~1 M, and the
two models may prove to be complementary and not
mutually exclusive. One is designed to describe very
early effects; the other is for late effects. It istrivial to
observe that if e_ “meagq and eaq. — H2 then e- —»
H2 where H2 is molecular hydrogen. Consequently,
if scavenging dry electrons suppresses molecular hydro-
gen, the precursor has been only partially identified. It
would be difficult to demonstrate by a qualitative ex-
periment (rather than by kinetic analysis) that eaq is
the immediate precursor of molecular hydrogen. The
present work only attempts to determine how the dry
charge species can be scavenged and to what extent
each of them is an ultimate precursor of the final prod-
ucts.

This requires being able to distinguish between HD +
(or H +) and OH as oxidants, or between ea and e~
as reductants. To illustrate, there are two possible
mechanisms for oxidizing CI1", one being a conventional
reaction possible in the very acid spur. If the exclu-

H20+ + Clag —~ HD + CI (12)
HaOa® + OH + CU- —=m2HD + Cl (13)

sive mechanism is (12), then G2°(H20+) = 3.9, and
this is interpreted as being due entirely to scavenging
prior to hydration and geminate charge pair recombina-
tion. This reaction system possesses unique signifi-

(21) J. W. Buchanan and F. Williams, J. Chem. Phys., 44, 4377
(1966).

(22) J. M. Warman, K. D. Asmus, and R. H. Schuler, J. Phys.
Chem.. 73, 931 (1969).
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cance because it is the only one considered which must
occur either with a dry charge species or entirely within
the spur. (It should be clear that the model for
scavenging dry charge species does not invoke spurlike
processes, each entity being assumed to originate from
a single ionization. Reactions “in the spur” will be
considered only with reference to the conventional
description.)

If the exclusive mechanism is (13), then G2°(OH) >
39 and G(H30+) > 3.9 in the spur, with substantially
complete reaction required. If such large yields of Cl
were produced in the spur, with little or no escape of
OH and Htigt, then there must also be efficient con-
version of Cl into Cl2 and CI3’ which absorb very weakly
in the region of XmeqCIl2_). For this reason (“oxida-
tion) > 3.9 if trapping occurs partly in the spur. It
is concluded that reaction 12 must contribute to
G(C12 ), i.e., HO + or HY + can be scavenged. Con-
sequently, a new model is required to deal with very
early effects. Also, the spur diffusion model should not
be applied to solutions containing more than ~0.1 M
charge scavenger because of intervention in very early
ionic processes.

The preceding argument rests on the large value of
G(G12— which, if real, cannot be explained conven-
tionally. It has been noted that a direct effect to
produce Cl must contribute to some extent. This
effect cannot exceed AG(ear ) from ionization of Cl~
and hole trapping combined, which is given by G2-
(N02-) = 0.72 from dilute N03 with CI" scavenging.
It is probably much less than this because recent pulse
radiolysis measurements by Khorana2z have shown
that 2 M Na2S04increases OD(eax~) by only 5.6%.

With 1% as scavenger, Gi°(12.) = 2.7 at small [I- ]
from homogeneously distributed OH. With increasing
[1- ] the same population c'on = 2.7 will react at much
earlier times but will not be distinguishable since it has
already been counted. As [I- ] continues to increase,
dry H0 + may contribute to G2°(12~) and if HD + is
inaccessible we expect (7i°(12.) + &2°(12.) =
ft°(OH) + &°(H30+) > 7.8. Alternatively, if HD +
is scavengable, then the major source of OH will be
suppressed at high [1“] and the total G(12 ) will exceed
(2°(H20 +) = 3.9 only by the geminate (H, OH) non-
ionic yield of OH. Since Gi°(12) + &X°(12~) = 47
it appears that H20 + is scavengable. The nonionic
component of OH amounts to Gi°(12~) + &°(12~) —
G2°(H20 +) = 4.7 — 3.9 = 0.8, roughly the same as GH

The large value G2°(OH) = 1.5 at high [OH- ] can be
accounted for in part by reaction 14 which is totally
analogous to reaction 12. The increased yield of eaq_

Gob. +

(H0+, e-) + OHaqp —> HD + OH + ey (14

is indicated by G2 (N02~) = 1.1 with N0O3_ at high pH.
Although the mechanism is not quite certain, G2°-
(NO02) = 1.1 istoo great to attribute to H + OH- =
ear alone. The large value of G2°(OH) is not ac-
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counted for by the conventional appeal to pH effect;
i.e., base neutralizes acid in the spur which would in-
crease G(eax), since this would also decrease G(OH)
by forming OH- in the spur. Alternatively, if reaction
14 gives G2 (oxidation) = 3.9 and the oxidant and re-
ductant from the decomposition of water cancel, then
Gi°(OH) + &°(OH) = 21 + 15 = 3.6, somewhat
less than the value of G assumed for reaction 14, but
Goh + G2°(OH) = 2.7 + 15 = 4.2 agrees better.

The reliability of results for the radiolysis of very
alkaline solutions is difficult to evaluate. In support of
the data employed here it should be observed that <n/a2
for OH- is substantially constant for three different
systems. It is also to be observed that G ° + GZ ap-
proximates 3.8 for scavenging electrons and for scaveng-
ing holes, in good agreement with other results. The
value for G2 (H202 = 0.40 is not evidently unaccept-
able. Also, using the parameters for N02 formation
we calculate AG~- = 0.38 at pH 13, which com-
pares with A6'eet = 0.40 from the work of Fielden and
Hart.24 The results for G(OH) may be inaccurate, but
they provide evidence for appreciable increases in yield
at high pH which agree qualitatively with the observa-
tions of increased G(ear) from hole scavenging and for
oxidation of OH- . Czapski® has recalculated the data
of Fielden and Hart to obtain con = 3.2 at pH 13
which is higher than Hayon's result. Measurements
by Khoranaz of G(12_) with 10-2 M |- invery alkaline
solutions by pulse radiolysis give values of G(12_) which
agree well with Hayon’s c on in the range of high pH.

The change in G2 (H2 with solute is somewhat com-
plicated and this is also indicated by the fact that the
spur diffusion model requires four precursors to de-
scribe Gh2 The systems examined by Sworski con-
sistently lead to G2°(H2 = 0.34 at low LET, although
e-, e, and H are scavenged by H202 N02-, and
Cu2+ while NO03~ scavenges HD + (since it is an
anion) 26'27 as well as e- and eaq_, but not H.

Acetone-de, at each of three concentrations of HC1,
produced significant yields of HD although fc(H +
allyl) [allyl alcohol] » /c(H + acetone) [acetone] and
&2°(HD) was uniformly about 0.1. The origin of HD
is therefore not hydrogen abstraction nor is it plausibly
direct effect since G(D2 = 0.003 in 1 M solution. A
source of HD is suggested by the fact that acetone is
a strong base in H2S04 and therefore can act as a proton
acceptor with H20 +. Subsequent neutralization may
lead to decomposition with evolution of hydrogen.

The spur diffusion model can account for the inde-

(23) Work in progress in this laboratory.
(24) E. M. Fielden and E. J. Hart, Radiat. Res., 32, 564 (1967).

(25) G. Czapski, Advances in Chemistry Series, No. 81, American
Chemical Society, Washington, D. C., 1968, p 106.
(26) The anion effect can account for A(Gem- + Gh) in acid solutions.

(27) The prompt yield of NOs in pulse-irradiated solutions of NOs*
(attributable to hole trapping) obeys eq A with <n/n = 0.80 and
Gi° = 0 according to M. Daniels, J. Phys. Chem., 73, 3710 (1969).
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pendence of cri[NO3- ]J/(r2 with high acidity,6 but the
efficiency of Cd2+ was markedly increased by acid
without appreciably changing G2°(H2. Because k-
(Cd2+ + H) < 105 the effect of acid cannot be at-
tributed to eay + Hagt-* H, while fc(Cd2+ + eag) =

52 X 100M ~1sec“l at pH 7, and the rate cannot be
increased fourfold to ~20 X 1010M ~1sec-1.

A possible explanation of the effect of acid on G2-
(H2 with Cd2+ is capture of e- by Cd2+ to give an
energetic transient Cd+* which may ionize to Cd2+ and
eat , while capture of eag+ occurs adiabatically. Thus
two successive captures (i.e., low efficiency) would be
required to completely remove the precursor of molecu-
lar hydrogen if both e- and eag contribute to GH.
The effect of acid would then be to provide an efficient
route to convert Cd+* to Cd2+ and H.

If the effect of phenol, for which G2 (H2 = 0.20 from
pH 0 to 7, is attributed exclusively to H-atom scaveng-
ing, then it exceeds the estimate of AG(H2 caused by
allyl alcohol. It also exceeds the combined yields from
reactions 2 and 3 according to spur-diffusion theory,
which is 0.145 at pH 7.6 If phenol scavenges both H
and ea , but not e-, then &°(H2 should be 0.281 at
pH 7 and 0.323 at pH 0.7 according to Schwarz.6 Since
phenol scavenges H about 103 times faster than eay ,
adding 1 M HC1 should have a larger effect than was
observed if eat is the principal precursor of molecular
hydrogen.8 We attribute the effect of phenol on Gh2
principally to scavenging H and e- so that @°(H2 =
G2°(e~) + G2°(H). The marked increase in oj/<r2 as
[HC1] increases from 0 to 1 M with AG2°(H2 = O is
entirely similar to the effect observed with Cd2+ and is
similarly explained by reactions 15 to 19.

$OH (- e- > EOH- (15)

$OH— » ©OH - eag— fast (16)

00H~ —> €OHay fast (17)

00H- + HD —> thHOH + OH«,- slow (18)
00H- + Hagt —> 4,HOH fast (19)

There is some regularity in the several values of G2-
(H2 if it is assumed that each of three precursors con-
tribute as follows: G2°(e~) S X°(eagq) = G2°(H) ~
0.1 with an unidentified G2(?) =0.1 which will be
quite tentatively attributed to H20 (3Bi).2 Scavengers
of H20 (3Bi) are considered to be N03~, N0O2, (CD32
CO, and =CHwhich are known to have low-lying triplet
states. We add H202 to this list since its lowest triplet
should lie under the first singlet, and H20 2 absorbs to
<4 eV. We also include, qualitatively, OH- which
suppresses GH weakly, since there is some evidence that
it has a low-lying triplet state, Bi.D

The scavengers, and precursors of molecular hydro-
gen scavenged, are summarized: NO3- (e-, eay , 3Bi);
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NO2- (e-, eay, 3BIi, H); <K)H(e-, H); CH3NO02
(e-, eayr); (CD3)2CO(e-, eay, 3Bi); H202(e-, eay,
Bi); Cu2+(e-, ear, H); Cd2+(e-, eay). For scav-
enging in n channels we expect G2°(H2 =0.1 n. The
values of G2° are in adequate agreement with expecta-
tion in all instances except N02~ and <~CH the ob-
served value of G2°(H2 being smaller than expected
by ~0.1. Scavenging precursors of molecular hydro-
gen in three channels can only be described fortuitously
by eq A. Since each of three different values of G2 are
about the same, the function AG-1 vs. [S]-1 still applies
only if the values of <n/< are about the same for each
precursor.

Scavenging dry charge species in water should bear
some resemblance to the corresponding processes in al-
kanes, the dielectric constants being roughly equal.
For alkanes one may expect < to refer to charge recom-
bination. The results for electron scavenging by
CH3C1 and hole scavenging by C2H80D, both in cyclo-
hexane, appear in Table I1l1. The value Zi/<r2 = 15 for
CHA3Cl (a relatively poor scavenger) is rather larger than
the corresponding efficiencies for the neutral scavengers
phenol (0.6), acetone (1.1), and nitromethane (1.6) in
water. These results can be explained in terms of the
~70% interference of hydration with recombination of
the dry charge pair. Since hydration is incomplete, it
must be more probable for charge pairs with greater
than average separations. To scavenge a given frac-
tion of the remainder, which have shorter than average
lifetimes for recombination, will require correspond-
ingly larger concentrations of scavenger than would be
required if dielectric relaxation were “turned off.”

The results in Table 1l for electron scavenging in
CH30H-H2D glass strongly favor correlations with
values of or/o2 from Table 111 in preference to rate con-
stants. The average deviations from constancy are 80
and 133% for the ratios in columns 7 and 6, even ex-
cluding from the second group the result for phenol.
For a decisive test one requires a reagent which reacts
very slowly with ea and which would therefore be ex-
pected to take advantage of the much higher energy of
the dry electron.3t Of the solutes tested, only phenol
reacts with ear at a rate considerably less than diffu-
sion controlled while its value of <i/<r2 is almost normal
for aqueous solutions.

From the quantitative aspect, the model as expressed
by eq A is useful in providing linear functions which
yield two important parameters. The consistency of
the description can be tested (i) by requiring <n/<2 to

(28) In a private communication, H. A. Schwarz reports good agree-
ment for calculated Ghj and the yields found here in neutral phenol
solutions.

(29) D. Lewis and W. H. Hamill, J. Chem. Phys., 51, 456 (1969).
(30) H. J. Maria and S. P. McGlynn, ibid., 52, 3402 (1970).

(31) An example of this effect was claimed by M. Haissinsky and
M. Duflo, J. Chim. Phys., 52, 955 (1959), for [U4+] > 0.05 M.
Reduction by eag- is thermodynamically unfavorable.
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be constant for a given scavenger when the effect is ob-
served in several channels and (ii) by requiring G,° to be
constant in one channel for several scavengers. The
first requirement is fairly well satisfied for six systems
with S = NO03~ three with S = OH-, three (possibly
four) with S = CI-, and two (of three) with S = Cd2+.

Krishan M. Bansal and Robert H. Schuler

For seven systems one can deduce 2 G° =
e~, or OH.
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Scavenging studies with iodine indicate that the yield of cyclohexyl radicals produced in the radiolysis of pure
cyclohexane is ~5.7. lodine concentrations in the range of 10~2 M, however, reduce the observed yield to
-~4.2. This decrease is interpreted as being produced both by hydrogen atom and by positive ion scavenging
reactions of iodine. The effect of a number of other solutes on the production of cyclohexyl radicals has also
been examined.  Cyclopropane reduces the yield by an amount approximately equal to the yield of the positive
ion reactions. Ethylene has a similar effect with a superinpaosed reduction which results from hydrogen atom
scavenging. The various electron scavengers examined (CH3Br, CH3l, CH3CL, SFg N20, and C02 have differ-
ing effects which depend on the relative importance of secondary abstraction reactions. The comparison of
CH3®Br and CHCl is particularly interesting because the first solute causes a reduction approximately equal to
the yield of electron capture while the second has essentially no effect.  Nitrous oxide is unique in that an in-
crease is observed in GfCoHu-) which is equal to the yield of electrons captured by the N20.  The quantitative
aspects of the various effects can be correlated quite well by expressions derived from a description of the con
centration dependence of ionic processes in these systens if it is assumed that on the average one cyclohexyl
radical is produced for each neutralization that occurs between a positive ion-electron geminate pair. The
interpretation of the data is, however, nore conplex than in the case of hydrogen production because certain

processes produce several cyclohexyl radicals while others produce none.

Various radical and ion scavengers are known to
depress the yield of hydrogen produced in the radiolysis
of hydrocarbons, and in the case of cyclohexane it has
been possible to describe the effects of a number of
solutes quantitatively and with considerable accuracy
in terms of their known scavenging properties.2 At
this point it becomes of particular interest to examine
the effects of these same solutes on radical production
to see if effects are observed that can be related to
changes produced by interference with the neutraliza-
tion processes. The present study has been carried
out on cyclohexane because studies of the effects of
various ion scavengers indicate that in pure cyclohexane
neutralization leads to the formation of (very nearly)
one molecule of hydrogen. Thus one might expect a
simple relationship between the yields of the scavenging
reactions and their effects on the radical yield. Ex-
perimentally this system is relatively simple because
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~90% or better of the radicals produced in the primary
reactions are expected to be cyclohexyl.3 Thus for the
present purposes one needs to examine only a single
product species. Cyclohexane has, of course, been
studied extensively in many laboratories,4 and related
results of the effect of scavengers on the production of

(1) Supported in part by the U. S. Atomic Energy Commission.

(2) K.-D. Asmus, J. M. Warman, and R. H. Schuler, J. Phys. Chem.,
74, 246 (1970). Numerous references to the reduction in G(H2
produced by various solutes are included.

(3) The major dimer product is known to be cyclohexyl-cyclohexane
with the principal other dimer being 6-cyclohexyl-1-hexene which is
produced in about a 10% yield (P. J. Dyne and J. A. Stone, Can.
J. Chem., 39, 2381 (1961)). In the related case of cyclopentane the
radical sampling results reported by R. A. Holroyd and G. W. Klein,
J. Amer. Chem. Soc., 87, 4983 (1965), show that 89% of the radicals
are cyclopentyl.

(4) For a summary of the results of various studies on cyclohexane
see Chapter IV by W. A. Cramer in “Aspects of Hydrocarbon Ra-
diolysis,” T. Gatlmann and J. Hoign6, Ed., Academic Press, New
York, N.Y, 1968.
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dicyclohexyl and cyclohexene have been reported.6-7
Results are reported here which show that various
solutes affect the production of cyclohexyl radical in
differing ways, with each solute reflecting the impor-
tance of secondary reactions particular to its individual
case.

Experimental Section

Radicals were detected by scavenging with radio-
iodine (ml2) and the product alkyl iodides were sepa-
rated gas chromatographically. Cyclohexyl iodide is
high boiling and somewhat difficult to transfer quantita-
tively. It also is known that iodides of even lower
volatility are formed in this type of system.8 The
radiochemical assay was, therefore, made directly on
the chromatographic column. After irradiation the
sample was extracted with aqueous sodium thiosulfate
in order to remove the free iodine and any hydrogen
iodide formed. An appropriate sample (usually 0.5
cc) was injected into a chromatographic column and
the total relative activity determined by scanning the
column past a 1-in. crystal scintillation detector on a
constant velocity bench. The detector “saw” about
5 cm of the column. The column was scanned again
after a partial elution sufficient to move the component
of interest down the column. The development of
the sample in this way is illustrated in Figure 1. A
reference sample of known specific activity was sim-

Figure 1. Development of chromatographic column. Top
trace, initial scan with no elution. Column 110 cm long scanned
in 16 min. Total activity in peak was 34,800 counts;
background was 400 com.  Center trace, scan after 70 min elution
at ~100°. Activity in major (cyclohexyl iodide) peak 30,490
counts; 978 counts in the very small peak at the right and 2880
counts in the peak at the origin. Bottom trace, scan after
further elution of 150 min at ~150° recorded at gain of 10X ;
1250 counts in the peak at the right; 1210 counts at the origin.
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ilarly scanned so that absolute amounts of product were
available from the activity measurements. Although
the sensitivity of this type of counting is about an order
of magnitude less than that in previous radioiodine
chromatographic studies where the sample was trapped,
the reproducibility is quite good. Five determinations
of the cyclohexyl radical yield from cyclohexane con-
taining ~0.5 mJIf 12 gave yields of 5.16, 5.21, 5.18, 5.38,
and 5.26 for a mean of 5.23 and a standard deviation of
0.08. In general, the individual determinations of
(f(R) appear to be accurate to ~0.1.

Known amounts of the solutes of interest (CH3Br,
CH3C1, CH3l, SF§ N2, C02 C2H4 cC3H§ were added
to the outgassed cyclohexane-iodine solution on a
vacuum line in the conventional way. Irradiations
were in a @Co source at an absorbed dose rate of 1 X
107 eY/g min. Doses were from 5 X 107 to 6 X 101
eV/g with most experiments being carried out at a dose
of 1.5 X 1018 eV/g. At an iodine concentration of
6 X 10~4M this dose corresponds to reaction of 10% of
the iodine. At lower concentrations, iodine of higher
than normal specific activity was used and therefore the
doses were correspondingly lower. Where tested, yield-
dose plots were nicely linear (as is illustrated in Figure
2) and it is assumed in the following that there is no
dose effect on the observed yields.

Results and Discussion

At iodine concentrations below 10~3 M the yield of
radioiodine incorporated as organic iodide was found

Figure 2. Yield-dose plot for cyclohexyl iodide formed in
cyclohexane solutions 0.1 M in CH3CI. lodine concentration
was 0.6 mM; absorbed dose rate was 9.3 X 1056eV g-1 min-1.

(5) R. Blackburn and A. Charlesby, Nature, 210, 1036 (1966); Proc.
Roy. Soc., Ser. A, 293, 51 (1966).

(6) L. S. Polak, N. Ya. Chernyak, and A. S. Shcherbakova, Khim.
Vys.Energ., 1,220(1967).

(7) N.H. Sagert and A. S. Blair, Can. J ®Chem., 45,1351 (1967).

(8) C. E. McCauley and R. H. Schuler, J. Amer. Chem. Soc., 79,
4008 (1957).
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to be 5.8. This value is slightly higher than that of
5.6 found previously in a similar experiment9 The
organic radioiodine-containing products could be chro-
matographically separated into three principal com-
ponents (see Figure 1). The retention time of the
major component corresponds to that of cyclohexyl
iodide. This product was preceded by a minor radio-
iodine-containing material with a retention time ~75%
that of cyclohexyl iodide. It seems likely that this
more volatile component is an unsaturated Ce iodide
formed by ring opening which occurs simultaneously
with radical formation. Its yield, which was 0.14 for
solution 6 X 10_4 M in iodine, was not affected in any
obvious way by the addition of solutes. The scatter
was ~+0.05 and in no case was a value higher than
0.22 recorded. Because this component amounts to
only ~3% of the product, possible variations can have
little effect on the overall interpretation of the effects of
the solutes. The third component did not move down
the column at all under the conditions used for resolving
the cyclohexyl iodide. With prolonged elution it could
be further split into 2 approximately equal peaks, one
of which moved very little, but no detailed studies were
carried out. The total yield in this component was
found to be 0.57 at an iodine concentration of 6 X 10~4
M ; however, as indicated in Figure 3, the yield increases
appreciably with iodine concentration. It is affected
in various ways by the addition of second solutes: de-
creasing to 0.39 upon the addition of 0.1 M CH®r
and increasing to 0.98 upon the addition of 0.1 M SFe

Figure 3. Yield of cyclohexyl radicals =, total organic iodide
O, and high boiling component A, as a function of iodine
concentration. Hydrogen yields from iodine solutions from
ref 16 ® and 17 fii are also given. Curve through

G(CeHnl) calculated from eq I11.  Lower curves calculated
as 2.5 times eq I; upper curve is the sum of the other two
plus 0.14.
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Cyclopropane, CH3Cl, N20, and C02 have essentially
no effect. Perhaps the most interesting result is that
obtained with CH3 where the yield monotonically
decreases to 0.27 at 0.1 M and 0.24 at 0.3 M. It is
believed that this component results, at least in part,
from ionic reactions involving the radioiodine. If this
is so then in the case of methyl iodide similar but com-
peting reactions involving inactive iodine should reduce
the observed yield. In one experiment in which 0.1 M
CH3 was added it was found that the peak which did
not move on the column was reduced to <0.05, indicat-
ing that this peak is produced mainly by ionic processes,
with the residual yield ~ 0.2 originating from some
other source. In the region up to 10-2 M 12 the total
yield is for empirical purposes two and one-half times
the ionic yield.

Effect of lodine on Cyclohexyl Radical Production.
The cyclohexyl radical yield was measured over the
iodine concentration range of 10-4 to 10“2M and found
to decrease from 5.40 to 4.26. The observed data are
given in Figure 3. Over this range the total organic
iodide changes very little, as indicated by the uppermost
curve in the figure. The decrease in the cyclohexyl
radical yield is largely compensated by an increase in
the yield of the third (high boiling) component. At
still higher iodine concentrations (12 > 10-2 M) the
total organic iodide increases to a yield ~ 8 for iodine
saturated solutions (0.05 M).9 Presumably this in-
crease reflects a further increase in this latter compo-
nent. In the case of butane a similar increase in the
yield of total organic iodide observed at high iodine
concentrations was found to be attributable to an in-
crease in the yield of high boiling iodides.8

lodine will, of course, affect cyclohexyl radical pro-
duction by scavenging hydrogen atoms and thus inter-
fering with hydrogen atom abstraction processes

Hma+ 12—> HI + |- (€h)

which otherwise result in the secondary production
of cyclohexyl radicals.

He+ c-CeHi2 H2 + c-CeHue~ ()

The rate constant for reaction 2 is sufficiently high that
iodine can be added at a concentration (i.e., 10~4 M)
which will be sufficient to quantitatively scavenge
cyclohexyl radicalsio but which will still have little
effect on the abstraction process. As one increases the
iodine concentration reaction 1 will increase and thus
decrease the importance of reaction 2. If no complica-
tions occur the cyclohexyl iodide yield is expected to
decrease at high iodine concentrations by an amount
equal to the yield of hydrogen atoms. This latter
yield for pure cyclohexane (G(H)0Q has been estimated
to be '~1.5.2 At an iodine concentration equal to

(9) R.W. Fessenden and R. H. Schuler, J. Amer. Chem. Soc., 79,273
(1957).

(10) R. H. Schuler and R. R. Kuntz, J. Phys. Chem,, 67,1004 (1963).
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fcj[RH]/fci the yield will be reduced by one half of this
and at an order of magnitude higher concentration by
91%. It is seen that the midpoint of such a change is
observed in the region of a few millimolar so that

[RH]/fci to 3 X 10-3. Two problems to a more
detailed interpretation of the competition exist; the
first is in knowing the exact value of the cyclohexyl
radical yield at zero iodine concentration G(CeHU-)0
and the second in knowing to what extent the iodine
interferes with the ion-neutralization processes and thus
affects the primary yield of radicals G(C#Hii*)p pro-
duced directly from the solvent. Because the second
effect is undoubtedly significant, any extrapolation of
the data to zero iodine concentration is somewhat
tenuous, but it is obvious from the data reported in
Figure 3 that G(CaHn -)0 must be ~5.5. These diffi-
culties make it essentially impossible to obtain any-
thing other than approximate estimates of G(H)0 and
faski solely from an examination of the effect of iodine
on cyclohexyl radical formation.

We will now attempt to take into account the com-
plicating effects ionic reactions have on cyclohexyl
radical production. lodine is known to interfere with
the positive ion reactions of cyclopropanell although it
seems to have little effect in competing with electron
scavengers. For example the addition of 10~2M I12to a
solution 103 M in CH3®Br caused a reduction in
(t(CHa3l) only from 0.57 t0 0.55. Similarly, the addition
of iodine to a 0.1 M N2 solution has been shown to
have little effect on G(N2.12 Thus electron capture
by iodine appears (surprisingly) to be inefficient and it
will be assumed here that any effects of such capture
will be masked by the other difficulties. By analogy
with the effects of cyclopropane and ethylene reported
below, it is expected that iodine will decrease the cyclo-
hexyl radical yield from the primary process. This
decrease should be proportional to the yield of positive
ion reactions, the concentration dependence of which
can be expressed by the relation

G(ion) = Gfi + Ggd m

1+ \;aaS

where Gfi = 0.12, Gg = 3.8, and 8= [I2]-i3 A value
of 0.97 for the parameter am has been obtained by
Rzad from an examination of the competing effect
iodine has on the ionic reactions of cyclopropane.i
The observed yield of cyclohexyl radical will be further
affected by any reduction in the number of hydrogen
atoms which undergo abstraction. If we assume that
23% of the neutralization processes lead to the forma-
tion of hydrogen atoms (as derived from the results of a
study on ethylene solutions) 2 then the yield of hydrogen
atoms for any given concentration of ion scavenger will
be given by

G(H)a= G(H)0- 0.23G(ion) an
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Assuming simple competition between reactions 1 and
2 the fraction of the hydrogen atoms which react with
iodine is 1/[1 + (A™RHJ/fcifR])] and the yield of
cyclohexyl radicals produced by abstraction will, there-
fore, be

GH)H1 - 1/[1 + @&RH]/*'[12D]}

The observed radical yield should be describable by
G(CéHu -)8 = G(CeHN)p — 6nG(ion) + (G(H)0 —

0.23 G(ion)) %[R”]\

hfh])

G(C,Hn.)o - (G(H)o - 0.23 G(ion)) X

fé[&flq]] - (*r + 0.23)G(ion) (I11)
hlh]

where *r is the efficiency with which cyclohexyl radicals
are produced in the ion-recombination and presumably
has a value somewhere between 0 and 2. In eqg
111 G(CaHnmois the cyclohexyl radical yield from pure
cyclohexane and includes any secondary radicals pro-
duced by hydrogen atom abstraction processes, i.e.,
G(CHN-)o = G(CHnN-)p + G(H)A From the results
of the cyclopropane experiments reported below eR +
0.23 ~ 1.0. If we take G(H)Oas the value obtained in
the work with ethylene (1.46),2 G(CeHn-)o can be esti-
mated from the measured cyclohexyl radical yields
provided kzki is known. While kki is certainly in
the region of a few times 10~4, the exact value of this
ratio is not determinable from presently available data.
(The analogous ratio Zh + rh/~h + hi is known to be
5 X 10 4 in hexane.)14 If we take T2[RH]/7ci as 0.002
then, as indicated in Table I, G(C81n-)o is constant at
a value of 5.7. Decreasing f2[RH]/fci to 0.001 will
increase this quantity to 5.9 and increasing it to 0.004
will decrease the estimate of G(C@Hn-)o to 5.5.

If one examines the disappearance of iodine during
the course of irradiation by following its optical absorp-
tion, a linear decrease with dose is observed at iodine con-
centrations below 0.5 mMm. The slope of the decrease
measured during the course of this work (G(—V22)
= b5.60) agrees with that previously reported.5 A
slightly higher value (5.8) is given above for the yield
of total organic iodide but the difference is of the mag-
nitude of the errors involved in the measurements. It
is important to note, as was commented on in the earlier
study,9 that the two measurements give essentially

(11) S. J. Rzad, Abstracts, 158th National Meeting of the American
Chemical Society, New York, N. Y., Sept 1969.

(12) K.-D. Asmus, private communication.

(13) S. J. Rzad, R. H. Schuler, and A. Hummel, J. Chem. Phys.,
51, 1369(1969).

(14) D. Perner and R. H. Schuler, 3.Phys. Chem., 70, 317 (1966).
(15) R. H. Schuler, ibid., 63, 925 (1959).
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Table I: Effect of lodine on Cyclohexyl Radical Production

C.Hu- -

[ C&(Jserva} I:"f(l:-*()h° OoP  (ACkHU*V
0.00010 5.35 0.07 0.16 5.58
0.00013 5.20 0.09 0.16 5.45
0.00022 5.40 0.14 0.17 5.71
0.00044 5.18 0.25 0.20 5.63
0.00064 5.20 0.34 0.21 5.75
0.00107 4.97 0.49 0.24 5.70
0.00133 4.80 0.56 0.25 5.61
0.00266 4.61 0.80 0.30 5.71
0.00443 4.41 0.95 0.35 5.71
0.0080 4.27 1.09 0.43 5.79
0.0133 4.26 1.16 0.51 5.93

Mean 5.69

° Reduction in cyclohexyl radical production expected to result
from hydrogen atom scavenging by the iodine. Calculated
from second term ineq 111 assuming G(H)o = 1.46 and fa[RH]/fa
= 0.002. bCalculated from eq I. OCalculated from observed
G(CfiHii ® and eq I11.

identical yields at [I1Z ~0.5 m | and leave little room
for the formation of much HI at this iodine concentra-
tion. If ©’[RH])/&i is smaller than 0.002 then a differ-
ence greater than 0.3 should be observed at 0.5 mm
iodine. Such a difference should be detectable. A
value of at least 0.002 for fe[RH]/fcj is therefore indi-
cated. For purposes of the remaining discussion, the
results are compared on the basis of G(CfHn-)o = 5.7
and ®[RH]/fci = 0.002 which cannot be far from the
correct values and should give internal consistency
within the indicated comparisons.

According to the treatment previously given for the
effect of scavengers on hydrogen production2 the hydro-
gen yield from iodine-containing solutions should be
given by

G(H2s = G(H20 - e(2(ion) -

0.23 G(ion) ] - X'z\{%xu
foql]

Since (¢(H20~ G(CaHn-)oand ch » o + 023 N 1
the right-hand sides of eq Ill and IV are essentially
identical and the hydrogen vyield and cyclohexyl
radical yields should be very nearly equal at all iodine
concentrations. Data from two early studiesi6'l7 are
given in Figure 3. For 12 concentrations below ~10
vaM the hydrogen yields fall on top of the cyclohexyl
radical yields within the experimental error involved in
the measurements of G(HJ. In the region above 10
m | the yields of hydrogen tend to be slightly lower
than those for cyclohexyl, indicating that some effects
may be present which have not been quite properly
taken into account. The differences are, however,
small and the hydrogen data confirm the idea that elec-
trons do not react efficiently with iodine since if such

[<aH)o -
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Table 11: Effect of Cyclopropane and Ethylene on
Cyclohexyl Radical Production

[Sl (A(CsHu* )obsda GKGsHh¥)calcff
0 5.20 5.18
Cyclopropane
0.010 5.02 5.03
0.039 4.70 4.85
0.110 4.58 4.62
0.30 4.40 4.32
Ethylene
0.010 4.66 4.87
0.052 4.22 4.30
0.105 3.90 3.98
0.20 3.66 3.69
0.23 3.63 3.63

“ At an iodine concentration of 0.6 m |. 6Calculated in the
case of cyclopropane from eq 111 with a = 0.40 and the other
parameters as described in text. For ethylene the yield was
calculated from eq V with a = 043, fe[RH]/fe = 0.044 and
kizkz = 22.

were the case the yield would be reduced to ~3.0 at
[12] = 0.01 mP- One should also comment here that the
apparent agreement between the initial yields of cyclo-
hexyl radicals and hydrogen is strictly accidental since
one molecule of hydrogen is equivalent to two cyclo-
hexyl radicals and other products are produced which
satisfy the material balance requirements (see below).

Effects of Cyclopropane and Ethylene. The addition
of either cyclopropane (A) or ethylene to cyclohexane
causes a reduction in the observed yield of cyclohexyl
radicals (Table I1). In the case of cyclopropane part
of the observed decrease results from a small decrease in
the yield of hydrogen atoms (see eq I1)2 and the re-
mainder from a much more important decrease in the
yield of primary radicals produced in the neutralization.
If the reactions involving cyclopropane are accompanied
by a reduction in the efficiency for production of cyclo-
hexyl radical to 0, as seems likely, then the concentra-
tion dependence should be describable by eq 111 with
zero substituted for cr.  The ionicyield can be calculated
from eq | with a value for as of 040 Mm~1 as
determined from measurements of the products from
the cyclopropane.13  The only undetermined parameter
ineg Il iseR As isindicated in Table 11, the observed
data can be fit quite well if («r + 0.23) is taken as 1.0.
It should be pointed out that in the case of cyclopropane
about 30% of the ionic processes yield propyl radicals. 18
There is no evidence here that there is a complementary
yield of cyclohexyl radicals; therefore their production
must involve some process other than simple proton
transfer from a CeHi2+ ion. This observation is in

(16) R.H. Schuler, J. Phys. Chem., 61,1472 (1957).

(A7) M. Burton, J. Chang, S. Lipsky, and M. P. Reddy, Radial.
Res., 8,203 (1958).

(18) S.J.Rzad and R. H. Schuler, J. Phys. Chem.., 72, 228 (1968).
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accord with the suggestion of Ausloos, et al., that in
this system propyl radicals are predominantly formed
by hydrogen atom transfer from the cyclohexane posi-
tive ion to cyclopropane.19

In the case of ethylene the reduction observed can be
interpreted in terms of an effect analogous to the above,
together with a superimposed effect involving the
scavenging of hydrogen atoms by the ethylene.

He+ C2H4—> CHebe- 3

If we take into account the fact that both reactions 1
and 3 interfere with cyclohexyl radical production then

G(CeHii-)cH = (2(CeHu')o— (or + 0.23)(7(ion) —

—— )

K_Z I-tvx1J

[CAHo - 023 Glion)]

fe([CH4] + | [19)

From studies of ethyl radical formation2 f@[RH]/fc3 has
been estimated to be 0.044. From this and /2[RH]/fct
= 0002, kizkz = 22, i.e., iodine is taken at 22 times as
efficient as C2H4 in the scavenging of hydrogen atoms.
Equation V involves no undetermined parameters
(aciHi = 0.43 M ~1 was determined by Rzadl). The
excellent agreement between observed and calculated
yields is indicated in Table I1.

Material Balance Considerations. In principle one
should be able to use information on the radical yield,
along with auxiliary information on the yield of molecu-
lar products, to derive the yields of hydrocarbon prod-
ucts expected from the radiolysis of pure hydrocarbons.
The principal products from cyclohexane are (in addi-
tion to hydrogen) cyclohexene and dicyclohexyl with
the most significant minor products being 1-hexene,
methylcyclopentane, and 6-cyclohexyl-l1-hexene.20 The
first two of these minor products have no importance
in the material balance considerations since they are
isomeric with cyclohexane. Hydrogen has been mea-
sured many times and most investigators are now agreed
that its initial yield is very close to 5.6.4 Dyne and
Stone carefully studied the dose dependence of the
hydrogen formation and have given an initial yield of
5.55.21 A recent determination in these laboratories,
in which the observed yields are empirically corrected
to zero dose, gave a slightly higher value of 5.672 but
the difference cannot be regarded as significant. The
hydrocarbon products have been studied to a lesser
extent but the results of a fair number of measurements
have now been reported in the literature.4 Unfor-
tunately, there is very poor agreement between the
various results. More seriously there is extremely poor
material balance within most of the individual sets of
results and only in the work reported by Dyne and
Stone2l can the situation be regarded as satisfactory.
They find initial yields for cyclohexene, dicyclohexyl,
and 6-cyclohexyl-I-hexene of 3.27, 1.95, and 0.27. The
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total yield of hydrogen deficient products, 5.49, can be
compared with their measured G(H2J of 5.55. In most
other studies the reported values for the hydrogen
deficient products are much lower and account for only
80-90% of the hydrogen observed.

In the following we will idealize the stoichiometry
involved in the cyclohexane radiolysis by assuming
that the only primary products are atomic and molecu-
lar hydrogen, cyclohexyl radicals, cyclohexene, and di-
cyclohexyl (note that 6-cyclohexyl-lI-hexene is isomeric
with and therefore stoichiometrically equivalent to
dicyclohexyl). In the case of hydrogen production,
the various sources have been broken down into the
categories ionic and nonionic with each having com-
ponents of molecular and atomic hydrogen.2 We will
use the estimates given in Table VI of reference 2 for
each of these. The present study indicates that of the
G of 5.7 observed for cyclohexyl radicals ~3.9 come
from ionic processes and the remainder (~1.8) from
nonionic processes. The following stoichiometric (but
not necessarily mechanistic) equations can be written
to account for the observations.

lonic

23%
CeHj2+ + e— >aCeHiie-f H-

27%
CeH12+ + e- + CeH2 — m2C6H,- + H2 106 (5)

40%
CeH12+ + e- 7~

0.89 (4

CeHI0 + H2 155 (6)

CeH12+ + e- + CeH12-4 - CaHN-CeHn + H2

0.40 (7)
Nonionic
CoH22 —mCeH10 + H2 0.87 (8)
-~ C eHu-+H - 057 (9
2CeH12— ~2Ce6HN- + H2 0.33 (10)

It is assumed that the hydrogen atoms produced in eq
4 and 9 go on to abstract a hydrogen atom from the
solvent and produce hydrogen and a second cyclohexyl
radical. The indicated yields have been assigned in
the following manner. Of the ionic processes, hydro-
gen atoms are produced only in 4 and this is given the
yield of 0.89 estimated for ionically produced atomic
hydrogen.2 Subtracting twice this value from the
yield for ionically produced cyclohexyl radicals and
dividing by 2 we obtain 1.06 for eq 5. These two
processes account for only one-half the observed yield
of 3.90 for ionically produced hydrogen so the other
half must be balanced by the production of cyclohexene

(19) P. Ausloos, A. A. Seala, and S. G. Lias, J. Amer. Chem. Soc., 89,
3677 (1967).
(20) S. K. Ho and G. R. Freeman, J. Phys. Chem., 68, 2189 (1964).

(21) P.J.Dyne and J. A. Stone, Can. J. Chem., 39, 2381 (1961).
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and dicyclohexyl. A vyield of 0.40 is assigned to eq 7
since this yield must be slightly higher than the 0.31
observed for dicyclohexyl formation in the presence of
6 m | iodine.2 The yield of 1.55 for eq 6 makes up the
remaining hydrogen yield of 3.90. Of the yield of 1.46
given for atomic hydrogen, 0.57 is estimated2 to be
produced from nonionic processes and is assigned to
eg 9. This accounts for 1.14 out of the 1.80 yield given
above for cyclohexyl radicals produced by nonionic
processes and leaves a yield of 0.33 for eq 10 to account
for the remainder. Finally, eq 8 is assigned a value of
0.87 to account for the total observed yield of hydro-
gen. This breakdown is, at the moment, completely
ad hoc. One needs independent determinations of the
yields of cyclohexene and dicyclohexyl at low doses and
as a function of scavenger concentration to overdeter-
mine the situation and provide a measure of check.
Measurements of cyclohexene production in the pres-
ence of oxygen20 or 6 m | 122 give a (molecular) yield
~1.5 which indicates that the sum of eq 6 and 8 may
be overestimated. These experiments were, however,
carried out at considerably higher doses than those
reported here and in the case of the work with 12 the
observed cyclohexene is insufficient to account for the
sum of yields of hydrogen and the HI expected from
reaction 1. Obviously one needs additional detailed
measurements at low doses.

We can now use the information of eq 4-10 to esti-
mate the initial cyclohexene and dicyclohexyl yields
which should be observed in the absence of any scaven-
ger. One needs additionally the disproportionation-
combination ratio for reaction between two cyclohexyl
radicals. Taking a value for this ratio of 1.123 a yield
of 1.49 is given for the formation of cyclohexene from
the cyclohexyl radicals. The total cyclohexene should
be this plus the yields of eq 6 and 8 or 3.90. Similarly
the yield of eq 7 must be added to a yield of 1.36 from
the dimerization of cyclohexyl radicals for a total of
1.76 for dicyclohexyl. All reported yields for cyclo-
hexene measured gas chromatographically are sub-
stantially lower than the above estimate although an
optical measurementi8 gave an estimate of total un-
saturation of 3.90. Probably the best measurements of
cyclohexene formation are those of Dyne and Stone2l
and Ho and Freeman2 which gave, respectively, yields
of 3.27 and 3.2 at doses of ~1019 eV/g where the yields
should be only slightly less than at zero dose. The
difference between the observed and estimated yields
can, of course, always be accounted for in terms of the
formation of other hydrogen deficient products but then
the good material balance reported by Dyne and Stone
would be illusionary. Perhaps a greater difficulty is
the low value estimated for dicyclohexyl formation.
Dyne and Stone2! report yields of 1.95 for dicyclohexyl
and 0.27 for 6-eyclohexyl-lI-hexene for a total dimer
yield of 2.22. Ho and FreemanX report respective
values of 1.76 and 0.12 for a sum 1.88, in reasonable
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agreement with the present calculation. The latter
are, however, unable to account for all of the observed
hydrogen. If we accept as fact a disproportionation
ratio no lower than 1.1 then the maximum value of
O(dimcr) that can be expected from the radicals is 1.36
(ie., 1/2 X 1.0/2.1 X 5.70). The yield of dimer ob-
served in the presence of iodine is” 0.3 so that the maxi-
mum yield of dimer that can be attributed to nonradical
products appears to be of this order of magnitude.
The total cannot, therefore, be much greater than 1.7.
Clearly a reasonably important discrepancy exists and
either there is some other source of dimer that is not
properly taken in account in the series of equations
written or the disproportionation-combination ratio is
considerably less than has been reported. A ratio of
0.6 would account for the yields reported by Stone and
Dyne.

Figure 4. Effect of electron scavengers on cyclohexyl radical
yield for cyclohexane solutions 0.6 m | in 12, =, CHBr; —0—,

CHXCL O, SF6 A, ND; O, CH3; andA, C02 Curves

calculated from the sum of eq 111 and, respectively, for A, B, C,
and E, O, 1, 2, and 0.5 X (r(ion) calculated from eq | with the
parameters taken as described in the text. Curve D is
calculated from eq 111 on the assumption that CH3 and 12
scavenge hydrogen atoms with the same efficiency.

Effect of Electron Scavengers. The effects of the elec-
tron scavengers CHgBr, CH3Cl, CHY, SF§ N2, and
C02were studied and the results are reported in Figure
4. It is seen that the effects fall qualitatively into
several different groups, in contrast to the common
effect that all these solutes have in reducing the hydro-
gen yield.2 It seems likely that different secondary
reactions of the chemical intermediates produced by

(22) S. Z. Toma and W. H. Hamill, 3. Amer. Chem. Soc., 86, 1478
(1964).

(23) W. A. Cramer, J. Phys, Chem., 71,1171 (1967).
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the neutralization are involved though it is possible
that variations in the neutralization processes can be
responsible. The simplest case seems to be CH®Br
where the reduction in cyclohexyl production is reason-
ably well described by eq Ill (see Figure 4) with
acmBr taken as 16 M ~ 1 from the observations on CH3 <
production. Presumably electron scavenging by the
CH3BFr results in the formation of bromide ion (since
methyl radicals are an observed product).

e- + CH®38r—> CH3- + Br" (11)

In order to explain the lack of formation of cyclohexyl
radical upon neutralization it must be assumed that
reaction 12

RH+ + Br--//->- R- + HBr (12)

does not occur. It would seem that any bromide ions
formed must, when they are neutralized, form bromine
atoms which, since they do not in turn abstract hydro-

RH+ + Br-— > RH + Br- (13)

gen, must react with the iodine present to form rela-
tively unreactive IBr.

In contrast to the decrease observed with CH3Br, the
addition of CH3Cl has essentially no effect on the cyclo-
hexyl radical yield (yields of 5.21, 5.37, and 5.56 were
observed at CH3CL concentrations of 0.01, 0.1, and 0.3
M) although large yields of methyl radicals are known
to be produced from this solute.24 Cyclohexyl radicals
thus must result either directly from the neutralization

RH+ + ClI-—> R- + HC1 14

or from secondary abstraction reactions of chlorine
atoms produced as intermediates. The efficiency of
production of cyclohexyl radicals by the processes which
occur subsequent to electron capture must be very close
to unity. If this is so then a term equal to G(ion) must
be added to eq IlIl and the addition of CH3Cl to
a 0.6 vciM solution of iodine in cyclohexane is expected
to increase the yield of cyclohexyl radical slightly (~0.2
at 0.6 m | 12 because the reduction caused by reaction
of ions with iodine will effectively have been removed.

Three experiments with SF6 also showed no effect on
the cyclohexyl yield (observed G of 5.21, 5.18, and 5.22
at 0.001, 0.01, and 0.13 M). Again electron capture by
the SF6is known to occur (as evidenced by the reduc-
tion in G(HJ) produced by this solution and also its
competitive effect on other electron scavengers) but it
has no effect on the production of C&Hn = The lack of
effect of SF6 on cyclohexyl iodide production reported
here contrasts with the reduction in the yields of cyclo-
hexene and dicyclohexyl reported by Sagert and Blair.7
It would seem that in the absence of iodine complicating
secondary effects involving the reaction of cyclohexyl
radicals with the degradation products of SF6 must be
involved in determining the overall yields.
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Nitrous oxide has a qualitatively different effect in
that it is found to produce a marked increase in G-
(CaHn-). The data from the present experiments are.
reported in Figure 4. Previously it was noted that the
addition of N2 to cyclohexane resulted in an increase in
the yield of dicyclohexyl 667 cyclohexene,7 and uptake
of iodine5 The increase in the yields of dicyclohexyl
and cyclohexene estimated by Sagert and Blair (~0.7
and 0.3, respectively, inthe region of 0.1 M N2) corre-
sponds to an increase ~ 2.0 in the cyclohexyl yield in
agreement with the value found here. While the data
from the nitrous oxide experiments scatter somewhat
more than those obtained with the other solutes, they
can be roughly described by assuming that the ionic
component increases rather than decreases the yield,
i.e., that the sign of the third term in eq 111 is positive
rather than negative. Indeed for 0.1 M N2 and
CH3Br solutions the observed difference is 4.42 or almost
identically equal to 2 (7(ion). Additional radicals must
obviously come from secondary reactions. This situa-
tion is perhaps not too surprising since -OH radicals
seem an intermediate likely to be produced from the
ND and these would undoubtedly abstract hydrogen
from the solvent.

Methy!l iodide suppresses the cyclohexyl radical yield
somewhat more than does methyl bromide. This is
as expected since a very large yield of methyl radicals is
observed from these solutions,26 presumably because
the methyl iodide is a reasonably efficient hydrogen
atom scavenger. The addition of C2H4 to a CH3
solution had no effect on the observed yield as indicated
by the data reported in Table 111, whereas it reduced
the observed yields in the cases of CHBr and CH3CL
Curve D in Figure 4 was calculated from eq 111, sub-
stituting for the iodine concentration the methyl iodide
concentration. At the highest concentrations the ob-
served vyields of cyclohexyl radical are still somewhat
lower than calculated. This additional decrease may
conceivably result from further complications involving
the positive ion component since methyl iodide is known
to be a positive ion scavenger. 1l

With CO02 a decrease in the cyclohexyl yield is ob-
served but this decrease is less than expected from the

Table 111: Effect of Ethylene on Cyclohexyl Radical Yield
from Alkyl Halide Solutions

€(e= G(C.-
HU)gH0  HICH01

s 8]
0 3.90
CH3 0.108 211 2.07
CH®Br 0.107 3.26 2.69
CHZL 0.105 5.37 4.18

(24) J.M.Warman, K.-D. Asmus, and R. H. Schuler, J. Phys. Chem.,
73,931 (1969).
(25) J.L.McCrumb and R. H. Schuler, unpublished results.
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ionic component calculated from eq | if aco« is taken as
the value of 8 indicated by the effect of C02 on hydro-
gen production.2 It would appear from this that a
fraction of the ionic events result in secondary reac-
tions which produce cyclohexyl radicals. Curve E in
Figure 4 was calculated by assuming that 50% of the
ionic reactions ultimately result in the production of
cyclohexyl radicals, i.e., by adding 0.5 of the value of
G(ion) calculated from eq | to G(CeHn-) calculated
from eq Ill. It is not obvious to what mechanistic
process this factor of 0.5 corresponds but one might
speculate that neutralization of the positive ion by
C02- might eliminate the contribution from eq 5 but
have no effect on that from eq 4 (or vice versa).

Mixed Solutes. Data on the effect of adding both
cyclopropane and electron scavengers to the cyclo-
hexane are given in Table IV. First it is noted that

Table IV : Effect of Electron Scavengers on the
Cyclopropane Solutions '

GiCeHii-
s S G(CHi)A-0 RYA ol
5.20 4.58
sT6 0.33 5.22 4.57
CHZ1 0.10 5.37 4.52
co2 0.11 4.72 4.11
co2 0.32 4.33 3.55

adding 0.1 M cyclopropane to any given solution reduces
Z (CeHiim) by ~0.7. This reduction may be compared
with that of 0.56 calculated for the effect of cyclopro-
pane in the absence of electron scavenger. More im-
portantly it is noted that the addition of either CH3Cl
or SF6 to a cyclopropane containing solution causes no
further reduction in G(CeéHn-). Because the positive
ion reactions of cyclopropane are increased upon addi-
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tion of electron scavengeri3d the number of cyclohexyl
radicals produced directly from the neutralization will
be decreased. These results tend to rule out the im-
portance of reaction 14 since somehow this decrease
must be balanced by products produced indirectly from
the electron scavenger. From this it is implied that the
high yields observed in the CH3CL and SF6cases are as-
sociated with secondary chemical abstraction reactions.
Abstraction of hydrogen by Cl and F atoms seem to be a
likely prospect. It is in fact quite surprising that in the
case of S<san increase in G(CaHn <) is not observed to
result from secondary reactions of intermediates which
are produced as the SF6is degraded.

As already commented on, ethylene has little effect
on the cyclohexyl radical yield from methyl iodide solu-
tions because the methyl iodide scavenges both hydro-
gen atoms and the ionic intermediates. Data from
CH3®Br and CHA3Cl solutions are recorded in Table 111
which indicate that in the case of CH3r the cyclohexyl
radical yield is reduced by hydrogen atom scavenging
and in the case of CH3Cl by the sum of H matom and ion
scavenging.

In summary, it can be said that solutes added to
cyclohexane change the radiation chemistry of the sys-
tem by reaction with either the positive ions or electrons
initially produced. In the former case such reaction
clearly results in a decrease in the production of cyclo-
hexyl radicals. In the latter case complicating sec-
ondary abstraction reactions occur which can, in fact,
even increase the yield of cyclohexyl radicals. Super-
imposed are any effects of hydrogen atom scavenging by
the solute which reduce the yield of cyclohexyl radicals.
While the overall effects are complicated, they can be
effectively correlated in terms of expressions developed
to describe the ion scavenging processes on the assump-
tion that on the average one cyclohexyl radical is pro-
duced for each ion pair formed in the radiolysis of the
pure hydrocarbon.
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Kinetics of 7-Induced Decomposition of Methyl lodide in Airl
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The “ Co 7-ray induced decomposition of methyl iodide in air was investigated at 15° over an initial concen-

tration range of 2.8 X 10-12 to 2.4 X 10~7 mol/cc.

The decomposition reaction is pseudo-first order with

respect to methyl iodide at concentrations below 2.4 X 10-1° mol/cc and is zero order at 2.4 X 10~7 mol/cc.
At intermediate methyl iodide concentrations, however, the decomposition does not follow a simple reaction

order.

Introduction

The photooxidation of gaseous methyl iodide in
oxygen has been the subject of a number of extensive
studies.2-4 Although the detailed reaction mechanism
is still not fully understood, the primary photochemical
act and many of the important secondary reactions
have been identified. In contrast, the radiation-in-
duced oxidation of methyl iodide has received little at-
tention.

This paper presents the results of a study on the
8o 7-ray induced decomposition of methyl iodide in
air. While the emphasis was placed on the elucidation
of the decomposition mechanism, the choice of air as the
oxidizing environment was dictated by practical con-
siderations. Methyl iodide has been shown to form
via impurity reactions wherever tracer-level iodine is
present56 The stability of this compound in a com-
bined radiation and oxidizing environment is of great
importance in making safety analyses of nuclear reac-
tors.

Experimental Section

Mallinckrodt reagent grade CH3 was used without
further purification. Compressed air was dried before
use by passing through a molecular sieve trap main-
tained at Dry Ice-acetone temperature. The ap-
paratus for sample preparation consisted of a 3-1. gas
reservoir connected to a sampler manifold and a high-
vacuum system. Only Delmar-Urry greaseless stop-
cocks were used in the system. Before filling the reser-
voir, the system was thoroughly torched under vacuum
and evacuated to better than 5 X 10-6 Torr. Two
sizes of sample bulbs were employed. The smaller 25-
ml bulbs were made of Pyrex and equipped with cap-
illary break-seals. The 400-ml bulbs, each attached to
a Nupro S. S. bellows valve, were constructed of either
Pyrex, quartz, or Type 321 stainless steel. Before use,
the glass bulbs were cleaned with chromic acid in an
ultrasonic bath and the stainless steel bulbs with dilute
nitric acid. They were rinsed thoroughly with dis-
tilled water, dried in an oven, and then outgassed at
500° in vacuo for 18 hr.

Mixtures of air and CH3 were irradiated at 15° with

A mechanism is proposed which quantitatively accounts for the observed reaction kinetics.

@Co 7-ray sources having dose rates ranging from
35 X 104 to 1.2 X 106 rads/hr. A dual-column gas
chromatograph equipped with an electron-capture de-
tector and a flame-ionization detector was employed
for sample analysis before and after irradiation. The
columns were constructed of 0.125-in. nickel tubings,
10-20 ft in length. These were packed with 35% DC-
200 silicone oil on 60-80 mesh HMDS treated Chromo-
sorb W and were operated at 65° with a dry nitrogen
carrier gas flowing at 50 cc/min. In some experi-
ments, mass spectrometry was employed for identifying
the radiolysis products.

Results

The change in CH3 concentration due to 7-ray ac-
tion was followed during an experiment. A typical
semilogarithmic plot of the concentration change as a
function of irradiation duration is shown in Figure 1
In this particular series of experiments, samples wbh
initial CH3 concentrations ranging from 1.6 X 10~u
to 2.4 X 10-10 mol/cc were irradiated at a dose rate of
3.48 X 10s rads/hr as measured by Fricke dosimetry.
The parallel lines shown in Figure 1 indicate that the
decomposition reaction is pseudo-first-order with re-
spect to methyl iodide. Similar results were obtained
with other dose rates, and the slopes of the straight
lines varied in direct proportion to the dose rates em-
ployed.

A summary of the results from experiments covering
the initial CH3 concentration range from 2.8 X 10-12
to 24 X 10-10 mol/cc and the dose rate range from
3.6 X 104 to 1.2 X 106 rads/hr is shown in Figure 2.

(1) This work was performed under the auspices of the U. S.
Atomic Energy Commission.

(2) (a) M. 1. Christie, Proc. Roy. Soc., Ser. A, 244, 411 (1953);
(b) J. F. McKellar and R. G. W. Norrish, ibid., 263, 51 (1961).

(3) J. Heicklen and H. S. Johnston, J. Amer. Chem. Soc., 84, 4030
(1962).

(4) M. Barber, J. Farren, and J. W. Linnett, Proc. Roy. Soc., Ser. A,
274, 306 (1963).

(5) A. E. J. Eggleton and D. H. F. Atkins, Radiochim. Acta, 3, 151
(1964).

(6) A. W. Castleman, Jr.,, I. N. Tang, and H. R. Munkelwitz, J.
Inorg. Nucl. Chem.., 30, 5 (1968).
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Figure 1. The time dependence of CH3 concentration during
irradiation with 8Co 7 rays at dose rate of 3.48 X 106
rads/hr; air density = 1.05 X 10-3 g/cc.

Here, all data are normalized to percentage of CH3 re-
maining and plotted on semilogarithmic coordinates as
a function of total absorbed dose in eV/g of air. A
conversion factor of 5.62 X 1013 was used in the cal-
culation to convert rads as measured by Fricke dosim-
etry into electron volts absorbed per gram of air. The
density of air employed in these experiments is 1.05 X
10-3 g/cc. The straight line shown in the plot is a
least-squares fit of all data points.

The results from experiments of high initial CH3
concentration (2.4 X 10-7 mol/cc) and intermediate
CH:l concentration (4.8 X 10~8 mol/cc) are given in
Figures 3 and 4, respectively. The air density em-
ployed in both series of experiments was 1.25 X 10-3
g/cc. While the data shown in Figure 3 are well repre-
sented by a least-squares straight line, suggesting a
zeroth-order reaction for the oxidation of CH3 at high
concentrations, no simple reaction order was found to
represent the results from the intermediate concentra-
tion experiments.

Most of the low CH3 concentration experiments were
carried out with Pvrex sample bulbs. However, no
appreciable difference was noted when quartz sample
bulbs were used. There was also no noticeable change
in the CH3 decomposition rate measured in sample
bulbs which were opaque to light. In experiments
carried out with higher CH8 concentrations, both
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Figure 2. The decomposition of CH3 as a function of total
absorbed dose for the initial concentration range of 2.8 X 10-12
to 24 X 10~Dmol/cc; air density = 1.05 X 10~3g/cc.

quartz and stainless steel sample bulbs were employed
and again no effect of wall material was observed. The
observation indicated that the size of the sample bulbs
(55 mm in diameter) used in the experiments was large
enough to ensure minimal contribution of the secondary
electrons emitted from the walls7 and that the con-
tainer walls also did not contribute significantly to the
recombination processes taking place during radiolysis.

In general, no postirradiation effect was observed, ex-
cept in one run where the air was saturated with mois-
ture at 0°. This was expected since in the latter case,
appreciable amounts of nitric acid would undoubtedly
forms and react with the remaining c 1 a1 even after the
irradiation ceased.

(7) J. Weiss, A. O. Allen, and H. A. Schwarz, Proc. Int. Conf. Peaceful
Uses At. Energy, 14, 179 (1956).

(8) A. R. Jones, Radiat. Res., 10, 655 (1959).
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Figure 3. The decomposition of CH3 as a function of total
absorbed dose for the initial concentration of 2.4 X 10-7
mol/cc; air density = 1.25 X 10-3 g/cc.

Figure 4. The decomposition of CH3 as a function of total
absorbed dose for the initial concentration of 4.8 X 10-8
mol/cc; air density = 1.25 X 10~3g/cc.

The radiolysis products observed in the low concen-
tration experiments were mainly methyl nitrate and
methyl nitrite. An electron-capture detector was em-
ployed in the analysis of samples using gas chromatog-
raphy. Since electron-capture detectors are known
to be only sensitive to compounds of high electron
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affinity, the failure to detect species other than CH3
ON 02 and CH30ONO does not preclude the possibility of
other radiolysis products. However, no other species
were ever detected with a flame-ionization detector.
In the high concentration experiments, both gas chro-
matographic and mass spectrometric analyses showed
the presence of HCHO, CH30H, CH4 C2H6 and some
other higher molecular weight compounds. The pres-
ence of 12 among the radiolysis products was also
shown by mass spectrometry. The amounts of CH3
ON 02 and CH30ONO formed during radiolysis, on the
contrary, were very small in this case.

It was noted that, in the low concentration experi-
ments, the impurity level in the sample often inter-
fered with the radiolytic decomposition of CHa3l.
Thorough cleaning and outgassing procedures must be
undertaken to obtain reproducible results. One of the
possible interfering impurities was the adsorbed mois-
ture that might be released from the container walls
upon irradiation. Since it was difficult to determine
the water vapor at very low concentration levels, its
effect was demonstrated in a series of experiments in
which appreciable amounts of water vapor were me-
tered into the samples. The results from the experi-
ments indicated that increasing the moisture level low-
ered the CH3 decomposition rate expressed in terms of
adsorbed doses.

Discussion

Decomposition Mechanism. Since the molar ratio of
CH3l to air even in the most concentrated samples used
in this study isonly 1:200, it is a reasonable assumption
that the Y-ray energy is primarily absorbed by air to
form active particles, M*, which in turn transfer energy
to CH3 molecules upon collision, i.e.

M M* @
bf
M* —> X (la)
M* + CHa3l CH3 + I- + M ()

Reaction la represents the decay of M* by processes
other than reaction 2. The dissociation of CH3 via
reaction 2 is expected to occur since the carbon-iodine
bond is by far the weakest in the molecule. The rup-
ture of the C-1 bond has been shown to constitute the
primary act in the vapor phase photochemical oxida-
tion of CH3l,2~4 in its vapor and liquid phase radio-
lysis9 and even in the radiolysis of its dilute aqueous so-
lutions. 10

Reactions involved in the radiolysis of oxygen-ni-
trogen systems are rather complicated, and no general
agreement has been reached even on the initial radio-

&) L. H. Gevantman and R. R. Williams, Jr., J. Phys. Chem., 36,
569 (1952).

(10) J. Shanker, K. V. S. Rama Rao, and L. V. Shastri, ibid., 73,
52 (1969).
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chemical steps in the formation of nitrogen oxides.1t
Harteck and Dondes2?* believe that, initially, the dom-
inant reactions are the dissociation of N2 and 02 as a re-
sult of both molecular excitation and neutralization of
charged particles. Pshezhetsky and Dmitriev,12b how-
ever, have proposed a rather different mechanism in-
volving sets of ion-molecule reactions. Since ion-
molecule reactions, as well as charge neutralization,
usually proceed at extremely fast rates compared to
molecular or even free-radical reaction, it is likely that
the M*’s postulated in the present study are excited N2
and 0 2 triplets both because of their chemical reactivity
and relatively long lifetimes. The reaction of CH3
with stray electronsin the system, namely

CH3 + e- —> CH3- + 1I- (2a)

may also contribute to its dissociation. No attempt
was made in the study to identify the active energy-
transfer species.

It is generally accepted that the reaction of methyl
radicals with oxygen takes place via two routes, namely,
termolecular reaction 3 leading to the formation of
methyl peroxide radicals2<'17 and bimolecular reaction 4
which gives rise to formaldehyde

CH3-+ 02+ M CH02 + M (©)

CH3m+ 02-X HCHO + OHm @

The recombination of iodine atoms will occur accord-
ing to reaction

I-+ 1I-+ M-XI1t+ M ®)

The methyl peroxide radicals produced from reaction
3 may undergo further reaction via one of the follow-
ing three reactions, depending upon the given condi-
tions

CH2- + CH302 -X CH3H + HCHO + 02 (6)
CH2 + NO2A - CHONO2+ O- @

CH® 2 + NO -%m CHIONO + O0- ®)

where N02 and NO are being formed from air by vy
radiolysis. Reactions involving methoxy radicalsi3
have been adapted frequently, and often successfully
at high peroxy radical concentrations, by many in-
vestigators to account for their observations. Conse-
quently, a set of alternative reactions might also be
proposed in place of reactions 6, 7, and 8 as

CH302 + CH202 —> 2CHD =+ 02 (6a)
CH®- + CH30- —> CH30H + HCHO (6b)
CHaO- + NO* —> CH30NO02 (7a)
CH3- + NO — CH3NO (8a)

However, based on the evidence presently available,
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it is not possible to favor one set of reactions over the
other.

In experiments where the concentration of 12 formed
is appreciable, 12 will compete with 0 2 for the methyl
radicals, thereby leading to the formation of CH3
according to

CH3 + 12— " CHA + I- )

The decomposition mechanism proposed here, al-
though not a complete description of the radiolysis of
CH3 in air, includes all dominant reactions leading to
the formation of important intermediates and major
radiolysis products observed. As will be shown later,
this mechanism also gives a quantitative account for
the decomposition kinetics in agreement with the ex-
perimental data.

Decomposition Kinetics. In the following deriva-
tions, the quantity of a radical or molecular product
formed directly from primary radiochemical acts is de-
noted by G with an appropriate subscript, while the
actually observed yield of a substance is denoted by G
followed by the formula of the substance in parentheses.
A minus sign placed in parentheses before the formula
represents the G value for decomposition of this sub-
stance. The reaction rate is denoted by R with an ap-
propriate subscript. Thus, the rate of production of
methyl radicals from reaction 2 may be expressed as

pGek, = R, = d< 3] = f[M*][CH3I] (10)

where Gech, = number of CH3- formed per 100 eV
absorbed, R = mol/(ec hr), p = a conversion factor =
p MIOON, p = air density in g/cc, / M = dose rate
ineV absorbed (gof air)-1 hr- ,N = Avogadro’s number.

In considering reactions 2 and 9, the following equa-
tion is obtained for the net rate of CH3 decomposition

p(7(—CHJ) = rt- R9=
fe[CH3I][M*] — fo[CH3-1[17 (11)

Assuming stationary concentrations of M* and CH3-,
we can equate their respective rates of formation and
removal as

M*: p(®M = Ru + Ri 12)
CH3 pOd{- = R3+ Ri + R9—R2 (13)
Therefore

PV
h' + f@[CH3I]

[M*] 14

(11) J. W. T. Spinkes and R. J. Wood, “An Introduction to Radia-
tion Chemistry,” Wiley, New York, N. Y., 1964, p 206.

(12) (a) P. Harteck and S. Dondes, Proc. Second Int. Conf. Peaceful
Uses At. Energy, United Nations, Geneva, 29, 415 (1958); J. Phys.
Chem., 63, 956 (1959); (b) S. Ya. Pshezhetsky and M. T. Dmitriev,
Int. J. Appl. Radiai. Isotopes, S, 67 (1959).

(13) J. H. Raley, L. M. Porter, F. F. Rust, and W. E. Vaughan,
J. Amer. Chem. Soc., 73, 15 (1951).
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] PG (-G HJIL)

[CH
fc»[0,][M] + fAH[02]

(15)
Consequently, it can be shown by substituting eq 14
and 15 into eq 11 and rearranging, that

G(-CHA) =

L+ g M] [CHal]
Cr* (16)

+ [CHisi]
#4 1a[02 fa

The above equation may be simplified in appearance
by making the following substitutions

5 =1+ ~ [M]

kg
R =
fa\07]

W
X =
fa

Therefore

(k

It will be shown in the later sections that eq 16 is ade-
quate to account for the observations, and that the un-
known constants contained in the equation can be
evaluated from the data obtained in this study.

Low CH3l Concentration Experiments. It is obvious
that reaction 9 may be ignored in cases where the con-
centration of 12 produced is extremely small compared
to the quantity of 02present in the system. This as-
sumption is certainly justified in experiments carried
out with initial CH3 concentrations ranging from
2.8 X 10~2to 2.4 X 10-10 mol/cc. For example, since
the maximum 12 concentration that could be produced
in a run is half of the initial CH3 concentration of the
run, we take avalue of 1.2 X 10~I0mol/cc to represent
the highest 12 concentration of this series. This is ob-
viously small compared with the 02 concentration em-
ployed, namely, 7.9 X 10-6 mol/cc.

Christied has given a value of 278 or fasfa at 20°.
Referring to eq 16, we conclude that

fa[fa]
faifo 2

-MdS-

For X)> [CHal], the above equation may further be
reduced to

0.0042 « 1

and, therefore

Id[CH3I]  Gu

G(-CH3al) = - - . [CH3I] (17)
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After substituting for n,
we find

rearranging and integrating,

(18

where ¢ = [CHB3l], the subscript O referring to initial
concentration, andf = c/co = fraction of CH3 re-
maining at time t corresponding to an absorbed dose
(lut).

Equation 18 represents a first-order reaction with re-
spect to CHa3l, which is in complete agreement with the
experimental observations as illustrated in Figures 1 and
2. The ratio of Ch*/X may be evaluated from the
slope of the line given in Figure 2, namely

A= 543 X 109 (19)

High CH3l Concentration Experiments. When the
initial CH3 concentration in a sample is high enough,
the iodine being produced by radiolysis will quickly
reach a saturation concentration, [12]°, corresponding
to the vapor pressure at the reaction temperature. At
15°, the vapor pressure of iodine is 0.137 Torr,14 which
leads to 0.76 X 10-8 mol/cc for [1Z°. Therefore,
starting with a CH3 concentration of 2.4 X 10-7 mol/
cc, the sample undergoing radiolysis will become sat-
urated with 12 in the gas phase at approximately 7%
decomposition of CH3l. Referring to eq 16a, we have
for [CH3l]» X

G(-CH3l) =

Gu*(b + d[I2]°) = A = constant (2°(

The assumption of small Xwill be justified later.

Equation 20 essentially predicts a zeroth-order de-
composition with respect to CH3l. This is indeed in
agreement with the experimental findings as evidenced
in Figure 3 by the linearity of the data after the first
few per cent decomposition. The slope of the straight
line yields avalue of 13.6 for G(—CHB3l). The constant
d, may be estimated using Christie’s value of 278 for
kg/fa and the 02 concentration of 9.05 X 10-6 mol/cc
employed in the experiments

kg
R = 3.07 X 107
faio 2]

and whence dIR]J0 = 0.233.
rearranging eq 20, we obtain

By substitution and

e, , 136("™ p ) (21)

Although the precise value of Gu* cannot yet be
obtained without a knowledge of B, eq 21 does provide

(14) A. N. Nesmeyanov, “Vapor Pressure of the Chemical Elements,”
R. Gray, Ed., Elsevier, Amsterdam, 1963, p 430.
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a bracket for Gu*. Recalling the definition of B, it
is evident that B can never be less than unity and
therefore, Gu* will not exceed 16.8. On the other
hand, should B be much larger than unity, Gu* would
approach 13.6 as the lower limit. In short, we con-
clude that 13.6 < Gu* < 16.7 and consequently, from
eq 19, 25 X I0"9< X< 31 X 10~9 Therefore, it
is seen that in the high concentration experiments,
CH3l » Xas assumed. It will be shown in the follow-
ing section that the limits given here for cu* and X
serve as a useful guide for estimating their respective
best values.

Intermediate CH3l Concentration Experiments. In
this case, the iodine concentration is building up at the
expense of CH3 decomposition. The 12 concentration
can be expressed in terms of the CH3 concentration
through an iodine material balance

[h] = y2ACo - C) (22)

Substituting (22) into (16a) and integrating, we obtain
a rather complex expression

In/-~(1 -/*) +
dCo BGu*

pEEU (lut)y  (23)
2 I00NCo

It should be noted, however, that for the particular
CH3 concentration (Co = 4.8 X 10-8 mol/lcc) em-
ployed in the present series of experiments, eq 23 is
only valid up to 32% decomposition of CIRI. This is
due to the fact that the gas phase will become saturated
with iodine at this point, i.e. [I1Z] = [12]° =0.76 X 108
mol/cc at/ < 0.68. Since the air density used here is
the same as that in the high CH3 concentration experi-
ments, B and ;3 should have the same values and remain
constant. However, Xis not negligible with respect to
C as it was in the high concentration experiments.

Equation 16a may then be rewritten as

e(-CH,I1) - - - f M

where, according to eq 20

A- g-(b+ 0[l.]°) - 136

Integrating eq 24 from O68C0to any C < 0.68C0 and
rearranging in terms of /, we have for/ < 0.68

~XIn (B8 + Co("'68 ~ [} =

mNIM —(it)'] (25)

where (lut)1l = total absorbed dose at/ = 0.68.
A trial and error procedure may now be employed to
evaluate the unknown constants X Cm*, and B. This
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is accomplished by first estimating Xusing its limits as a
guide, calculating cm* from eq 19 and B from eq 21.
Then/ is computed as a function of (lut) using eq 23 for
the composition range down to a point where 32% of the
CH3 is decomposed. Equation 25 is used for calcu-
lating / as decomposition proceeds further. The
broken curve shown in Figure 4 represents a best fit of
the data and was computed using the following values:
X= 280X 10-9;Cnr= 15.2;B = 1.98.

Conclusions

The experimental results presented in this work
clearly show that the radiochemical oxidation of methyl
iodide in air proceeds at a rate determined by the initial
CH3 concentration. A mechanism is proposed which
accounts satisfactorily for the CH3 decomposition
kinetics observed for the concentration range 2.8 X
10~12 to 24 X 107 mol/cc. The decomposition
kinetics is governed primarily by the competition be-
tween the M* quenching processes la and 2, and by the
competition between the subsequent methyl radical
reactions 3 and 9. Reactions 5 through 8 account for
the major radiolysis products observed in this work.
At high CH3 concentrations, reaction 6 is expected to
predominate over reactions 7 and 8 because of the rela-
tively high concentration of methyl peroxide radicals.

Figure 5. A summary of the experimental values for the rate
constant k3as a function of the third body
involved in the reaction.
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In addition, CH3ONO2 and CH30ONO, initially formed
via reactions 7 and 8, will undergo decomposition by
the prolonged irradiation normally employed in experi-
ments with high CH3 concentrations. At low CH3
concentrations, reactions 6 and 9 become unimportant
compared with reactions 7 and 8, resulting in the for-
mation of methyl nitrate and nitrite in agreement with
the observations.

No attempt was made to elucidate the nature of the
active energy transfer species. However, it is inter-
esting to note that the value of Gu* obtained in the pres-
ent study gives an average energy of 6.6 eV per each
M*, which is just enough energy to raise either a ni-
trogen or an oxygen molecule from their ground state to
their respective triplet state.

An estimate of the rate constant fa may also be ob-
tained from the constant B. Taking the air density
employed in this study (431 X 10~6 mol/cc) and
Christie’s value of 278 for fasfa, we calculated from the
definition of B that fasfa, = 82. The activation en-
ergy for reaction 9 is generally considered to be very
small. Golden, Walsh, and Bensoni have estimated
from the results of their thermochemical studies a value
of 1013 cc/(mol sec) for fa, which is in good agreement
with Christie’s value2* derived from photochemical reac-
tions. Therefore, we have fa = 8.2 X 104 (cc/mol)2
Sec.

Since reaction 3 is a termolecular reaction, the rate
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constant, fa, depends on the type of third body present
in the system. Some estimates of fa have been made
by a number of investigators who used as a third body
carbon dioxide,2 methyl iodide,2* acetone,1617 azo-
methane, 18 and neopentane (+ azomethane).19 Russell
and Simons2 have shown that the rate constant of ter-
molecular recombination of iodine atoms may be cor-
related to the boiling point of third body by a straight
line plot on semilogarithmic coordinates. Assuming
that the same rule applied to reaction 3, a similar plot
was made for fa including the point found in this work
(see Figure 5). In general, the data from the different
sources appear to be consistent.
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Pulsed mass spectrometric studies of argon ions formed by ionizing collisions in helium-argon mixtures show
the contributions to these processes from direct excitation to the 23 and 2'S metastable states of helium,
from excitation to higher levels that populate the metastable levels by cascade processes, and apparently

from charge exchange collisions with He+.

Studies of the time dependence of the argon ion intensity at 23 eV

permit some conclusions to be drawn concerning the magnitude of the total excitation cross sections.

Introduction

The study of inelastic collision processes is of particu-
lar interest in chemistry, since the transfer of internal
energy upon collision is often necessary for a chemical
reaction to take place. The special case in which the
excitation energy transformed from one atom exceeds

the ionization potential of the struck atom has been
studied in this work; if the struck atom is ionized the

(1) (a) Based on a thesis submitted by J. J. DeCorpo to The Penn-
sylvania State University in partial fulfillment of the requirements
for the Ph.D. degree, (b) To whom correspondence should be

addressed.
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process is termed the Penning effect.2 The excitation
energies of the 235 and 2'S helium metastable states,3
namely 19.8 and 20.6 eV, are well above the 15.68-eV
ionization potential of argon. Thus, bombardment of a
mixture of argon and helium in an electron impact ion
source at energies between 15.5 and 24.5 eV will result in
argon ion formation via the following reactions4

Ar + e_ —> Ar+ + 2e~ @
He*(23X) + Ar —> Ar+ + Heft'S) @)
He*(21S) + Ar —> Ar+ + He(PS) (©)

In (2) and (3) the excited helium atoms return to the
ground state, since there are no intermediate states.
This report describes pulsed mass spectrometric studies
of reactions 1-3.

Experimental Section

Apparatus. Kinetic studies of Penning ionization
reactions were carried out in a Bendix Model 14-101
time-of-flight mass spectrometer, the design of which
has been described previously.66 The instrument was
modified by incorporating a closed ion source and an
additional 6-in. mercury diffusion pump to provide an
adequate pressure differential between the ion source
and the source envelope. A 2-in. mercury diffusion
pump and a flight tube baffle were also added at the
electron multiplier to lend a degree of differential
pumping in the detection region.

A variable time-delay circuit was installed as pre-
viously described.7’8 This circuit allows a time delay,
varying from 0 to 10 /;sec, between the end of the elec-
tron beam and the onset of the draw-out pulse. During
this time, the reaction zone is field free, thus emulating
the conditions first used by Tal'roze and Frankevich9
to study the purely thermal rates of ion-molecule reac-
tions.

The back plate of the Bendix ion source was replaced
with a 0.75-in. diameter etched Mo screen of 85%
transmission. Other pertinent dimensions of the ion
source have been cited in a previous publication.7 The
ion-source pressure was monitored directly with a
McLeod gauge connected via 0.5-in. diameter tubing to
the flange of the source housing. Measurements of the
actual ion-source concentrations by total ionization
measurements in argon, and by examination of the ex-
tent of D3+ formation from D2 and CH6+ formation
from CHi indicate that the McLeod gauge readings are
higher than the actual source pressure by a factor of
6+ 1.

A Nuclide 12-90G magnetic deflection mass spec-
trometer was employed to study ionization-efficiency
curves utilizing the retarding-potential-difference tech-
nique (rpd).10 The ion source of the instrument was
closed as much as possible to obtain the high pressures
required for studying the Penning effect or any other
secondary process involving bimolecular collisions.
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The ion-source pressure was determined by studying
the methane ion-molecule reactions at various reser-
voir pressures and leak openings.

Procedures. During the kinetic studies the electron-
beam pulse of the time-of-flight instrument had a dura-
tion of 0.25 /i;sec and was pulsed at 10 kHz. The ion-
drawout pulse, with an amplitude of —280 V and width
of 3.5 /¢sec, was applied 0-2 /;sec after the cutoff of the
electron beam.

The length of the drawout pulse ensures the collec-
tion of all ions surviving in the volume sampled by the
analyzing system. Owing to the thermal drift of the
particles, however, the total ion current will diminish
as the residence time of the ions is increased. This
phenomenon is mass dependent, and a correction for it
must be made, since the kinetic studies involve ratios
of the ion intensities of Ar+ and Ne+. Essentially, the
correction involves the calculation of the fraction of
ions remaining in a fixed sampling volume at some time
after the ionizing pulse of electrons.

Assuming that there is perfect Wiley focusing,6 then
any horizontal drift of the ions in the direction of the
axis of the drift tube is negligible. Since the electron
beam extends the entire width of the source, any hori-
zontal motion in the axis of the beam may be consid-
ered irrelevant. Drift in the vertical direction, along
the z axis, however, results in a loss, because the electron
beam does not extend over the entire height of the
source. The probability of an ion being collected at
time t is expressed by

pzo/t
F(t) = 2 P(K,dFz %)
Jo
where z0 is the distance from the center to the edge of
the ion-exit slit, and P (vt) is the one-dimensional
Maxwell probability density in velocity space. Some
of the ions which would be collected for an infinitely
high draw-out pulse may have a sufficient velocity
component in the z direction to result in a loss during
the actual finite withdrawal time. Thus, the tin (4) is
the sum of the delay time and the ion-withdrawal time.
Experimental correction curves for various masses
[1(t)71(0) vs. t] were found to be of the same form as

(2) F. M. Penning, Naturwissenschaften, 15, 818 (1927).
(3) C. E. Moore, Natl. Bur. Stand. Circ., No. 467 (1949).

(4) K. L. Bell, A. Dalgarno, and A. E. Kingston, Proc. Phys. Soc.,
Ser. 2, 1, 18 (1968).

(5) (@ F. W. Lampe and G. G. Hess, J. Amer. Chem. Soc., 86, 2952
(1964); (b) W. C. Wiley and I. H. McLaren, Rev. Sci. Instrum.,
26, 1150 (1955).

(6) G. B. Kistiakowsky and P. H. Kydd, J. Amer. Chem. Soc., 79,
4825 (1957).

(7) P. M. Becker and F. W. Lampe, J. Chem. Phys., 42, 3857 (1965).

(8) C. W. Hand and H. Von Weyssenhoff, Can. J. Chem., 42, 195
(1964).
(9) V. L. Tal'roze and E. L. Frankevich, Zh. Fiz. Khim., 34, 2709
(1960).

(10) R. E. Fox, W. M. Hickman, D. J. Grove, and T. Kjeldaas,
Jr., Rev. Sci. Instrum., 26, 1101 (1955).
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(4), differing only by a constant which was incorporated
into the actual corrections. In the ionization-effi-
ciency study this correction was not required, as only
relative intensities at a constant delay time were mea-
sured.

In utilizing the retarding-potential-differenee tech-
nique for the study of the ionization-efficiency curves,
the electron beam in the Nuclide instrument was pulsed
at 100 kHz. An electronic switch alternated the high
and low levels of the retarding potential applied to the
retarding grid as a square wave of 22 Hz. Because of
the low intensities of the secondary peaks, the differ-
ence, AAr, between these high and low rpd levels was
required to be at least 0.1 eV. Under these conditions,
the output of the electron multiplier appeared as a
quasi-sine wave with the peak-to-peak amplitude of this
wave form representing the change in intensity, A/, due
to the AAr ontheretarding grid. This signal was fed
into a Princeton Applied Research Model HR-8 lock-in
amplifier which abstracts the peak-to-peak value, Al,
from the signal, amplifies it, and transmits it as a dc
signal to the ordinate of a Moseley Model 135AM X -Y
recorder, so that continuous rpd curves were obtained.

The source temperature, 70°, was determined by
using an alumel-chromel thermocouple. Samples of
two or more gases were prepared by using a Saunders-
Taylor apparatus, in which partial pressures could be
accurately measured.

Results and Discussion

General Observations. The ionization-efficiency curve
of Ar+ in a 100:1 He-Ar mixture (3 n total pressure)
and for pseudomonergetic electrons with an energy
spread of 0.1 eV is shown in Figure 1. The curve for

Figure 1 lonization-efficiency curves of Ar+. The uppermost
curve is for a 100:1 He-Ar mixture; the lowest curve is for a
100:1 Kr-Ar mixture: 0-0-0-, data of ref 11
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Ar+ in He shows a definite upward break from a linear
region near 19.5 eV (uncorrected) and a subsequent fall
back to a linear region at about 24 eV. By contrast the
ionization-efficiency curve of Ar+ ina 100:1 Kr-Ar mix-
ture at the same total pressure (also shown in Figure 1)
shows no such features between 19.5 and 24 eV. Since
in the Kr-Ar mixture Ar+ cannot be formed by Pen-
ning ionization, we conclude the additional structure
exhibited by Ar+ in the He-Ar mixture to be due to
Penning processes.

Also included in Figure 1 for comparison is a plot of
the total electron-impact ionization cross section of
argon as reported by Englander-Golden and Rapp.il
Our ionization-efficiency curve for Ar+ in the Kr-Ar
mixture can be superimposed on the cross section datal2
quite nicely from onset to about 20 eV. Above this
energy, deviations occur, but these deviations are
monatonic with increasing energy and are probably due
to a slowly varying effective electron current and/or
transmission efficiency in our ionization chamber.
These monatonic deviations from total cross-section
data over a wide energy range are not unexpected and
certainly do not in any way resemble the differences
between our Ar+ ionization efficiency curves in the
He-Ar and Kr-Ar mixtures.

The initial portions of the two ionization-efficiency
curves in Figure 1 (that is, the portions from onset to
about 19 eV) are quite superimposable. If we make
such a superposition, then, in principle, the difference
between the two curves represents the ionization-
efficiency curve for Penning ionization of argon by
helium. Although the result is admittedly not very
accurate, it is of interest to carry out such a procedure
and compare this difference curve with the sum of the
excitation functions to states of helium that can pro-
duce Penning ionization some 10-4 sec after electron
impact.13 This difference curve and its comparison
with the sum of the excitation functions as given by
Cermak13 are shown in Figure 2.

The general agreement of the shapes of the two
curves in Figure 2 lends credence to our conclusion that
the structure in the Ar+ ionization-efficiency curve in
the He-Ar mixture is indeed due to Penning ionization.
Both curves show the onsets at 19.8 and 20.6 eV of
processes that produce Ar+ by direct electron impact
excitation of helium to the 23 and 2'S states, respec-
tively. As shown by Cermak,13 the continuing rise of
the curves in Figure 2 after about 21.5 eV (at which en-
ergy the maximum of the excitation curve of the 26
state occurs) is to be attributed to the formation of
higher triplet states of helium which cascade rapidly to
the 23 metastable. The onset energies of some of these
states are also shown in Figure 2. Some population ot

(11) P. Englander-Golden and D. Rapp, J. Chem. Phys., 43, 1464
(1965).

(12) H. S. W. Massey, Rept. Progr. Phys., 12, 248 (1949).
(13) V. Cermak, J. Chem. Phys., 44, 3774 (1966).
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Figure 2. Excitation function for Penning ionization of Ar by
He: —, ref 13: 00-0-, this work.

the 2'S metastable state by transitions from the 2T
may take place, but, since the 2'P is optically connected
directly to the ground state, the extent of this popu-
lating effect is very small; it has been reported by
Gabriel and Heddleu that only 0.11% of the transi-
tions of the 2 P state are to the 21S state.

Our curve in Figure 2 suggests that there is an addi-
tional helium-collision process forming Ar+ which has
an onset at about 24.8 eV—that is, near the ionization
potential of helium. Such a process could only be
charge exchange from He+, viz.

He+ + Ar — > Ar+ + He O]

but this reaction, as written, has a large energy defect
of 8.8 eV and on the basis of the adiabatic criterioni2
would be expected to have a very small cross section for
thermal energy ions. It is possible that (5) may be oc-
curring in our system with a measureable cross section
via a radiative charge transfer mechanism, i6viz.

He+ + Ar — *m (HeAr+)* — > HeAr+ + hv (58)

1
He + Ar+

An analogous mechanism has been invoked for the
charge-transfer reaction

He2+ + H —> He+ + H+ + hv (6)

and a rate coefficient of 1.6 X 10“13 cm3sec has been
calculated.’6 However, we should point out that the
errors inherent in the curve subtraction process became
greater as we consider energy regions more distant from
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Figure 3. Plots of ion ratio (eq 8) as a function of He
concentration for various delay times.

the region of superposition. Thus we cannot rule out
the possibility that the increase in Ar+ intensity after
24.8 eV is an experimental artifact.

Kinetic Studies. The electron-impact excitation func-
tions of the helium metastable states overlap each
other13'17'18 (Figure 3) making it virtually impossible to
investigate mass spectrometrically the kinetics of reac-
tions 2 and 3 separately. Thus, the results of any
kinetic study by electron impact, which detects the
product Ar+, must be considered to be some average
over the properties of both metastable states. As
shown in Figure 2, the maximum in the sum of the ex-
citation functions of states of helium that produce Pen-
ning ionization occurs near 24 eV. As a compromise
between the objectives of maximum sensitivity and
minimum probability of occurrence of (5), Kinetic ex-
periments were conducted at an electron energy of
23eV.

(14) A. H. Gabriel and D. W. O. Heddle, Proc. Ray. Soc., Ser. A,
2S8, 124 (1960).

(15) D. R. Bates and R. McCarroll, Proc. Roy. Soc., Ser. A, 245,
175 (1958).

(16) A. M. Arthurs and J. Hyslop, Proc. Phys. Soc., A70, 849 (1957).
(17) R. Marriott in “Atomic Collision Processes,” M. R. C. Mc-
Dowell, Ed., North-Holland Publishing Co., Amsterdam, 1964,
p 122.

(18) L. S. Frost and A. V. Phelps, Westinghouse Research Report
6-94439-6-R3 (1957).
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Since Ar+ ions are produced by both Penning ion-
ization, namely (2) and (3), and by direct electron-
impact ionization (1), the extent of the latter must be
determined and subtracted from the overall Ar+ ion
intensity. This was done by investigation of the ex-
tent of ionization of argon in mixtures in which helium
was replaced by equal amounts of krypton, with all
other conditions maintained constant.

At the pressure employed in this study, the time
between collisions is of the order of 10~5sec. According
to the reported transition probabilities in helium,14 in
10-5 sec nearly all excited states will have undergone
transitions to either the ground state or to the two
metastable levels. Therefore, we shall assume in our
kinetic treatment that the states of helium actually
undergoing the Penning ionization reaction are the 2 3
and 2>8 aswrittenin (2) and (3). With this assumption
we may write the overall intensity of argon ions as
shown in (7a) and (7b), viz.

(78)

lat+ ~APenning “i~ -~electron impact

I Ar+

tt] fs[He] [Arj e drjves +
fT[Hel[ArlWdllsreit + Vi[Ar14}  (7b)

where ks and kr are the specific reaction rates of (3) and
(2), respectively, Stresis the sum of the cross sections of

formation of singlet excited states of helium that ulti-
mately are transformed by emission of radiation to the
28 state, 2o-et is the analogous sum over the triplet
states of helium, &, is the ionization cross section of
argon by electron impact, te and t,i are the durations of
the electron beam pulse and delay time, respectively,
and o is a proportionality constant. Subtracting from
(7b) the last term, which is determined experimentally
using Kr as described above, leads immediately to an
equation describing the intensity of Ar+ formed solely
in the Penning ionization processes 2 and 3.

It is more convenient to study the ratio of the inten-
sity of argon ions (from Penning ionization) to the in-
tensity of ions of some “marker” gas, rather than ab-
solute intensities. Neon was chosen for this purpose
because the metastable states of helium cannot ionize
it It was added to the helium-argon system at a
partial pressure equal to that of argon. It was ob-
served that with increasing delay time, id theNe+ ion
intensity decreased while at the same time the Ar+ ion
intensity increased. Since states of helium above 21.6
eV can ionize neon, this observation confirms our con-
clusion that, at the pressure employed, the decay of
higher states to the metastable levels will be complete
within the average time between collisions.

Taking the ratio of the Ar+ intensity due to the Pen-
ning processes to the Ne+ intensity (neglecting charge
transfer from Ne+ to Ar and Penning ionization of
argon by neon because the partial pressure of neon and
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Figure 4. Slopes of ion ratio vs. concentration plots (eq 9) as a
function of delay time.

argon are so small relative to helium) and recognizing
that [Ne] = [Ar], we obtain

I (AI"4)Penning
/(Ne+)

where op is the electron impact ionization cross section
of neon.

A plot of the intensity ratio in (8), corrected for
thermal drift, vs. the helium concentration should yield
astraight line with a slope Xof

X = -jfcszZ/les + ) ©
I s t 1Vi
In agreement with (8), Figure 3 depicts a series of lines
for various fixed delay times, td. In Figure 4, the
slopes of the lines in Figure 3 are plotted vs. delay time
and, as indicated by (9), yield a straight line; the slope
of the line in Figure 4 leads to the result shown in (10),
after incorporating the value of 2.5 X 10-18 cm2 for the
ionization cross section of neont at 23 eV.

jfcseve.s + fcTSvet] —
585 X 10~ (cm3sec)(cm? (10)

Consideration of the energy levels in heliumi9 lead at
once to the conclusion that, with the thermal-energy

(19) G. Herzberg, “Atomic Spectra and Atomic Structure,” Dover
Publications, New York, N. Y., 1944,
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spread of our nominally 23-eV electron beam, direct
excitationto all n = 2 and n = 3 levels, and perhaps
even higher, is occurring. However, in view of the
transition probabilities in helium, 14 it is probable that
cascading into the 2>8 metastable state, at least from
the rPP family, is negligible. On the other hand, it is
evident from our results in Figure 2, from the work of
others, 132021 and from the transition probabilities in
helium,14 that both excitation into the higher triplet
levels and cascading from these levels to the 235 level
are taking place. Therefore, the term isasum, at

the very least, of the excitation cross sections to the
23S, 23P, 335, 33P, and 33D states of helium.

Experimental values of the cross sections for electron-
impact excitation to the 2'S, 23S, and 2P levels of
helium at energies near 23 eV are available.202223 The
values are in only fair agreement with theoretical cal-
culations!724'5 and, moreover, are limited to the three
states mentioned; therefore, it is not feasible to use
(10) to obtain rate constant data or reaction cross sec-
tions for (2) and (3).

Some work has been reported concerning the reaction
cross sections for (2) and (3). Benton, et al.,% have
reported the cross sections for the destruction of helium
metastable states in collisions with argon atoms to be
6.6 and 55 A2 for He(23S) and He(21S), respectively.
However, they have mentioned that the latter value
may be too high by a factor of 2 or 3. This has
been substantiated by Schmeltekopf,27 who finds the
destruction cross sections in argon collisions to be 5.34
A2for He(23S) and 16.4 A2 for He(21S). Cermaki3 has
found that his measurements of the excitation func-
tions of He(23S) and He(21S), using energy and inten-
sity analysis of the electrons released in Penning ioniza-
tion of argon, are consistent with the data of Holt and
Krotkovo only if «s > ot. On the other hand, Sholette
and Muschlitz8 have studied the total ionization in-
duced in argon by the helium metastables as a function
of the energy of the impacting electrons that produce
the metastables, and they conclude that «s = <t =
7.6 A2 MacLennan® has reported that as = <t =
9 + 3 A2 in essential agreement with Sholette and
Muschlitz.5 In the most recent study Hotop, Niehaus,
and Schmeltekopfd have separated the contributions
made by the individual metastable levels and have, in
addition, measured the contribution made by formation
of HeAr+ to the metastable loss processes and total

ionization. They reportd
asP) = 1 J(total)
at(P) ' at(total) )
<rs(a) <rt(a)
0.155 at 320°K  (12)
°s(P)

where <s(a) denotes the cross section for associative
ionization of He(2'S) with Ar, e.g., the cross section for
formation of HeAr+ by He(21S).
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There seems to be general agreement as to the value
of trt for total ionization (or destruction); the four
values, ‘29 quoted above, yield an average of <t
(total) = 7.1 A2with an average deviation of + 1.2 A2
The same cannot be said for €s but we may use the
above ratio determined by Hotop, Niehaus, and Sch-
meltekopfd to obtain os(total) = 8.2 A2 Use of the
ratios for associative to Penning ionization then lead to
the following values for Penning ionization of argon by
metastable helium at 320°K: a, — 6.0 A2 €8 = 65
A2 Combination of the ratio® of 1.15 for «s(total)/
o-t(total) with Cermak’s datai3 leads to the value (cl.
eq 10)

(13)

Finally, using the simple hard-sphere relationship be-
tween reaction cross section and rate constant and
making the assumption that the ratios, (12), of Hotop,
Niehaus, and Schmeltekopfd are the same at 343° as at
320°K, we obtain from (10) the following results for
the sum of the excitation cross sections at 23 eV to
states of helium that lead to Penning ionization.

2>et = 42 X 10"7 cm2 (14)

2>...

2.6 X 10- 17 cm2 (15)

In general, the excitation cross sections in (14) and
(15) at 23 eV are higher than expected from experi-
mental reports.202223 Thus combination of the results
of Fleming and Higginson23 with those of Schulz22 lead
to a value of ~4 X 10*18 cm2 for the cross section of
total metastable production at 23 eV. A similar value
was reported by Holt and Krotkov.20 A possible rea-
son for this discrepancy is the energy spread of our
nominally 23-eV electron beam, which permits Penning
ionization of argon by states of helium with n > 3, and
our cross sections in (14) and (15) are sums over all
states that contribute. It is of interest that our sums

(20) H. K. Holt and R. Krotkov, Phys. Rev., 144, 82 (1966).

(21) J. L. G. Dugan, H. L. Richards, and E. E. Muschlitz, Jr.,
J. Chem. Phys., 46, 346 (1967).

(22) G. J. Schulz and R. E. Fox, Phys. Rev., 106, 1179 (1957).

(23) R. J. Fleming and G. S. Higginson, Proc. Phys. Soc., 84, 531
(1964).

(24) H.S.W. Massey and B. L. Moiseiwitsch, Proc. Roy. Soc., Ser. A,
227, 38 (1954).

(25) H. S. W. Massey and B. L. Moiseiwitsch, ibid., 258, 147 (1960).

(26) E. E. Benton, E. E. Ferguson, F. A. Matsen, and W. W. Robert-
son, Phys. Rev., 128, 206 (1962).

(27) A. L. Schmeltekopf, private communication, Oct 1969.

(28) W. P. Sholette and E. E. Muschlitz, Jr.,, 3. Chem. Phys., 36,
3368 (1962).

(29) D. A. MacLennan, Phys. Rev., 148, 218 (1966).

(30) H. Hotop, A. Niehaus, and A. L. Schmeltekopf, Z. Phys., 229,
1 (1969).
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of excitation cross sections are not inconsistent with
theoretical calculations.24%5 Thus Massey and Moisei-
witsch24-25 have calculated values of ~2 X 10-18 cm2for
0-(25) and cr(2S) and 1.3 X 10“17 cm2 for o-(2P) at
23 eV. Their24-%6 value of 1.5 X 10-17 cm2 for 0-(235)
+ <(2P) is to be compared with our value of 4.2 X
10 ~ 17 cm2 for the sum, which may have to be taken over
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all triplet states in view of the width of our electron
beam.
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Department of Chemistry, Carleton University, Ottawa 1, Canada (Received May 19, 1970)

The nmr method for determining the composition of the solvation shell of a paramagnetic solute introduced
by Frankel, Stengle, and Langford has been applied to the [Cr(C0 438~ complex in HO-DMSO0 mixtures.
Thermal and photochemical racemization rates of d-[Cr(C20 438~ have been determined as a function of the
solvation shell composition. Both thermal and photochemical rates were found to be acid-catalyzed with
the former showing a first-order dependence on H+ ion concentration in the pH range 1to 3. The results
could be explained in terms of a cooperative effect of the solvent molecules in the aquodechelation of the com
plex through hydrogen bonding. Quantum yields obtained at 4200 A (471f) and their solvent dependence
may be explained in terms of relaxation of the initial excited state to an intermediate which is substitution
labile. The solvent dependence of quantum yields is regarded as arising in the relaxation process.

Introduction

Spees and Adamson3 have proposed a substitutional
mechanism for the thermal and photochemical race-
mization of Cr(C2 433~ ion based on the mechanism
for aquation and oxalate exchange proposed by Harris
and coworkers.4 The crucial step is an aquo-dechela-
tion step

[Cr(CD 43]8 + HD ~
[Cr(C20 42(0C0C03 (OH,) 13*

Although wavelength dependence, temperature depen-
dence, and solvent dependence in alcohol-water mix-
tures can be consistently interpreted with this pro-
posal, Spees and Adamson noted3 that: “...In the
absence of some independent means of determining the
solvent cage composition, it is difficult to make any de-
tailed treatment of our data....”

An independent nmr method for the determination
of relative solvent shell composition in mixed solvents
has been proposed by Frankel, Stengle, and Langford.5
It has been possible to establish the correlation sug-
gested by Adamson with respect to thermal substitu-
tion reactions of [Cr(NH3)2(SCN)4]~ in acetone-water

mixtures,6 acetonitrile-water mixtures,7 and for [Cr-
(NCS)e]3~ in acetonitrile-water mixtures.8

However, the photochemical substitution reactions in
acetonitrile-water mixtures7-8 display a different solvent
dependence. The results indicate that the entering
water ligand need not be in encounter with the Cr com-
plex in advance of excitation.

In this paper, a somewhat different kind of mixed
solvent system is examined. The dechelation step
which is assumed to be crucial for racemization of [Cr-
(C20 93]3~ is a substitution reaction, but unlike acet-

(1) Presented at the 157th National Meeting of the American
Chemical Society, Minneapolis, Minn., April 13-18, 1969.

(2) All correspondence should be addressed to this author;
P. Sloan Fellow, 1968-1970.

(3) S. T. Spees and A. W. Adamson, Inorg. Chem., 1, 531 (1962).

(4) K. V. Krishnamurty and G. M. Harris, J. Phys. Chem., 64, 346
(1960).

(5) L. S. Frankel, T. R. Stengle, and C. H. Langford, Chem. Com-
mun., 373 (1965).

(6) C. H. Langford and J. F. White, Can. J. Chem., 45, 3049 (1967).

(7) V. S. Sastri, S. Behrendt, R. Henwood, and C. H. Langford,
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(8) S. Behrendt, C. H. Langford, and L. S. Frankel, J. Amer. Chem.
Soc., 91, 2236 (1969).

Alfred

The Journal of Physical Chemistry, Voi. 74, No. 1970



3946

onitrile, dimethyl sulfoxide (DMSO) which is here
mixed with water is a good ligand for attack on Crm .9
Despite this property the reaction in DMSO is much
slower than the reaction in water. The reason for such
a solvent effect on rates must be sought in a factor other
than the ability of one solvent to function as an entering
ligand in a substitution reaction. This point is clearly
made in what follows by the fact that the rates are much
more sensitive to bulk solvent composition than is the
probability of occupancy of a particular site in the sol-
vation shell (or “solvent cage” or “encounter com-
plex”). In contrast to earlier examples,6'7 the quantum
yield for photochemical racemization is shown to be
quite solvent sensitive.

The discussion in this paper will attempt to ration-
alize the solvent dependence of the thermal racemiza-
tion of [Cr(C2 4)3]3- and then proceed to a discussion
of solvent effects in photochemical reactions by develop-
ment of a “plausible” model (for photochemical sub-
stitution of Crm that lends itself to analysis in the
framework for discussion of mechanistic photochemistry
recently proposed by Hammond. 10

Experimental Section

Materials. Crystalline KsCr(C204)3HXD was pre-
pared according to the published procedurell and re-
solved according to the procedure given in the litera-
ture, 12 and the resulting complex d-K3Cr(C20 43 had a
molar rotation of 7600°. Crystalline K3Fe(C20,i)3-
3H2D was prepared according to the standard proce-
dure.l3 Reinecke’s salt obtained from Alfa Inorganics
was purified by recrystallization. Reagent grade
strychnine sulfate (Mann Research Laboratory, New
York, N. Y.) and Fisher certified buffer solutions were
used as such. Spectranalyzed DMSO (Fisher Scien-
tific Co.) and distilled water were used to make solvent
mixtures.

Apparatus, (i) A1000-W xenon-mercury source (Oriel
Optics) was used as the light source and the beam col-
limated with the help of lenses of 7.5- and 5-cm focal
length, and passed through a Jarrell-Ash monochro-
mator (Model 82-410) for selecting the appropriate
wavelength. A circular spectrophotometric cell of
5-cm path length thermostated at 25.0 + 0.1° was used
for irradiation. The light source was calibrated using
Reinecke’s salti4 as well as potassium ferrioxalatel6 as
standards for chemical actinometry. (ii) Optical activ-
ity was measured with a Perkin-Elmer spectropolar-
imeter (Model 141) to an accuracy of +0.001°. (iii)
Absorbance measurements in the course of chemical
actinometric procedures were made with a Gilford spec-
trophotometer Model 240.

Reaction Studies. A weighed amount of the optically
active complex was dissolved in the solvent mixture and
thermostated at 25°. An aliquot of the solution was
transferred into a cell and the optical rotation was re-
corded as a function of time. Thermal runs were car-
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ried out for 2 to 3 half-lives and good linear plots were
obtained.

An aliquot (15 ml) was transferred into a 5-cm

cell and irradiated for a definite period of time and the
optical activity was determined after irradiation.
Chemical actinometry before and after irradiation of the
complex confirmed the constancy of the light intensity.
A parallel dark run was conducted for correcting the
photochemical rate of racemization.
Preferential solvation studies by
nmr were carried out by recording solvent proton sig-
nals at 25.0° on a JEOL C-60 nmr spectrometer. Con-
firmation was obtained by observation of the solvent
dependence of the ligand field bands of the complex re-
corded on a Cary 14 spectrophotometer.

Solvation Studies.

Results

Preferential Solvation. The nmr studies were ana-
lyzed according to the previously described methods.6-8
These are summarized in an Appendix to the present
paper. Typical line broadenings are collected in Table

I. These reflect two factors: (@) the probability

Table I:  Nmr Data on Excess Line Width of *H Signal
of Water (KXr(C24)3 0.025 M; Temp 25°)

Mole Excess

fraction line width, Relative

of DMSO Ajil2, Hz viscosity16 n/m
0.0 3.48 1.00 1.00
0.02 5.06 1.03 1.10
0.04 4.73 1.10 0.83
0.07 5.38 1.20 0.70
0.10 5.85 2.00 0.59
0.20 8.63 3.25 0.38
0.30 10.23 395 0.27
0.40 9.94 3.80 0.20
0.50 9.69 3.40 0.16
0.60 8.86 3.04 0.12
0.70 9.12 2.67 0.09
0.80 8.97 2.40 0.06
0.90 8.96 2.20 0.04

that a solvent molecule is in the paramagnetic environ-
ment (solvation shell of Criil complexes) and (b) the
relaxation time characteristic of that environment.
Since the latter cannot be obtained absolutely, we
evaluate relative solvation in the mixed solvent com-
pared to pure solvent. The parameter reported is

(9) L. S. Frankel, T. R. Stengle, and C. H. Langford, Can. J. Chem.,
46, 3183 (1968).

(10) G. S. Hammond, Advan. Photochem., 7, 373 (1969).

(11) G. Croft, Phil. Mag., 21, 197 (1842).

(12) G. K. Schweitzer and J. L. Rose, J. Phys. Chem., 56, 428 (1952).
(13) J. C. Bailar, Jr., and E. M. Jones, Inorg. Syn., 1, 36 (1939).

(14) E. E. Wegner and A. W. Adamson, J. Amer. Chem. Soc., 88, 394
(1966).

(15) C. G. Hatchard and C. A. Parker, Proc. Roy. Soc., Ser. A, 235,
518 (1956).
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X DMIO

Figure 1. Activity of water (p/pa and nmr solvation data
(n/no) vs. mole fraction of DMSO: A, n/n® for DMSO; A,
n/n, for HD; O, p/po for H2O; e, p/po for DMSO; T = 25°.

n/no which represents the number of a particular type
of solvent molecules solvating the complex in a mixed
solvent compared to the number of the same solvent
solvating in the pure solvent. The important assump-
tion is that the relaxation time in the paramagnetic en-
vironment is either constant or varies only as a linear
function of bulk viscosity as the composition of the sol-
vent is changed.9 The validity of the assumptions is
checked by agreement between values obtained from
analysis of protons of water and DMSO. The results
are shown in Figure 1. The relaxation time in the
paramagnetic environment has been assumed to be
proportional to bulk solvent viscosity and the viscosity
correction has been applied using Kruus' datais on
DMSO-H20 viscosities. A further check on the va-
lidity is supplied by the parallelism shown in Figure 2
between the nmr derived n/no values and the (small)
solvent dependence of ligand field bands of the Crin
chromophore.

Table 11 gives the thermal rates and the photochem-
ical quantum yields for racemization of d-K3Cr(C2 43
in DMSO-H20 mixtures. Table Ill records the data
on the hydrogen ion dependence of the thermal rates
and quantum yields for the racemization reaction, and
the n/novalues derived from the nmr data as a function
of the mole fraction of DMSO are presented in Figure 3.

Discussion

Thermal Reaction. Although DMSO is probably a
better ligand for coordination at a vacated position of
Cri1l in a dechelation step than any of the several sol-
vents in which racemization of Cr(C20 433- was ex-
amined by Schweitzer and Rose, 12 it retards racemiza-
tion more effectively than any other solvent considered.
The first interesting point is that this effect does not
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Figure 2. Position of Cr(C20433- visible ligand field absorption
band maxima (nm) vs. n/no for water; T = 25°.

Table Il : Thermal Rate Constants and Quantum Yields of
Racemization of d-K3[Cr(CD43 at 25 + 0.1°

Mole

fraction k.

of DMSO sec-1 4200 A
0.00 555 x 10-4 0.110
0.02 3.79 x 10-4 0.103
0.04 2.72 X 10"4 0.076
0.07 1.36 X 10-4 0.069
0.10 8.62 X 105 0.036
0.20 8.37 X 10"6 0.0087
0.30 7.73 X 10- 0.0018
0.40 2.91 X 107 0.0004 (?)
0.50 2.17 X 10-J 0.0009 (?)
1.00 1.44 X 107 0.0005 (?)

arise from changes in thermodynamic activity of water
in the solvent mixtures. As the vapor pressure curve
for water?7 in Figure 1 indicates, mixing of water with
DMSO does not lead to lowering of water activity that
differs significantly from the other solvents methanol,
ethanol, propanol, dioxane, or acetone, which affect re-
activity of this complex less strikingly.3'2 We must
look to something involving the metal complex itself
and its immediate environment. Comparison of the
vapor pressure curve (p/po) 17 in Figure 1 with the n/n0
(H20) and measures of reactivity shown in Figure 3 is
suggestive. We see that reactivity changes more
rapidly than water activity and that n/no decreases

(16) P. Kruus, private communication.
(17) B. G. Cox and P. T. McTigue, Aust. J. Chem., 20, 1815 (1967).
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Table 111: pH Dependence of Racemization Rate Constants
and Quantum Yield of d-KsCr~Oih at 25.0 £+ 0.1°

5 )
pH sec-10 4200 hb
0.00 3.93 X 10“3
1.05 1.10 x 10-3
1.35 456 X 10-*
2.05 1.38 X 10“4 0.0206
2.52 1.80 X 10"5
3.00 1.67 X 10"6 0.0248
6.00 8.37 X 10“6 0.0087
In water. bln 0.2 m DMSO.
X DMSO

Figure 3. Relative thermal rates (¢) and quantum yields (A)
for racemization of Cr(C04)33~in DMS0-HD, and n/n,, for
water (O) vs. mole fraction of DMSO; T = 25°.

rapidly as DMSO is introduced. That is, DMSO re-
places water in the solvation shell of Cr(C20 4)33~ pref-
However, the relationship of reactivity to
n/nois not simple. If the reaction rate were simply re-
lated to the probability of encounter between Cr-
(C20 4)33- and a water molecule in a suitable solvation
site, one would predict proportionality of rate to n/noas
has been elsewhere observed.8 That behavior would be
what might be expected if water were simply func-
tioning as a nucleophile in the dechelation step, but we
have said that DMSO is a good nucleophile so we need
to identify other roles for water.

In fact, there is a simple and plausible account of the
role of water. It can solvate the dissociating oxalate of
the transition state of the dechelation step by hydrogen
bonding. Although DMSO appears to be a good com-
petitor for solvation of Cr(C20 4)33- in the ground state,
it is not so in the transition state. The transition state

erentially.
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with a weakened Cr-0 bond has a requirement for hy-
drogen bonding that may be imagined to involve all of
the oxygens on the oxalate group which is undergoing
dechelation. This will require several water molecules
playing nonequivalent hydrogen bonding roles. Thus
the rate is expected to depend on n/no0to a high and not
necessarily integral power.

It would seem that this explanation of the solvent
dependence of racemization rate is supported by the ex-
istence of an H+ dependent term in the rate law. If
hydrogen bonding can stabilize the transition state,
protonation of the complex should also stabilize the
transition state relative to the ground state. The two
paths, one H+ dependent and the other HD dependent,
are probably mechanistically similar.

Photochemical Reactions. To make suggestions con-
cerning the photochemistry of Cr(C2 4)33-, it is useful
to compare the results to those obtained for Cr(NCS)e3~
and Cr(NH3)2(NCS)4~, but first, some general sugges-
tions must be recorded. Adamsoni8 has emphasized
that the wavelength dependence of a number of reac-
tions of Crm complexes may be understood if reactions
occur from the quartet excited states. He has also
pointed out that these states are likely to be subject to
substantial distortion from octahedral symmetry. In
fact, the distortion is required if the lifetimes implied by
the photochemical kinetics are to be understood.19 An
increase in the excited-state distortion can be expected
to favor “relaxation” of that state to photochemical
product rather than to the initial ground state if the dis-
tortion tends to make the excited state resemble product
more than reactant. This point is cogently discussed
by Hammond. 10

Now the role of solvent may be considered. There isa
parallel (but not an exact correspondence) between the
solvent sensitivities in thermal and photochemical reac-
tions for the three complexes we discuss. For both
reaction types solvent sensitivity decreases in the order
Cr(C04933 > Cr(NH32(NCS)4 > Cr(NCS)&3. In
the thermal reaction, this is to be understood in terms
of the degree to which the hydrogen bonding of solvent
waters aids the distortion of the complex required for
heterolytic fission of a metal to ligand bond. Photo-
chemically, it is to be understood in terms of the degree
to which hydrogen bonding to water favors distortion
of the excited state so that it resembles the primary
photoproduct.

Now an interesting difference arises between thermal
and photochemical pathways. The photochemical
pathways are consistently less solvent sensitive. In the
case of Cr(NCS)&~ and Cr(NH3)2(NCS)4~, this differ-
ence is indicated to be one water molecule by the n/no
correlation. It is certainly tempting to suggest that
the primary photochemical product is a reactive inter-

(18) A. W. Adamson, J. Phys. Chew,., 71, 798 (1967).
(19) S. Chen and G. B. Porter, 3. Amer. Chem. Soc., 92, 2189 (1970).
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mediate with one ligand removed so that one water
molecule which is present in the thermal transition
state is not required. Of course, there are alternate
accounts of the present limited information.

We thank the National Research
Council of Canada for financial support.

Appendix.

The transverse relaxation time, P, of the proton on a
solvent molecule will be greatly reduced by a paramag-
netic solute. In cases of solvation in the outer coor-
dination sphere, this effect depends on dipolar coupling
between the paramagnetic elections and the proton
under observation. This coupling enters relaxation
time equations with an r-6 distance dependence. As a
result of the short-range character of the interactions, it
is a good approximation to partition the solution into a
paramagnetic environment (solvation shell) and a dia-
magnetic environment (bulk solvent). Exchange be-
tween these environments is fast and McConnell’s
equation applies

Acknowledgments.

Solvation Analysis by Nmr6-9

h_zZ. Z

T2 o Fom

P is the observed relaxation time, Pd is the probability
that a solvent molecule is in the diamagnetic environ-
ment (bulk), and Pm is the probability that a proton is
in the paramagnetic environment (solvation shell).
P d and P m are the relaxation times characteristic of
the two environments, respectively. In a dilute so-
lution of the paramagnetic solute, PD” 1 and the term

3949

I/P d may be measured from study of solvents free of
paramagnetic solute. Consequently, P m/ P m IS experi-
mentally accessible. It is related to the excess line
width at half-height of the nmr absorption signal (A p)

P Mis difficult to evaluate accurately by either experi-
ment or theory. If we may hope that Pm = P nmo
where P m is the paramagnetic environment relaxation
time for protons of a particular component of a mixed
solvent (say, DMSO) and P no is the relaxation time in
the paramagnetic environment for protons of the same
component in pure solvent {e.g., pure DMSO), we may
write

Avo P m P mo P mo

where the subscript 0 designates pure solvent and un-
subscripted variables denote mixtures. If the bulk
composition of the solvent mixture is known, it is a
straightforward matter to convert P m/P mo data into the
fraction of the particular solvent {e.g., DMSO) in the
solvation shell of the complex in a mixed solvent. This
fraction is called n/nQ

Now, the “hope” that P m = P mo is not always
realized. One major reason for a failure is that p K
may be dependent upon “tumbling” times which are
proportional to solvent viscosity. Such a failure is
easily corrected by normalizing all line width values to
the same bulk viscosity.9
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Vapor Pressure Studies of Complex Formation in Solution. I1I.

Methanol and Benzophenone in Diphenylmethane
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The interaction of methanol (MeOH) with benzophenone [(CaH92CO] in the nonvolatile solvent diphenyl-
methane (DPM) has been studied by a vapor pressure method described previously. Deviations from Henry’s
law in the condensed phase are attributed to the formation of the heteroaggregates MeOH m(CeHshCO and
(MeOH)2-(CaH52CO which have formation constants of 0.87 + 0.03 1 mol-1 and 1.96 + 0.14 1.2 mol-2, re-

spectively, at 30°.

A dimerization constant for benzophenone in diphenylmethane, attributed to dipole-dipole

interaction, is calculated tobe 0.47 + 0.101. mol-1.

Introduction

Previously, we reported a study of the interaction of
trifluoroacetic acid (TFA) with benzophenone [(CeHB2
CO] in the nonvolatile solvent diphenylmethane
(DPM).2 Since TFA is the only appreciably volatile
component in this system, it was possible to infer the
extent of association of TFA with (CeHB2CO from the
decrease in vapor pressure which occurs when the ketone
is added to TFA-DPM solutions.

We thought it would be worthwhile to extend this
type of investigation to include proton donors less po-
tent than TFA. Because the hydrogen bonding of
methanol (MeOH) is currently of interest,3-6 we de-
cided to measure the vapor pressure of mixtures of
MeOH and (CeHB2ZCO in DPM in order to obtain infor-
mation about the proton donor strength of methanol in
a system where it is reasonably certain that the alcohol
proton is the acidic group primarily responsible for
heteroassociation. This report includes information
about the formation of the complexes MeOH-(CaH§2
CO and (MeOH)2-(CeHBZCO in DPM at 30°.
Experimental Section

Materials. All the reagents used were either analytical
or CP grade except DPM, which was practical grade.
DPM was purified by vacuum distillation, and methanol
was purified by double distillation through a 30-plate
Oldershaw column at a reflux ratio in excess of 10:1.
Benzophenone was purified by double crystallization.
After purification, all reagents were stored in vacuum
desiccators over drying agent. The boiling point of the
collected fraction of MeOH was 64.0-64.3°, corrected
to 1 atm.

Apparatus and Technique. The apparatus and pro-
cedure were the same as those described previously,2'6
except that MeOH was used in place of TFA. Incre-
ments of MeOH were added volumetrically to mixtures
of (CeH9)2ZO in DPM having molarities ranging from 0
to 0.800. From each measurement of the total vapor
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pressure, p, it was possible to infer the total concentra-
tion of MeOH bound to (CaHH2ZCO species (A/a).

Method of Calculation. Attempts were made to fit
the vapor pressure data for the ternary system by the
method described earlier.2 In this system, the concen-
tration of (CeHBP2CO was varied over a wide range, and
it became apparent from the discrepancies between cal-
culated and experimental A/a values that the self-associ-
ation of the ketone in DPM must be taken into account.
The association is assumed to occur through a dipole-
dipole interaction between the benzophenone molecules,
the strength of which depends upon the dipole moment
of the polar molecule and the type of solvent used.7

The formal concentration of (CeHB2CO in DPM may
be expressed as

/b = Cb + 2A0Xp2 + KnCACB + ... +
K-ziGacb + ... (1)

where A@ is the dimerization constant of (CeHB2CO,;
An, A2,. . ., are heteroassociation constants, and cA
and oo are the concentrations of monomeric alcohol and
ketone, respectively. It is assumed that each solute
species individually obeys Henry’'s law throughout the
range of concentrations investigated.

Assuming the validity of Henry's law for each solute
species, it is possible to obtain values of the total or for-

(1) (@) Chemistry Department, University College for Girls, Ain
Sham, University, Heliopolis, Cairo, U.A.R. (b) To whom corre-
spondence should be addressed.

(2) A. A.Taha andS. D. Christian, J. Phys. Chem., 73, 3430 (1969).

(3) E. E. Tucker, S. B. Farnham, and S. D. Christian, ibid., Ti, 3820
(1969).

(4) R. M. Hammaker, R. M. Clegg, L. K. Patterson, P. E. Rider,
and S. L. Rock, ibid., 72,1837 (1968).

(5) A. N. Fletcher and C. A. Heller, ibid., 72, 1839 (1968); A. N.
Fletcher, ibid., 73,2217 (1969)..

(6) A. A. Taha, R. D. Grigsby, J. R. Johnson, S. D. Christian, and
H. E. Affsprung, J. Chem. Educ., 43,432 (1966).

(7) T. F. Lin, S. D. Christian, and H. E. Affsprung, J. Phys. Chem.,
71,1133 (1967).
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mal concentration of methanol bound to ketone mole-
cules (A/a). This quantity is simply the measured dif-
ference between the formal concentration of MeOH in
the ternary mixture at a given value of p and the formal
concentration of MeOH in the binary system, MeOH-
DPM, at the same p. In terms of equilibrium con-
stants for heteroassociation, A/a may be expressed as

Ala = fOCACB + 2F2cad® + ee= @

In both of eq 1 and 2, the monomer concentrations, cA
and co, appear explicitly. If Henry's law applies, cA =
P/Kau, where Aah is the limiting Henry’s law constant
for MeOH in DPM in the absence of added ketone.
(At the levels of concentration employed here, methanol
vapor may be treated as an ideal gas.3 Although there
still appears to be considerable disagreement regarding
the stoichiometry and magnitudes of formation con-
stants of alcohol polymers in organic solvents,3-6'8 it is
relatively simple to determine K AH accurately from the
limiting slope of p vs. / A data for the binary system
MeOH-DPM. The value Aah = 4532 + 121 mm
1 mol-1 at 30° has been calculated and used to infer
values of cA for all ternary solutions.9

Equations 1 and 2 relate the three measureable con-
centrations (/b, Ala, and cA) to the unknown equilibrium
constants, Km, Kn, K n,s m m, and the ketone monomer
concentration. A nonlinear least-squares method de-
veloped in this laboratoryl0 was utilized to deduce val-
ues of the association constants from sets o f/B, A/a, and
cA measurements. First, a trial set of equilibrium con-
stants was assumed and used in solving eq 1 for c» for
each point. These values of oo were substituted into
eq 2, and the root-mean-square deviation (RMSD) in
Ala for all the data sets was computed for the chosen
set of constants. A numerical optimum-seeking meth-
od1l was used to vary the values of the equilibrium con-
stants until an absolute minimum in RMSD was ob-
tained for a given set of assumed species. The complete
set of data was satisfactorily correlated by utilizing only
the constants Km, Ku, and Kn. The accuracy of the
data did not appear to justify the inclusion of additional
association constants.12

Results and Discussion

The least-squares fit of thé pressure-concentration
data yielded the following values of equilibrium con-
stants (for formation of complexes from the monomers) :
K®= 047 + 0.101 mol-1,kn = 0.87 + 0.03 1 mol-1,
and Kn = 196 + 0.14 1.2 mol-2. The RMSD in A/A
for the entire set of data was 0.00157 M. Table I lists
values of pressure, formal concentrations of ketone (/B)
and alcohol (/A), concentration of monomeric methanol
(cA), and the observed and calculated formal concentra-
tions of alcohol present in complexes with ketone (A/a).

Previous investigators have proposed that both the
1:1 and the 2:1 complex are present when proton donors
such as trifluoroacetic acid interact with benzophenone,
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water, and methanol.2'13 Taha and Christian2 postu-
lated that in the ternary system trifluoroacetic acid-
benzophenone in DPM the 1:1 complex is formed by a
bridge between the trifluoroacetic acid hydrogen and the
oxygen of the benzophenone and that the 2:1 complex
has the structure

I O3

0 | 0
cthb ct5

as inferred from the relative values of the constants for
the formation of the self-associated species and those for
the formation of the heteropolymers. Villepin, et al., 11
proposed a similar structure for the 1:1 complex of tri-
fluoroacetic acid with water and MeOH, but they sug-
gested two possible structures for the 2:1 complex

CR3 <" cf3 0
st e and CF3 0—H—-0
H R "0 — H—CP

I

1
H

n

For the present system, MeOH + (CeHHZO in
DPM, we tend to favor a structure similar to 11

HECK yI/

HECTC=° - SO—R

(8) U. Liddell and E. D. Becker, Spectrochim. Acta, 10, 70 (1957).

(9) A. A. Taha, Ph.D. Dissertation, The University of Oklahoma,
1965.

(10) R. Van Duyne, S. A. Taylor, S. D. Christian, and H. E. Aff-
sprung, J. Phys. Chem., 71,3427 (1967).

(11) D. J. Wilde, “Optimum Seeking Methods,” Prentice-Hall,
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Table I: Dependence of Methanol Vapor Pressure on Concentration in the Ternary System
Methanol-Benzophenone-Diphenylmethane at 30.0°

V /a, Ca, AlA0bBd, AlA°ald, \Y4 /a, G, AlAob8d, AlAoalcd
Torr mol/1. mol/1. mol/l. mol/l. Torr mol/1. mol/1. mol/1. mol/1.
/b = 0.0803 mol/l. /b = 0.4012 mol/1.

5.12 0.0118 0.0113 0.0003 0.0008 4.12 0.0119 0.0091 0.0027 0.0026
9.69 0.0236 0.0214 0.0015 0.0015 8.34 0.0238 0.0184 0.0048 0.0054
14.21 0.0355 0.0314 0.0025 0.0023 1211 0.0357 0.0267 0.0078 0.0080
18.48 0.0474 0.0408 0.0037 0.0031 15.88 0.0476 0.0350 0.0104 0.0108
22.56 0.0591 0.0498 0.0051 0.0038 19.56 0.0596 0.0431 0.0132 0.0136
26.78 0.0712 0.0591 0.0058 0.0047 23.13 0.0715 0.0510 0.0159 0.0165
30.75 0.0831 0.0678 0.0068 0.0055 26.70 0.0835 0.0589 0.0183 0.0195
34.82 0.0950 0.0768 0.0070 0.0063 30.12 0.0954 0.0665 0.0209 0.0225
38.39 0.1069 0.0847 0.0084 0.0071 33.34 0.1074 0.0736 0.0238 0.0254
41.96 0.1188 0.0926 0.0094 0.0079 36.46 0.1194 0.0804 0.0267 0.0282
45.38 0.1308 0.1001 0.0104 0.0087 39.58 0.1314 0.0873 0.0293 0.0312
48.70 0.1428 0.1075 0.0114 0.0095 42.55 0.1434 0.0939 0.0321 0.0341
51.87 0.1548 0.1145 0.0124 0.0102 45.37 0.1555 0.1001 0.0351 0.0369
54.89 0.1668 0.1211 0.0136 0.0110 48.19 0.1675 0.1063 0.0378 0.0397
57.67 0.1788 0.1272 0.0153 0.0116 50.87 0.1796 0.1122 0.0407 0.0425
60.39 0.1908 0.1332 0.0169 0.0123 53.44 0.1916 0.1179 0.0437 0.0452
63.06 0.2029 0.1391 0.0183 0.0130 55.91 0.2037 0.1236 0.0467 0.0478

65.83 0.2149 0.1453 0.0188 0.0137

/b = 0.5999 mol/1.

/b = 0.1898 moli. 3.87 00119 00085 00033  0.0033
7.59 0.0239 0.0168 0.0066 0.0067
457 00118 0.0101 0.0016 0.0015 11.16 0.0358 0.0246 0.0102 0.0101
14.78 0.0478 0.0326 0.0133 0.0138

8.89 0.0237 0.0196 0.0035 0.0030
18.26 0.0597 0.0403 0.0166 0.0174

13.17 0.0356 0.0291 0.0051 0.0046
21.53 0.0717 0.0475 0.0202 0.0210

17.13 0.0475 0.0378 0.0072 0.0062
24.70 0.0837 0.0545 0.0239 0.0246

21.26 0.0594 0.0469 0.0086 0.0079
27.92 0.0957 0.0616 0.0272 0.0284

25.18 0.0713 0.0556 0.0103 0.0096
30.89 0.1077 0.0682 0.0310 0.0321

28.95 0.0832 0.0639 0.0120 0.0113
33.91 0.1197 0.0748 0.0344 0.0358

32.52 0.0952 0.0718 0.0139 0.0129
36.78 0.1317 0.0812 0.0380 0.0395

36.09 0.1071 0.0796 0.0156 0.0146
39.65 0.1437 0.0875 0.0414 0.0433

39.31 0.1191 0.0867 0.0178 0.0162
42.22 0.1558 0.0932 0.0455 0.0468

42.58 0.1311 0.0940 0.0197 0.0178
44.94 0.1678 0.0992 0.0488 0.0506

45.85 0.1431 0.1012 0.0211 0.0195
48.92 0.1551 0.1079 0.0229 0.0211 47.52 0.1799 0.1048 0.0525 0.0542
' ' 49.94 0.1920 0.1102 0.0563 0.0577
52.41 0.2040 0.1156 0.0598 0.0613

/b — 0.2992 mol/1.
/b = 0.8001 mol/l.

4.37 0.0119 0.0096 0.0021 0.0021 3.57 0.0120 0.0079 0.0040 0.0038

8.59 0.0238 0.0190 0.0042 0.0043 6.94 0.0239 0.0153 0.0082 0.0076
12.56 0.0357 0.0277 0.0066 0.0065 10.36 0.0359 0.0229 0.0121 0.0116
16.68 0.0476 0.0368 0.0084 0.0089 13.48 0.0479 0.0298 0.0166 0.0155
20.41 0.0595 0.0450 0.0109 0.0112 16.66 0.0599 0.0367 0.0201 0.0196
24.18 0.0714 0.0533 0.0130 0.0136 19.88 0.0719 0.0439 0.0247 0.0240
27.85 0.0834 0.0614 0.0151 0.0160 22.85 0.0839 0.0500 0.0290 0.0281
31.27 0.0953 0.0690 0.0176 0.0183 25.77 0.0959 0.0569 0.0333 0.0323
34.59 0.1073 0.0763 0.0201 0.0207 28.54 0.1079 0.0630 0.0378 0.0365
37.91 0.1193 0.0836 0.0222 0.0231 31.26 0.1200 0.0690 0.0423 0.0407
41.13 0.1313 0.0908 0.0244 0.0255 34.03 0.1320 0.0751 0.0464 0.0450
44.25 0.1433 0.0976 0.0265 0.0279 36.65 0.1441 0.0809 0.0508 0.0493
47.17 0.1553 0.1041 0.0293 0.0301 39.12 0.1561 0.0863 0.0554 0.0534
50.09 0.1673 0.1105 0.0311 0.0325 41.69 0.1682 0.0920 0.0595 0.0577
52.82 0.1794 0.1165 0.0337 0.0347 44.07 0.1803 0.0972 0.0641 0.0618
55.49 0.1914 0.1224 0.0361 0.0369 46.49 0.1923 0.1026 0.0683 0.0661
58.01 0.2035 0.1280 0.0387 0.0390 48.66 0.2044 0.1074 0.0731 0.0700

in view of the relative magnitudes of K n andK a. The (MeOH)2-(C6H5)2CO; the magnitude of the con-
ratiokn/Kn = 231 mol-1 equals the equilibrium con-  stant indicates that the 1:1 complex is a stronger
stant for the reaction MeOH- (CeHs"CO + MeOH = base than monomeric (CeH5)2CO. Since a combination
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of statistical, steric, and inductive factors should act to
decrease the basicity of the ketone carbonyl oxygen in
the 1:1 complex relative to the basicity of monomeric
(CeHs™CO, it does not appear that a structure analo-
gous to | is tenable. On the other hand, induction
should increase the basicity of the MeOH oxygen in
MeOH- (CeH6)2CO, and avalue of K of 2.3 1 mol for the
addition of asecond MeOH molecule to MeOH «(CeHs"-
CO seems reasonable, considering the values of forma-
tion constants reported for 2:1 MeOH-amine com-
plexes.14 Whetsel and Kagarisel6 have concluded that
the 2:1 complex of p-cresol with acetone also has a
structure similar to |1, based on the observation that
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there is a relatively small shift in carbonyl frequency
when the second cresol molecule bonds to the 1:1 com
plex.
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The Fluorescence and Phosphorescence of 1,2;5,6-Dibenzacridine
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The absorption and emission properties of 1,2;5,6-dibenzacridine (1) and 1,2;7,8-dibenzacridine (11) have been
investigated at —196° and 23° in 3-methylpentane (MP) solutions as a function of propanol concentration
between 0.01 and 40% propanol by volume. The singlet and triplet absorption spectra and fluorescence and
phosphorescence spectra have been determined as well as the fluorescence and phasphorescence intensities
and lifetimes. The addition of propanol to MP solutions of I does not change the absorption or emission
properties of this compound significantly at either temperature studied. However, for 11, the absorption and
fluorescence spectra shift to the red as propanol is added, and at —196° small quantities (0.1%) of propanol
cause a fourfold enhancement of phosphorescence.  Corresponding to this, no T-T absorption of 11 is observed
unless small quantities of propanol are added. Above 1% propanol by volume the fluorescence intensity
sharply increases while the phasphorescence intensity and T-T absorption decrease.

|. Introduction

Aza-aromatic molecules have a greater variation in
luminescence properties in a changing environment
than do their hydrocarbon analogs. This is due to the
presence of both (n,7r*) and (r,?r*) levels in the aza-
aromatics. The fluorescence and phosphorescence
properties of these molecules are affected by the posi-
tions of the (n,7r*) and levels in the molecular
energy scheme and particularly by the character of the
lowest energy level in the excited singlet (Si) and
triplet (TX manifold. Changes in solvent that affect
the (n,m*) levels often result in changes in the spectral
distribution and intensity of emission of these molecules.

There are many polycyclic monoazines whose lowest
excited states, both singlet and triplet, appear to be
(ir,ir*) in character, yet whose absorption and emission

properties show a marked variation as the solvent is
varied from a hydrocarbon to one that is hydroxylic or
polar.2-9
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We have made studies of 1,2;5,6-dibenzacridine (1)
and 1,2 ;7,8-dibenzacridine (Il) as potential photochro-
mies. The spectral and intensity changes for fluores-
cence and absorption at room temperature and the fluo-
rescence, phosphorescence singlet absorption spectra at
—196° have been studied. In addition, we have stud-
ied the T-T absorption at —196° for comparison. In
this paper we present the results of these studies which
show the effect of solvent composition upon the proper-
ties of the excited singlet state.

I.  Experimental Section

Both I and Il were obtained from Aldrich
Chemical. These samples were recrystallized from
ethanol. The melting points were 213-219 and 222-
223°, respectively. The absorption spectra in ethanol
agreed with those published in the literature.10 3-
Methylpentane (MP) was Phillips research grade passed
over silica gel and stored over sodium. MP was pre-
pared as needed, and fresh sodium was used each time.
Propanol was Eastman Kodak White Label used with-
out further purification. 1,I',2,2"-Tetrafluoropropanol
(TFP) was used as received from Aldrich Chemical. In
preparing solutions the following technique was used.
A stock solution of the compound (I or Il) in MP was
prepared. Aliquots were taken from this solution, the
appropriate quantity of propanol was added, and the
solution was diluted to mark. Samples were prepared
so that the solute concentration was constant at room
temperature for each run. All solutions were used the
same day as prepared. Overnight storage gives signifi-
cant changes in the spectral properties of a pure MP so-
lution of 11, which we have interpreted as the introduc-
tion of water into the solution to give “wet” 3-methyl-
pentane. Changes that are most noticeable occur in
the absorption spectrum of Il at 77°K (c/. Figure 2b)
and inthe T-T absorption of Il. Thus the criterion we
use for “dryness” of MP is (1) strong absorption of 11
at 392 nm but little at 398 nm and (2) absence of T-T
absorption at —196° (see Results section).

Measurements. Absorption spectra were taken on a
Cary Model 14. In calculating values of ts at —196°,
the room temperature concentration was increased by
20% to take into account the contraction of the glass
between 23 and —196°. The reproducibility of extinc-
tion coefficients, «s, at —196° is about +20% in pro-
panol solution.

The T-T absorption spectra were measured by the
apparatus described by Dawson,1l or on an apparatus
that was adapted for use on the Cary Model 14.2 The

Materials.
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Figure 1. Singlet absorption spectrum for
1,2;5,6-dibenzacridine in 3-methylpentane-propanol solution at
—196°. Concentration of propanol: —, 0% ;---—-,10%.

latter arrangement was used for most T-T absorption
spectra recorded in this paper. Values of €T4x have
been determined for the MP solution of I and for an
EPA solutionfor 11.2 The values of «t™t for propanol
solutions are scaled from these values.

The fluorescence and phosphorescence were excited
using 365-nm light at right angles using dilute (5 X
10 6 M) solutions. Intensities were computed by tak-
ing the total area under fluorescence and phosphores-
cence curves. These intensities of fluorescence F and
phosphorescence P were corrected relative to each other
for phototube response. Lifetimes were recorded using
a TRW nanosecond light source.

Ill. Results

Absorption Spectra. The absorption spectrum of |
at —196° is shown in Figure 1 for 0 and 10% propanol.
The absorption spectrum at 23° is similar to that re-
corded at —196° except that it is broadened. The ad-
dition of 10% propanol to the MP solution does not
affect the room temperature spectrum. At —196° a
new peak is present at 399 nm (25,070 cm-1) at propanol
concentrations above 5%. This is shown in Figure 1
for the 10% propanol solution. Separate experiments
were done with tetrafluoropropanol (TFP). This com-
pound is a much stronger H-bonding compound than is
propanol.13 At room temperature a shoulder develops
at 398 nm at less than 1% TFP which indicates that the
band at 399 nm observed at low temperatures is due to
H-bonding. The spectrum in ethanol and 100% pro-
panol at room temperature shows a shift of the0-0 band

(10) “UV Atlas of Organic Compounds,” Plenum Press, New York,
N. Y., 1966, spectrum H8/39 for | and spectrum H8/41 for II.

(11) W. R. Dawson, J. Opt. Soc. Amer., 58, 222 (1968).
(12) C. c. Stanley and J. L. Kropp, unpublished.

(13) E. M. Kowsower and G. S. Wu, J. Amer. Chem Soc., 83, 3142
(1961). TFP is a more desirable compound to use in studying effects
such as we are investigating since very small quantities need be used
(less than 1%). This would not affect the bulk hydrocarbon proper-
ties of the solvent as do large quantities of propanol. However, the
use of TFP at —196°, even at 0.01%, results in a hazy glass and the
solute emission that is typical of the protonated form of the hetero-
cyclic molecule. Thus TFP cannot be used in these studies at
—196°. Other strong hydrogen-bonding species such as acetic
acid and methanol were also considered but not used because they
were either so strong as to form the protonated ion or did not give
a clear glass.
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Figure 2. Singlet absorption spectrum of
1,2;7,8-dibenzacridine in 3-methylpentane-propanol solution at
—196°. Concentation of propanol: —, 0%; -m 0.1%.

to 394 nm and is in agreement with that published else-
where.10

Absorption spectra for 11 were determined at 23 and
—196° for various propanol concentrations. Repre-
sentative spectra at —196° are shown in Figure 2. At
23° the spectrum shows resolvable changes at propanol
concentrations above 1%. In those solutions the spec-
trum shifts to the red until at 20% propanol the spec-
trum is similar to the absorption spectrum observed in
100% propanol solution. When TFP is used in place of
propanol as the H-bonding agent, the spectral shifts at
1% TFP, the spectrum corresponds to that of a 20%
propanol solution. Thus TFP and propanol act in the
same way upon the absorption, except that the spectral
shifts are observed at much lower concentrations of TFP
than of propanol/

At —196° the effect of propanol upon the absorption
spectrum of 11 is much more pronounced than at 23°.
In MP glass, the first intense band appears at 393 nm
(25,450 cm-1). We interpret this as the 0-0 band.
The band at 397 nm (25,120 cm-1) in Figure 2 is re-
garded as due to.small amounts of hydroxylic impuri-
ties. This assignment is made because (1) the 0-0
band of fluorescence of Il in dry MP is at 393 nm and
(2) wet or old 3-methylpentane shows an enhancement
of aband at 397 nm and a decrease of the 393-nm band.
The absorption of a solution containing 0.01% propanol
is already shifted to the red compared to that observed
in MP glass, and the band at 393 nm characteristic of
absorption in MP has disappeared. This red shift in
the absorption spectrum is complete at a concentration
of 0.1% propanol or lower. There are no further
changes in the absorption spectrum at propanol concen-
trations above 0.1%. Thus we conclude that all mole-
cules of 11 are in their H-bonded by the time 0.1% pro-
panol has been added.

The extinction coefficients and areas under the ab-
sorption curves are equal at all propanol concentrations.
In Figure 2 the extinction coefficients of the absorption
spectrum of the MP glass are higher than the corre-
sponding ones of the 0.01% sample. The background
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absorption of an MP glass rises at wavelengths less than
390 nm, while that of MP glass containing propanol
does not. We did not correct for this difference since
the base line is not exactly reproducible. However,
differences in intensity of absorption of corresponding
bands is probably due to inadequate correction for the
baseline in the MP solution.

If we use 25,450 cm-1 as the 0-0 value for the absorp-
tion of Il in MP and assume that the MP absorption
consists of those peaks that are not coincident with an
absorption peak in the propanol solution (cf. Figure 2),
then the MP absorption of 11 has peaks at 25,450 cm-1,
381 nm (26,180 cm-1), 372 nm (26,920 cm-1), and 363
nm (27,550 cm-1) while in 10% propanol solution the
absorption peaks are at 25,120, 25,770, 26,460, and
27,170 cm-1. Thus the absorption spectra of Il in MP
and in propanol agree except for a shift of about 400 +
50 cm-1 to the red when propanol is used.

Fluorescence Spectra. The room temperature fluores-
cence spectra of | as a function of propanol are all simi-
lar; however, above 5% a new band builds in at 398 nm
(25,130 cm-1), and the fluorescence shows considerable
broadening. The 0-0 band for fluorescence occurs at
393 nm (25,450 cm-1) for all propanol concentrations
studied (up to 20%).

The room temperature fluorescence spectrum of Il
shows changes as propanol is added. There is a con-
tinuous red shift in wavelengths of emission as propanol
concentration is varied. The main fluorescence bands
at 0% are at 392, 402, 414, 426, and 440 nm (25,510,
24,880, 24,150, 23,420, and 22,730 cm-1). At 10% pro-
panol these bands have shifted to 398, 408, 419, and 444
nm (25,120, 24,510, 23,870, and 22,520 cm-1). Above
10% propanol there are no further shifts. The fluores-
cence spectra in pure MP and with 10% propanol are
similar with a shift of the latter to the red by 380 cm-1.

The low-temperature fluorescence spectrum for 1 is
given in Figure 3a as a function of added propanol.
The band positions remain the same for all concentra-
tions of propanol, and the 0-0 band is at 393 nm. How-
ever, at higher concentrations of propanol a new band
builds in at 398 nm. The phosphorescence spectrum
of 1is given in Figure 3b. As can be seen from this fig-
ure, there is essentially no change in the shape of the
phosphorescence spectrum with concentration of pro-
panol. The 0-0 band is at 532 nm (18,780 cm-1).

At —196° the fluorescence spectrum of Il has three
distinct changes of shape as propanol is added. These
are illustrated in Figure 4a: the first in MP (no pro-
panol), the second which is evident at the lowest concen-
tration of propanol added (0.01%) and which continu-
ously changes in shape from0.01 to about 1% pi'’opanol
to the final form shown in Figure 4a. This wavelength
distribution of fluorescence does not change further up
t0 40% propanol. As in absorption we assume that the
low-intensity bands which are observed in MP solution
and which correspond closely in energy to those ob-
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Xm)
Figure 3. Fluorescence and phosphorescence spectra of 1,2;5,6-dibenzacridine in 3-methylpentane-propanol glass at —196°.
Propanol concentrations are 0% (—), 0.1% (---), and 20% (........ ).

HEINTIVE INTENSITY. PHOSPHOIIESEENCE

Figure 4. Fluorescence and phosphorescence spectra of 1,2;7,8-dibenzacridine in 3-methylpentane-propanol glass at -196°.
Propanol concentrations: 0% (—); 0.1% (........ ); 10% (----------- ).
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served in propanol solution are due to H-bonded 11
present in MP due to residual water. If we neglect
these bands in MP, Figure 4a shows that there is a uni-
form shift of all bands in the fluorescence spectrum of
about 400 cm-1 to the red when propanol is added. At
0.1% propanol the 0-0 band at 393 nm has already-
shifted to 398 nm, the same value observed for all higher
propanol concentrations. The difference in the fluores-
cence spectrum between 0.1 and 20% propanol is only
in the intensity distribution of the fluorescence. When
the intensities of fluorescence are normalized to be 100
at the 0-0 band, the intensity distributions of the 0 and
the 20% propanol solutions are roughly the same for
corresponding bands. However, at 0.1% propanol the
long wavelength portion of the fluorescence spectrum
has a much higher intensity compared to the 0-0 band.
This is seen in Figure 4 as a general broadening of the
spectrum. This broadness in the spectrum is at a max-
imum at 0.01% propanol (the lowest concentration
used), and the spectral distribution changes continu-
ously from 0.01 to 1% propanol. Above 1% the spec-
tral distribution is not further changed.

The phosphorescence spectrum of Il is given in
Figure 4 as a function of propanol concentration. The
band positions do not shift with propanol concentration.
However, the bands broaden with increasing propanol
concentration and some of the fine structure disappears.
The 0-0 band is 517 nm for all propanol concentrations.

Fluorescence Intensities. The fluorescence (F) and
phosphorescence (P ) intensities of |1 and 11 as a function
of the propanol concentration have been determined by
integrating the area under the appropriate curves.
These results at —196° are plotted in Figure 5 as a func-
tion of propanol concentration. The values of P are

Figure 5. Fluorescence (O) and phosphorescence (=)
intensities for 1,2;5,6-dibenzacridine (a) and
1,2;7,8-dibenzacridine (b) in 3-methylpentane glass at —196° as
a function of propanol concentration.
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multiplied by 10 in this figure. The values of F at
—196 and +23° and values of P for | are all similar.
The maximum change at —196° in fluorescence or phos-
phorescence is a 50% increase at about 10% propanol.
At room temperature a maximum increase in fluores-
cence of about 30% is measured.

For Il the room temperature behavior of F is similar
to that observed for I, and a maximum increase in fluo-
rescence of 50% is observed. However, at —196° the
changes are much more pronounced. The phosphores-
cence is enhanced by small quantities of propanol and
at about 0.1% propanol has a maximum value of 4.65
that observed in MP alone (see Figures 4b and 5b). At
higher concentrations of propanol, phosphorescence de-
creases until at 20-40% it is only 30% higher than at
0% propanol. On the other hand, F increases slowly
until 1% and then increases sharply reaching a value
5.5 times that in MP at 40% propanol.

Values of the fluorescence yield (4>f) of 1,2;5,6-diben-
zacridine and 1,2;5,6-dibenzacridine and 1,2;7,8-diben-
zacridine have been measured in MP and EPA at
23°.1415 These values are 0.25 and 0.24 for | and 0.51
and 0.42 for 11 in EPA and 3-methylpentane, respec-
tively. Since the EPA is 5:5:2 isopentane-ether-etha-
nol, the alcohol content is about 17%. These values
agree within experimental error with the relative values
from intensity comparisons.

The ratios of fluorescence to phosphorescence can be
determined from data in Figure 5. For | the ratio F/P
has a value of 9.8 +1.0 independent of the propanol
concentration. The values of F/pP for I, on the other
hand, vary greatly depending on the propanol concen-
tration and are about 4 at 1% propanol; beyond 1%,
the values increase sharply reaching a maximum of 30
at 40%.

T-T Absorption Spectra. Figure 6 shows the T-T
absorption spectra of 1 and Il at various propanol con-
centrations. For I, T-T absorption is observed in pure
MP solution and the intensity of T-T absorption is not
enhanced by the addition of propanol. The value of
ctt in MP, where ct is the extinction coefficient and
4x is the triplet formation efficiency, has been deter-
mined relative to the value in EPAI and is 9500 +
10%. There is no apparent shift in spectrum as pro-
panol is added, and the main triplet absorption bands
are at 520, 545, and 585 nm (19,230, 18,350, and 17,100
cm-1). On the other hand, for 11 no T-T absorption is
observed in pure MP. As propanol is added to a dry so-
lution, the triplet absorption appears. The T-T ab-
sorption is essentially a broad single band peaking at
550 nm (18,200 cm-1). At a propanol concentration

(14) These values were measured by W. R. Dawson using a tech-
nique described elsewhere.16

(15) W. R. Dawson and M. W. Windsor, J. Phys. Chern., 72, 3251
(1968).

(16) J. L. Kropp, unpublished.
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xnn)
Figure 6. Triplet-triplet absorption for
1,2;5,6-dibenzacridine (a) and 1,2;7,8-dibenzacridine (b) in
3-methylpentane glass at various propanol concentrations.
percentage propanol present for each compound. No T-T
absorption is observed at 0% propanol
for 1,2;7,8-dibenzacridine.

The

above 20% a new band appears at 14,700 cm-1. There
is no permanent change in the sample as evidenced by
the disappearance of all transient absorption upon re-
moval of the excitation light. The concentration of
propanol at which maximum T-T absorption occurs is
between 0.5 and 1.0% propanol. The value of ««™t at
1% propanol is 3000 compared to EPA.J5 The appear-
ance of new bands in the 20% propanol case is appar-
ently real, and the bands are reproducible.

Lifetimes. Phosphorescence lifetimes (xp) of | are
0.84 sec in 3-methylpentane and 0.88 sec in all propanol
concentrations. In Il the lifetime at 0% propanol is
1.6 sec. The value of rpincreases to a maximum of 2.1
sec at 0.1% and remains at this value up to 20% pro-
panol. These lifetimes are first order over at least 1
decade of intensity. Fluorescence lifetimes were mea-
sured at —196° and are given in Table I. At 23° the
values of ¢f are 8.8 nsec and 10.5 nsec in MP and MP +
20% propanol, respectively, for I1.
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Table I: Fluorescence Lifetimes of 1,2;7,8-Dibenzacridine and
1,2;5,6-Dibenzacridine in Methylpentane Solutions at —196°

1,2;7,8-Dibenzacridine

p, % 0 005 01 05 1.0 5.0 100

tf, nsec 15 225 22 209 16.0 13.0 11.0
1,2;5,6-Dibenzacridine

p, % 0 0.1 1.0 10

tf, nsec 7.0 7.0 6.2 6.1

IV. Discussion

The addition of small quantities of propanol markedly
affects the spectral behavior of 11 at —196° and at room
temperature. Significant changes occur in the absorp-
tion and emission spectra and in the fluorescence and
phosphorescence intensities of this compound. In con-
trast, the behavior of | is almost independent of the sol-
vent from pure 3-methylpentane up to mixtures con-
taining 10% propanol in 3-methylpentane. The differ-
ence in behavior is attributable to the H bonding of 11

(1) + H-OCsH, (11)..,H-OC3H7
by propanol, while such H bonding occurs significantly
for 1 only at propanol concentrations of 10% or higher.
At room temperature propanol solutions of MP con-
taining 11 show little evidence of H bonding below 1%
propanol. However, when solutions are cooled to
—196°, even 0.1% propanol in an MP glass is sufficient
to cause a shift in absorption and emission properties
(see Figures 2 and 4) and the energy of Si is lowered by
about 400 cm-1. This energy of Si is the same whether
calculated from absorption or from emission spectra,
thus indicating that the H bonding of Il by propanol
occurs to about the same extent in Soand in Si.

The band structure observed in both fluorescence and
phosphorescence spectra, together with the lifetimes ob-
served (see Table 1), indicate that both Si and Ti are
(it,ir*) states in all glasses studied. The model devel-
oped by Limand Yu (LY)9can be used to explain the ob-
servations when small amounts of propanol are present
in MP solutions of Il compared to pure MP. The data
observed are best explained by the mechanism

SP(X,X*) —> 3(n,7T*) ----> TI8(m,1T*)

H bonding will raise the energy of the 3(n,x*) state and
lower that of the Si state, thus lowering the energy
gap and increasing the interaction between these two
states. As El Sayedi7 has shown, the radiationless
transition '(X,«-*) -» 3(n,x*) is more allowed than is
‘(x,x*) —»3(x,x*), and we expect an enhanced triplet
population as the Ax,x*) —3(n,x*) energy is decreased.

(17) S. K. Lower and M. A. El Sayed, Chem. Rev., 66, 207 (1966).
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This accounts for the increase in phosphorescence ob-
served in Il upon H bonding.

The intensity observed at —196° increases by about
50% at low propanol concentrations compared to that
in MP and increases gradually up to about 1% pro-
panol. The increase in F is accompanied by a corre-
sponding increase in rF.  Values of the radiative rate
constant kF are proportional to the product of F and
r~1. At low propanol concentrations this product is
constant indicating that fd=is independent of solvent for
3-methylpentane-propanol mixtures up to 1% pro-
panol. However, beyond this the fluorescence increases
sharply (Figure 5) while the value of rFdecreases. This
indicates that there is an increase in fd-above 1% pro-
panol. An explanation consistent with these observa-
tions is that the glass structure changes at propanol con-
centrations above 1%. Such changes are observed for
the system propanol-2-methylpentane system which is
similar to ours.18

The phosphorescence spectrum shows no shift in
wavelength at any concentration of propanol. How-
ever, above 1% propanol the increase in fluorescence
intensity is accompanied by a decrease in phosphores-
cence intensity. One would expect the density of trip-
let-triplet absorption to mirror the phosphorescence
intensity since both arise via the triplet state. How-
ever, the decrease in triplet absorption between 1 and
20% propanol is 30% while P decreases by a factor of
3 in the same region. The T-T absorption is pro-
portional to «t™tep for a given light intensity where £&
is the triplet extinction coefficient and is the triplet
formation efficiency. The phosphorescence intensity
P is proportional to «Afgdrpwhere k2 is the rate constant
for phosphorescence. Since rp is constant independent
of propanol concentration, it is reasonable to assume
fp likewise does not change with propanol concentra-
tion. Thus, to account for the changes inpP and T-T
absorption we must assume that $x is less at high pro-
panol concentration and since T-T absorption decreases
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more slowly than P, ct also increases above 1% pro-
panol.

When no propanol is present in MP glass at —196°
containing 11, both F and P are decreased relative to
values observed when propanol is added and no T-T
absorption is observed. Addition of only 0.1% pro-
panol increases P fourfold while increasing F by 50%,
with little change in radiative rate constant f&~. By
contrast, in | there is no great change in F, P, or T-T
absorption intensity from 0-10% propanol. Thus it
seems that some process other than fluorescence or trip-
let formation must remove the energy of Si from Il in
pure MP. An obvious process that accounts for low
yields of F, P, and T-T absorption in MP glasses con-
taining Il is a direct Si —» S0 radiationless transition.
Such Si-So internal conversions have been postulated
to occur in other compounds.19-21  In work with chloro-
phyll,2t dimers were suggested to exist and exhibit fluo-
rescence quenching. This explanation seems to fit our
data also. In the absence of propanol, Il may form
dimers as the solution is cooled. Such dimers have a
low bond energy and do not influence the absorption
spectrum. In the excited state dimers form and the
A2 complex crosses to a high vibrational level of the
ground state. Just as there is no evidence for H bond
formation in I, there is no evidence of dimer formation.
Thus it is tempting to relate the ability to form H bonds
and dimeric quenching, but further work is needed to
substantiate this.
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from diphenylmethane.20 All compounds were purified
by preparative gas-liquid partition chromatography on
a 12 ft X U in. SE-30 column. All compounds had
physical and spectral properties in agreement with lit-
erature values. The infrared spectra were determined
in carbon tetrachloride solution on a Perkin-Elmer 457
grating infrared spectrometer. All nmr spectra were
recorded on a Varian Associates HA-100. Spectra
were recorded in the frequency sweep mode using an
internal lock of chloroform or methylene chloride.
Line positions were determined by measuring the sweep
frequency at peak maximum using a Hewlett-Packard

H. K adoi, Y. Tabata, and K. Oshima

5512A counter and were estimated to be accurate to
+0.1 Hz. Values for / ci>h were obtained as the
difference between the upheld and low-held 13C natural
abundance satellites and are estimated to be accurate to
+0.2 Hz.
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The electrical conductivity of solid monomers irradiated by 7 rays at —196° was measured during temperature

elevation and compared with that of nonirradiated systems.

For the nonirradiated systems, peaks in the

current-temperature curve were observed at the transition points which were determined by X-ray diffraction

and thermal analysis.
temperature region.

Activation energies for nonirradiated systems ranged from 0.3 to 1.2 eV in the higher
At low temperatures there are pronounced differences between the irradiated and non-
irradiated systems, although a negative current is observed in both eases.

In nonirradiated systems this

negative current might be explained as rising from the depolarization of the oriented permanent dipoles,
whereas in the case of irradiated systems it might result from the annihilation of charge pairs produced by

the irradiation.
100 A.

|. Introduction

Since it was found that solid organic monomers can
be polymerized by radiation at low temperature, many
interesting phenomena have been reported on these
systems.1 For the polymer chains to grow in the rigid
solid state, it is considered that ionic processes play an
important role. For the polymer chains to propagate,
the intermolecular distances between the propagating
end and adjacent monomer must be reduced in the solid
state and a large interaction should exist between them,
which can be considered to be of Coulombic nature.

Measurement of the electrical conductivity as a
means to follow, both directly and indirectly, the be-
havior of charges produced in the solid phase is useful
for studying the solid state polymerization at low tem-
peratures, as well as for studying ionic processes in
general.

The measurement of electrical conductivity of ir-
radiated monomers, at temperatures higher than —78°,
was investigated by Okamura, et al.2 The present
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In the latter case, the average migration distance of the electron was estimated to be about

paper deals with the conductivity of solid monomers as
a function of temperature after irradiation at —196°.
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The conductivity of 3-methylpentane (3MP) irradiated
at —196° was measured for a comparison with the re-
sults obtained by Willard, et al.,3 and Somogyi, et al,4
Willard, et aZ,6 also studied the conductivity of irra-
diated 2-methyltetrahydrofuran and methylcyclohex-
ane, whereas Somogyi6 reported on the conductivity of
irradiated solid alcohols.

Furthermore, the present investigators also carried
out conductivity measurements during irradiation, but
without success because of the noise generated in the
cables.

[l.  Experimental Section

1. The Irradiation Vessel and Measuring Cell. The
cell used for measuring the current is shown in Figure
la. The electrodes were a set of parallel aluminum
plates with size of 1 cm2 and thickness of 0.5 mm. The
lead-wires were made by the silver coating of steel wire
with subsequent Teflon covering. By using a steel
wire, the distance between the electrodes could be kept
constant and the heat conductance could be reduced to
eliminate atmospheric water condensation on the lead-
wires. The current between the electrodes of the cell
was observed to be proportional to the applied voltage
up to 700 Y, and it can therefore be considered that the
contact between the electrodes and the sample was
ohmic in nature and that space charges had no effect on
the system.

(b)

(a)

Figure 1. (a) Cell for the conductivity measurement: A,
guard electrode (aluminum); B, thermocouple
(copper-constantan); C, measuring electrodes (aluminum);
D, stems for supporting the electrodes (Teflon).

(b) Electric circuit for the conductivity measurement.

A guard electrode was employed to exclude the effect
of leakage current on the surface of the solid. Mea-
surement of the temperature was carried out by means
of a copper-constantan thermocouple which was sealed
in a glass capillary tube and placed near the electrodes.
The irradiation vessel was made from hard glass and
had a stopcock for evacuating the system, and a tapered
joint for the introduction of the samples. The ter-
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minals on the irradiation vessel were insulated by
Teflon.

The purified samples were introduced into the irradia-
tion vessel by means of vacuum distillation, cooled to
liquid nitrogen temperature, and then irradiated. The
current measurements were performed before and after
irradiation of the sample.

2. Apparatus for Measuring Current. The circuit
diagram for measuring current is shown in Figure Ib.
An external field of 300 V was obtained from dry cells.
Measurement of the current was achieved by means of a
vibrating-reed type electrometer which can detect
currents of the order of 10~13 A. The external field
was checked with a vacuum-tube voltmeter.

The current, temperature of the sample, and the
applied field were recorded simultaneously by a multi-
input recorder. All the measuring systems were com-
pletely shielded from external electrostatic inter-
ferences.

3. Sample Preparation. The monomers, acryloni-
trile (AN), methacrylonitrile (MAN), acetonitrile
(AcN), vinyl acetate (VA), acrylamide (AA), and di-
methyl itaconate (DMI), and 3-methylpentane (3MP)
were obtained commercially.

AN,
the subsequent washing with dilute sulfuric acid, dilute
potassium hydroxide solutions, and then by distilled
water before drying with calcium chloride and calcium
hydride. These compounds were then given by a nor-
mal distillation before storing. AA was sublimed under
vacuum, and DM was twice recrystallized from meth-
anol.

The irradiation source was a 8)Co source delivering a
dose rate of 5.0 X 105 rads/hr as measured by the
Fricke dosimeter.

The samples were irradiated in vacuo below 10~4Torr
at liquid nitrogen temperature, and the measurement of
the current was started within 10 min after irradiation.

[Il. Results

The application of the external field initially gave
rise to a transient current, due to polarization, in both
the irradiated and the nonirradiated systems, although
the currents were observed to be larger in the irradiated
than in the nonirradiated systems. This difference in
the initial current between the irradiated and the non-
irradiated systems, in the case of 3MP, was quantita-
tively investigated by Willard, et al.3

Quite reproducible measurement could be made as to
the temperature at which the peak appeared; however,

(3) B. Wiseall and J. E. Willard, J. Chem. Phys., 46, 4387 (1967).

(4) 1. Kosa-Somogyi and J. Balog, “Radiation Chemistry I1,”
Advances in Chemistry Series, No. 82, American Chemical Society,
Washington, D. C., 1968, p 291.

(5) A.C. Ling and J. E. Willard, J. Phys. Chem., 73, 2408 (1969).
(6) 1. Kosa-Somogyi, Proc 9th Japan Conf. on Radioisotopes (Japan).
588 (1969).
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Figure 2. Current vs. 1/T for nonirradiated AN; applied
voltage, 300 V. (a) a Phase (rapid cooling). Broken lines are
absolute value of negative current, (b) 8 Phase (annealing).

the deviation of the current measurement was within
50%.

The current as a function of the temperature, in the
case of the a phase of acrylonitrile, is shown in Figure
2a. The peaks at —161, —134, and —110° correspond
to the transitions in AN and are in good agreement with
results obtained by X-ray studies7 and from thermal
analysis.8-10 The negative peak is observed immedi-
ately after the positive peak at —161°. When the
quenched AN was irradiated at —196°, the current as a
function of temperature is as shown in Figures 3a, b,
and c. In the case of low irradiation doses, several
peaks in the irradiated and nonirradiated AN coincided
with each other as shown in Figure 3a. Moreover, the
shape of the current-temperature curve changed ap-
preciably in the temperature regions at —120 and
—160°. These differences became more pronounced
at higher doses, to such an extent that negative cur-
rents were observed at very high doses as shown in
Figures 3b and c. The AN annealed at —130° showed
only one peak at —110° as shown in Figure 2b, sup-
porting the results obtained from X-ray studies.7 In
this latter case, the monomer is in the /3 phase which is
stable at low temperatures and therefore only the tran-
sition point from the /3 to the a phase appears. When
AN in the ;3 phase is irradiated to high doses, a negative
current is also observed.

Although, in the case of MAN, a transition was not
observed by X-ray studies? nor thermal analysis, 1l a
peak was observed at —98° if the monomer was cooled
rapidly, as shown in Figure 4a(i). If the monomer is
cooled again rapidly from —78 to —196°, no peaks are
observed during temperature elevation as shown in
Figure 4a(ii). This result is indicative of an unstable
transition at —98° which is undetectable by means of
both X-ray and thermal analysis. In the case of ir-

The Journal of Physical Chemistry, Vol. 74, No. £2, 1970

H. Kadoi, Y. Tabata, and K. Oshima

mn

Figure 3. Current vs. 1/T for irradiated AN (a phase);
applied voltage, 300 V. (@) Irradiation dose: 1.4 X 104rads,
(b) 2 X 105rads, (c) 2 X 106rads.

Figure 4. (a) Current vs. \/T for nonirradiated MAN; applied
voltage, 300 V; (i) rapid cooling, (ii) annealing, (b) Current
vs. I/T for irradiated MAN; applied voltage, 300 V: (i)
irradiation dose: 5 X 106rads; (ii) 1.6 X 106rads.

(7) K. Ishigure, Thesis, University of Tokyo, 1966.

(8) R. Bensasson, A. Dwarkin, and R. Marx, J. Polym. Sci., C4,
881 (1964).

(9) V. A. Kargin, V. A. Kabanov, I. M. Parisov, and B. P. Zubov,
Dokl. Akad. Nauk SSSR, 141, 389 (1961); J. Polym. Sci., C4, 767
(1964).
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radiated MAN, results are shown in Figure 4b for doses
of 5 X 106and 1.6 X 106rads, two negative peaks being
observed in the latter case.

AcN can be polymerized via nitrile groups with metal
chloride catalyst,12 with an electric discharge, 13 and
with vacuum ultraviolet rays.14 The current for the
nonirradiated AcN was too small to detect at low tem-
peratures. In the irradiated system a negative current
was observed over a wide temperature range during
temperature elevation as shown in Figure 5a.
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Figure 5. Current vs. 1/T; applied voltage, 300 V. (a) For
irradiated AcN; irradiation dose: 3.9 X 106rads, (b) For
irradiated AA, irradiation dose: 1 X 106rads, (c) For

irradiated DM, irradiation dose: 2.7 X 106rads.

No observable current could be detected at low tem-
peratures for either AA or DMI in the nonirradiated
state. In the irradiated systems, negative peaks were
also observed for both the monomers, although these
peaks appeared at higher temperatures than those of
the above mentioned monomers, as shown in Figures
5b and c for AA and DM, respectively.

In the case of VA, for the glassy state of the monomer,
the nonirradiated monomer showed a negative peak at
a temperature higher than —147°, following a pro-
nounced positive peak as shown in Figure 6a. This
phenomenon is similar to the negative current in
the case of nonirradiated AN at —161°. The glass-
crystalline transition of the nonirradiated VA obtained
from these measurements does not agree well with the
value obtained by thermal analysis.16'6 In the case of
the nonirradiated monomer in the crystalline state, the
current could not be detected. Negative peaks were
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observed for the irradiated VA in the glassy state, al-
though the temperature region where they occurred
differs from that of the nonirradiated glassy state, as
shown in Figure 6b. For the irradiated VA in the
crystalline state, negative currents were observed in
two regions, although it appeared at higher tempera-
tures than in the case of the irradiated glassy state, as
shown in Figure 6c¢.

In contrast to the glassy VA, 3MP glass is fairly
stable at low temperatures, but even so, no current
could be detected for 3MP in the nonirradiated glassy
state. The results in the case of the irradiated 3MP
are shown in Figure 6d where the upper curve indicates
the results obtained with a guard electrode and the
lower curve the results obtained without the guard
electrode. The results were thus profoundly affected
whether the guard electrode was used or not.

Activation energies for conductivity, AE, for non-
irradiated systems at a higher temperature region ob-
tained from the equation of a = <0 exp(AE/KT) are
shownin Table I.

Table | : Activation Energies AE for Nonirradiated
Systems at Higher Temperature Region

AN @ 0.37 eV
p 0.44
MAN 0.85
AcN 0.35
AA 1.2
DMI 0.99
VA 0.35
MTHF 0.35"

“ From Ling and Willard.6

IV. Discussion

When an external field is applied to nonirradiated
organic systems at liquid nitrogen temperature, a tran-
sient current, due to the initial polarization, is generated
which decreases within a few minutes.  After this initial
transient current fades away, no detectable current is
observed at liquid nhrogen temperature.

When the temperature is elevated under an applied
field of 300 V (6000 V/cm), the current increases with
increasing temperature and reaches peak values at
transition points. As temperatures at these peaks of
the current correspond exactly to the transition points

(12) E. Oikawa, K. Mori and G. Saito, Bull. Chem. Soc. Jap., 39,
1182 (1966).

(13) W. G. Deichert and M. C. Tobin, J. Polym. Sci., 54, S-39
(1961).

(14) H. Kadoi, Y. Tabata, and K. Oshima, unpublished results.

(15) 1. M. Barkalov, V. 1. Goldanskii, N. S. Enikolopyan, S. F.
Terekhova, and G. M. Trofimova, Dokl. Akad. Nauk SSSR, 147,
395 (1962).
(16) 1. M. Barkalov, V. I. Goldanskii, and V. B. Rapoport, ibid., 161,
1368 (1965).

The Journal of Physical Chemistry, Voi. 74, No. 28, 1970



3966

Figure 6. Current vs. \/T; applied voltage, 300 V.
dose: 3.6 X 106rads,
guard electrode, irradiation dose:

in most cases, it can be used as a method for detecting
the transition points in organic solids.

When the monomers, AN, MAN, and YA, are rapidly
frozen from the liquid phase to —196°, their current-
temperature curves show irreversible peaks at —161,
—147, and —98°, respectively, during temperature
elevationfrom —196°. For both the monomers AN and
VA negative peaks are observed immediately after the
positive peaks appeared. If the monomer molecules,
in an unstable state as a result of the rapid freezing
are warmed up, they become rotatable by the external
field, which results in a further orientation with the
appearance of positive peaks. It is known from both
X-ray7 and thermal analysess'10 that AN has two crys-
tal modifications, a above —110° and /Jbelow —110 °.
If the monomer is rapidly frozen from room tempera-
ture to —196°, the a form is quenched at this tempera-
ture. The unstable quenched a form transforms to the
f3form at —130° during the temperature elevation from
—196°. When the temperature is further elevated, this
fi form again transforms to the a form at —110°. It
was reported that AN has still another transition point
at —160° which corresponds to the transition from the
glassy to the crystalline state.89 However, a glassy
state of AN has not been confirmed by X-ray analysis,7
and it is therefore difficult to clarify the nature of this

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970

(a) For nonirradiated YA (glass),
(c) For irradiated VA (crystal); irradiation dose:
1.6 X 106rads; (ii) without a guard electrode, irradiation dose:

H. Kadoi, Y. Tabata, and K. Oshima

irradiation
(i) with a

(b) For irradiated VA (glass):
(d) For irradiated 3MP:
2.0 X 106rads.

1.8 X 106rads,

transition from conductivity measurements. It is
postulated that this transition is the temperature
(—160°) at which postpolymerization starts. In the
case of VA, the corresponding transition from the glassy
to the crystalline state was observed at —129°16% al-
though the present investigation indicates the transi-
tion to be at —147°, based on the conductivity mea-
surements. For both these monomers, the negative
peaks which follow the positive peaks are believed to be
due to a depolarization which results from an increase
in the thermal energy of the monomer molecules during
temperature elevations, as shown in Figures 7a and b.

In the case of 3MP, Willard, et al.,3 observed a nega-
tive peak without using a guard electrode. When a
guard electrode is not used, a negative peak can be
observed in accordance with that of Willard; on the
other hand, when the guard electrode is used no negative
peak can be detected, in accordance with the results
of Somogyi.4 From these apparent discrepancies in the
results, it is evident that the construction of the mea-
suring cell plays an important role, and that special
care should be taken to avoid the formation of surface
currents. The cell used in the present investigation
was of such a construction that a guard electrode had to
be used to avoid surface conduction.

In the case of MAN, an irreversible positive peak was
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Figure 7. Schematic models of randomization of oriented

dipoles and annihilation of ion pairs: (a) depolarization;
(b) annihilation.

observed, suggesting an unstable transition, although
no such a transition was detected by X-ray analysis.7

In irradiated systems an initial transient current,
which is larger than that of nonirradiated systems, was
observed. The differences between irradiated and non-
irradiated systems are based on a charge separation due
to the irradiation. Willard quantitatively investigated
the conductivity of irradiated 3MP and concluded that
this charge carrier is due to weakly trapped electrons
and positive ions.3

During the temperature elevation of irradiated sys-
tems, the current initially increases rapidly in compari-
son with that of nonirradiated systems. The current
then decreases and eventually becomes negative and
then finally the current increases to positive values
again. The peak of the current splits into two or more
parts, depending on both the irradiation dose and the
nature of the sample. The negative peak corresponds
qualitatively to a phenomenon similar to that of the
depolarization in nonirradiated systems as observed in
both crystalline AN and glassy VA. Using a scavenger
technique in the case of 3MP, Willard concluded that
the first positive peak is due to strongly trapped elec-
trons while the following negative peak is the result of
depolarization and relaxation phenomena, dependent
on radiation-induced charges.3

Let us consider these positive and negative peaks in
more detail. It is certain that these peaks result from
irradiation; moreover, the existence of a negative cur-
rent suggests that a stronger electric field than the
external applied field should act in a direction opposite
to the applied field. The electrons produced by ir-
radiation may be trapped under the influence of the
strong Coulombic field of the parent ions. Figures 8a
and b show a one-dimensional model for the potential
curve of traps under the strong Coulombic field of a
parent ion. An electron captured in such a trap is
fated to recombine with the parent ion.

However, as these traps are randomly distributed
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Figure 8. Potential curves for traps in the vicinity of parent
ion: (a) without an applied field; (b) with an applied field.

around the corresponding parent ions, no current should
be observed, even if the temperature iselevated. When
an external field is applied to the irradiated solid, the
potential of the system changes as indicated on the
potential curve in Figure 8b. The trap between a
parent ion and the positive electrode is represented by
fa and the trap between the negative electrode and a
parent ion is represented by tb in Figure 8. The height
of faand tb is then altered by the external field. The
height of each trap, /ign Asex /ilpp and hhex is, respec-
tively, defined as shown in Figure 8b, and it is clear
that /lgp and hbp are of equal depth when no external
field is applied. However, if /igpexceeds hbp during the
application of an external field, then firstly the condition
prevails where nh > wg and then, during the elevation
of the temperature, the condition prevails where na >
nb where nb and na represent the number of electrons
released from the traps tb and fa respectively. The
electron released from th will result in the formation of a
positive current by being attracted to the positive elec-
trode or by recombination with the parent ion. How-
ever, the electron released from famay recombine with
the parent ion and produce a negative current if hhp <
llex, but, on the other hand, it may produce a positive
current if /igp > hex. The direction of flow of these
latter electrons depends on the field strength of the
parent ion relative to that of the external field. If this
reasoning is applied to the negative peaks, an increase in
the external field should result in a decrease of peak
intensity in accordance with the experimental results
of Willard.3 The present model thus not only explains
the formation of positive peaks but also the formation of
the following negative peaks qualitatively fairly well.
In some monomers several negative peaks exist in the
current-temperature curves of the irradiated system.

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970
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Table I1:  Mean Distances of Migration of Electrons

for Annihilation”

3MP 1.4
with a guard 15
electrode 1.6

3.9

3MP 1.4
without a
guard elec- 1.9
trode

AN 0.6

2.0

AcN 3.9

AA 1.0

DMI 2.7

VA 15
(crystal)

1.8

YA 14
(glass) 15

35
“ +, positive peak; —, negative peak.
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These results suggest that there should be different
types of traps associated with the parent ions in the
same system. If the G values for the formation of
electrons which are captured by the above mentioned
different kind of traps are known, the average distance
which such an electron migrates before annihilation can
be estimated from both the separating distance of the
electrodes of the cell and the total charges flowing in the
electrometer. This relation is given by

dl = X L; Cin - GI

where dl is the mean traveling distance of an electron
before annihilation, L the distance between the elec-
trodes, Cex is the total charge flowing in the electrom-
eter, cinis the total charge produced in the sample
between the electrodes of the cell, and I is the radiation
dose. Unfortunately, the G values for charge produc-
tion under the present experimental conditions are not
known exactly. In the case of 3MP, Willard assigned
avalue of 1 to the G value for the formation of charges.
This value, however, seems to be overestimated, be-
cause this value takes into account all the electrons
trapped in SMP. Postulating a G value of about 0.1
for each trapping, the migration distance of the elec-
tron can be calculated to be about 100 A, as shown in
Table I1.
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Spectroscopic Properties of Solid Solutions of Erbium
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Solid solutions of Er203 and Yb20 3 were prepared over the entire composition range.  The visible and ultra-
violet diffuse reflectance spectra, the magnetic susceptibility, and the lattice parameters of these solutions
were determined.  An unusual competition in the intensity stealing of an ultraviolet charge-transfer band wes

observed and analyzed.

Introduction

Paramagnetic ions in ionic lattices are subject to
perturbations which may for convenience be classified
into two categories. The first type are the crystal field
perturbations together with possible covalent contribu-
tions from the neighboring ions. This is the full
perturbation when the paramagnetic ions are dilute.
The second type of perturbation, which comes into play
at higher concentrations, involves the resonance inter-
actions between pairs and higher groups of identical
ions. These interactions, unlike the former, are
difficult to observe directly because changes in concen-
tration not only change the resonance interactions but,
in general, also change the crystal field produced by the
second coordination sphere.

The rare earth ions are unique in that they all produce
nearly the same electrostatic field, since they differ only
in their number of f electrons, and these are shielded by
a closed shell of electrons with fairly similar radii.
This similarity in outer electron configuration is of
course the factor that makes it difficult to separate the
rare earths from one another and conversely leads to
isomorphous substitution. For many pairs this sub-
stitution occurs over the entire concentration range
without change in structure.

In this work, the ErD 3Y b203 system was chosen for
study. The sesquioxides of Er203 and Yb20 3 are both
cubic and belong to the 1a3 space group with 16 mole-
cules per unit cell.2 The crystal radii of trivalent Er
and Yb are 0.87 and 0.85 A, respectively. The oxygens
are arranged as a slightly asymmetric tetrahedron about
the rare earth ion with metal-oxygen distances of about
2.0 A.8 The electronic configurations of Er3+ and
Y b3+ are 4fn5s25p6 and 4f135s25p6 and the ground states
are 4lig2 and 2F72 respectively. The energy levels of
Er3+ and Y b3+ in a number of different hosts are given
by Dieke.4 Er8+ exhibits a number of crystal field

transitions in the visible and ultraviolet, while for
Y b3+ the 2F7/2 -*m 2F5/2 manifold occurs in the region of
9700 A.6 0

In the ultraviolet region below 2500 A the optical
transitions are described as either charge transfer from
the oxygen 2p levels to empty 4f levels associated with
the rare earth or transitions from oxygen 2 p orbitals to
oxygen 3s orbitals.6 The former is characteristic of
Y b2 3 while the latter is characteristic of Er20 3

Changes in the positions and intensities of electronic
absorption bands in solid solutions of Er20 3with Yb2 3
can be attributed primarily to resonance interactions
or possibly to small variations in the lattice parameters
as the composition is varied.

Experimental Section

Erbium and ytterbium oxide powders, 99.9% pure,
were purchased from the Michigan Chemical Corp.,
St. Louis, Mich. Solid solutions were prepared by
first mechanically mixing appropriate proportions of
the two oxides. The mechanical mix was then dissolved
in hot 10% HC1, and the solution was filtered. Co-
precipitation of the hydrous oxides was effected by
addition of sufficient NH.OH to ensure complete
precipitation. The filtered precipitates were thoroughly

* To whom correspondence should be addressed.
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mneshed with large volumes of hot distilled water until
the washings were neutral to litmus. The precipitates
were then dried, ground with a mortar and pestle, and
passed through a 74-g sieve. The fine powder was then
heated in air in a quartz tube to 1000° and held at this
temperature for over 100 hr. The long heating period
ensured that the final samples were truly solid solutions
and also eliminated any water, carbon dioxide, or nitro-
gen compounds. All samples, including pure Er20 3 and
Y b2 3 were subject to the exact procedure described in
the above to facilitate comparison of data.

X-Ray diffraction patterns were obtained on all
samples using a Debye-Scherrer 114.59-mm camera
(Norelco) and a Norelco Basic X-ray diffraction unit
employing filtered copper Ka radiation. Lattice
parameters were calculated from the Straumanis
positioned film by averaging over the last ten hkl
reflections.

Diffuse reflectance spectra between 220-700 mg were
obtained using a Cary Model 14 spectrophotometer
equipped with a Model 1411 diffuse reflectance (ring
collector) accessory. Most of the spectra were taken
at approximately 297°K. For low-temperature mea-
surements a specially designed cell7 which permitted
measurements down to 78°K was used.

Magnetic susceptibility measurements were made
using the Guoy method at a temperature of 295°K.

Results

The X-ray patterns were indicative of solid solutions.
The lattice parameters of pure Er20 3 and Y b20 3 agreed
with literature values.28 The lattice parameters,
which varied linearly with composition, are given in
Table 1.

The magnetic susceptibility varied in a completely
linear manner with composition within the experimental
error of + 2%. The susceptibilities of pure Er20 3 and
pure Yb2 3were 9.2 and 4.2 BM, respectively, in agree-
ment with reported values.9-12

Table I : Lattice Parameters and Concentrations
of Erd3Y b2 3Solid Solutions

Composition, Lattice parameter,
mol % a

ErD3
P ErD31 YbD3
95 Erd 35 YbD3
90 Er20310 YbD 3
75 Erd 325 Ybs
65 ErD 235 YbD 3
50 Erda-50 YbD 3
35 Erd365 YbD3
25ErD375YbD3
10 Er20390 YbD 3

10.5481 = 0.0011
10.5475 + 0.0008
10.5415 + 0.0013
10.5380 £0.0014
10.5194 = 0.0011
10.5096 + 0.0011
10.4914 = 0.0011
10.4740 £ 0.0016
10.4621 = 0.0008
10.4451 = 0.0013

5ErD395YbXa 10.4389 = 0.0009
1ErdD 399 YbD3 10.4349 + 0.0008
YbD, 10.4336 + 0.0008

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970

Leonard Gruss and Robert E. Salomon

In the visible region of the spectrum the sharp bands
characteristic of Er3+ were observed. Table Il lists
the bands at several compositions. The observed
shifts were less than the experimental accuracy of 10
cm-1 at 297 and 78°K. In the region between 39,600
and 42,500 cm-1 the strong absorption characteristic of
02 Yb&and 02 03 transitions were observed.
The spectra of pure Er20 3 pure Yb20 3 and 25 Yb20 375
Er20 3 are shown in Figure 1. The shoulder in pure
Yb2 3 was resolved into a band by assuming both a
gaussian shape and that the absorbance in the region
from 240 to 250 mg is free from contributions from the
02 O03band. The latter is clearly suggested by the
observed spectrum. When this was done, the entire
spectrum in the region 250 to 220 mg for all 11 compo-
sitions fit the following formula rather closely

A(X,X) = A°Er20s(X) +
A*YbjOT(X) [1 — (1 — Xyb)4] (1)

where A OEroa is the apparent absorbance of pure
Er203 A *Yb,o, is the resolved 02 —m Yb4 apparent
absorbance of pure Yb20 3 and Xyb is the mole frac-
tion of Yb2D 3

WAVELENGTH (mg)

Figure 1 Comparison of experimental (—a and calculated
(—-) absorbance curves of the 75 ErD 325 Yb2 3solid solution
in the ultraviolet region at room temperature. The postulated
ri’ErZB and A°Yb203curves are also shown.
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Comparison of the Absorption Peak Positions of Solid Solutions of Er203-Y b:0s

Erd3 95 EriOi-5 YbD; 90 EnOj-10 YbD» 75 Erdis-25 YbD,, 05 Er2dj-35 Yb2s 50 ErcOi-50 Y b20j
(10« cm~-1) (104cm-1) (104cm-1) (104cm-1) (10« cm*“ ) (10« cm-1)
\Y \Y \Y \Y \Y%
1.5119 1.5121 1.5119 1.5118 1.5120 1.5121
1.5280 1.5279 1.5282 1.5284 1.5282 1.5272
1.9154 1.9150 1.9146 1.9154 1.9148 1.9154
1.9252 1.9252 1.9248 1.9252 1.9252 1.9247
2.0447 2.0440 2.0448 2.0438 2.0443 2.0445
2.6331 2.6344 2.6337 2.6332 2.6332 2.6328
2.6380 2.6398 2.6386 2.6398 2.6398 2.6393
2.7222 2.7229 2.7244 2.7235 2.7235 2.7243
3.8778 3.8796 3.8796 3.8796 3.8769 3.8782

Erd3 35 Erd3-65 YbXc 25 ErcO1-75 YbDj 10 ErcOc-90 YbiOc 5 Er2D3-95 YbcOa
(10« cm ') (10« cm-1) (10<cm-') (10« cm-1) (10« cm* )
\Y \Y% \Y% \Y% \Y
1.5119 1.5122 1.5121 1.5117 1.5118
1.5280 1.5277 1.5280 1.5275 1.5280
1.9154 1.9154 1.9152 1.9159 1.9156
1.9252 1.9252 1.9252 1.9257 1.9258
2.0447 2.0453 2.0446 2.0445 2.0445
2.6331 2.6337 2.6332 2.6332 2.6328
2.6380 2.6394 2.6398 2.6376 2.6398
2.7222 2.7247 2.7225 2.7230 2.7249

3.8778 3.8776 3.8786

The apparent absorbance is the logarithm of the ratio
of light diffusely reflected from a MgCO03 white blank
to the intensity of light diffusely reflected from the
sample. Although the relation between the true
absorbance and the apparent absorbance (i.e., diffuse
reflectance) is a complicated function of particle size
and absorption coefficient, it is clear that if the particle
size distribution of two samples is the same, and the
apparent absorbances are the same, then the true
absorbances are the same. The most important aspect
of eq 1 and the observed data is the relative insensitivity
of apparent absorbance to composition. It is recog-
nized that although the diffuse reflectance may distort
the spectrum the correlations at a given wavelength are
quite good as long as the absorbance does not become
too large. A further justification for the use of ap-
parent absorbance data in this work was provided by a
check on the diffuse reflectance on mechanical mixtures
of Er03 and Yb203 The total apparent absorbances
in this check were indeed sums of the separate absorb-
ances.

Discussion

The linear dependence of magnetic susceptibility on
concentration and the invariance of the crystal field
peaks with composition are in accord with the view that
the f orbitals on different atoms do not mix to any
significant degree and that the crystal field about each
metal ion is invariant with composition. The small
but significant shift in lattice parameter (0.1 A) would
be expected to cause some shift in those peaks. The

absence of any such shift is surprising if all the metal
ion-oxygen distances vary as does the lattice param-
eters. It is conceivable that the individual metal-
oxygen distances are preserved and that the lattice
parameters reflect any average change in bond length.

Transitions involving f —d, f —g, f —p, etc., for
Er3+ and Yb8+ occur in the vacuum ultravioleti3-16
and, hence, do not overlap the charge-transfer band
observed in this work.  Lohi6 has shown that the lowest
4f —» 5d band of Er3+ and Yb3+ in a CaF2 crystal at
room temperature occurs at 156 and 141 mx, respec-
tively. Hence, transitions involving 4f — 5g, 4f —»6p,
etc., would absorb at a much higher energy so that these
intraatomic transitions are well enough removed from
the charge-transfer bands described here.

The most striking result of this work is eq 1. The
term [I — (I — Xyi>¥] is the fraction of oxygens
adjacent to at least one ytterbium. Hence, the
intensity of the charge-transfer band originating on a
given oxygen would appear to be independent of the
number of terminal states or independent of the
degeneracy of the final level. From another point of
view, eq 1 appears to violate Beer’s law.

We propose the following explanation of this result;.
The transition 0 2o-*m Y b4 may be nominally forbidden

(13) G. H. Dieke and H. M. Crosswhite, Appl. Opt., 2, 675 (1963).

(14) S. R. Sinha, “Complexes of the Rare Earths,” Pergamon
Press, New York, N. Y., 1966, p 91.

(15) B. W. Bryant, J. Opt. Soc. Amer., 55, 771 (1965).
(16) E. Loh, Phys. Rev., 147, No. 1, 332 (1966).
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or extremely weak since the overlap between these
orbitals is negligible because of the shielding of the 4f
orbitals by the 5s25p6 orbitals. The oxygen 3s orbitals
which have a larger radius may, on the other hand,
overlap the 4f orbitals and mix with them. They are
fairly close in energy. The C#p 0 3 transition is
strongly allowed. The mixing coefficients can be
readily calculated using the method of linear variations.
In this analysis, the approximations that f orbitals on
different ytterbiums are orthogonal, that f orbitals are
orthogonal to the CSsS orbitals, and that the matrix
elements of the Hamiltonian connecting the O3 orbital
with each 4f orbital are identical, were made. These
are essentially the Hrickel MO approximations. The
result which emerges from this analysis is that no
matter how many Yb ligands surround an oxygen only
one f level is perturbed and of course this is the only
level which contains any 3s character. The square of
the coefficient of the 3s function when there are /Yb
ligands, L}, is found in eq 2 to be

Figure 2. Comparison of the experimental (—8 and calculated
(---) absorbance as a function of mole fraction at a
wavelength of 245 mp.
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where
(3s|H|3s) - <4f|H]4)
° - Ss|H|4f) ®

Lj(d) approaches 0.5 as 9 approaches 0 and L, (6)
becomes proportional toj as 9 goes to infinity. Lf(9)
is proportional to the intensity of the transition. Hence
forsmall 6 (d < 1) the intensities as can be seen from eq 2
are nearly equal (Li(l) = L2(I) = L3() = LA41)).
Although the intensities for one, two, three, and four
Yb ligand environments approach each other as 6 —0,
the energy of the perturbed 4f level is expected to shift.
The difference in energy between the perturbed f levels
when there are n and n" ligands is found to be

En _ = (3s[HI3s) - (4f|H[4f) y

¢l

<>

For 6 = 1, the calculated shift is less than 25 ,2 which
is within experimental observation. Using the L
values calculated from eq 2 at6 = 1 and the statistical
equation which follows, an almost perfect fit of the

A = ARG H—— "= 1(4XYD(l —Yyb)di +

6X2Yb(l — XYb)2L 3 -|-

4X3Yb(l - Zvyb)Lt + XAYbL<) (5)

absorbance data was obtained. In this equation we
have multiplied the fraction of oxygens surrounded by
j ligands by L, and summed the results. The remark-
able fit of this equation to the experimental data is
illustrated at a selected wavelength (245 mvi) by
Figure2.
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The effect of alumina surface hydration on the nature of acetylenes absorbed on transparent plates of high sur-
face area 7-alumina was studied by infrared spectroscopy and gravimetric measurements in the region of 4000-
1100 cm-1. An attempt has been made to identify the nature of the chemisorbed acetylenes and to explain the
nature of active sites responsible for chemisorption of acetylenes. In case of acetylene and methylacetylene
the chemisorbed complex is formed by eliminating an acetylenic proton which in turn (depending on the extent
of surface hydration) migrates to an isolated oxide ion or an oxide ion adjacent to another hydroxyl group or a
cluster of hydroxyl groups. The first process is favored at higher predrying temperatures (~800° and above)
while the last two processes are favored at lower temperatures. The chemisorbed complex is probably formed
by the donation of an electron from the carbanion of the acetylene to an aluminum ion on the surface, thus
forming what be may called a “surface aluminum monoacetylide.” Dimethylacetylene, on the other hand, is
adsorbed as a surface complex where ir electron of the C=C bond forms a bond with either an aluminum ion or
a hydrogen bond with the hydroxyl groups. Adsorbed acetylenes also underwent self-hydrogenation to form
surface alkyl groups and carbon. There was also some evidence of polymerization of the acetylenes. Thus,
it is concluded that the surface of dried 7 -alumina contains electron poor and electron rich sites, viz., aluminum
ions, oxide ions, and hydroxyl groups, which can act as Lewis acid and base or aBrnsted acid andbase. The

concentration of these sites, termed ion-pair sites, was found to be ~ 1013 per square centimeter of surface.

Introduction

7-Alumina and other active aluminas, used as cat-
alysts and catalyst supports, have been studied inten-
sively for many decades yet the nature of the sites re-
sponsible for their activity remains controversial.

Recent infrared studies of 7-alumina2ab and of var-
ious adsorbates on activated aluminas3-6 have ad-
vanced our understanding of chemisorbed complexes
and of active surface sites. The present study was
undertaken to determine the effect of surface hydra-
tion on the nature of active sites on dry 7-alumina and
as to how this affects the structure of the chemisorbed
complex. With this aim in mind, acetylene, methyl-
acetylene, and dimethylacetylene adsorbed on trans-
parent 7-alumina (dehydrated at different predrying
temperature) aerogels were studied by infrared spec-
troscopy. A special cell was designed to facilitate the
necessary heat treatment of 7-alumina as well as to
permit measurement of gravimetric adsorption and in-
frared absorption in asingle cell.

Experimental Section
A. Preparation and Purification of Materials.

Alumina aerogel of high transparency was prepared by
procedures similar to those described in the literature.2ab
These aerogel plates of 2-5 mm thickness transmitted
about 70-90% of the incident radiation in the region of
2000-4000 cm-1. Below 2000 cm-1 the transparency
of the aerogels decreased sharply; they became opaque
beyond 1100 cm-1 due to the strong absorption of the
Al-0 vibrations.

7-

Methylacetylene was obtained from the Matheson
Co., Inc.; it had a stated purity of 98% minimum.
As an infrared spectrum of the gas at a pressure of about
15 cm did not show evidence of impurities, the gas was
not further purified.

Acetylene was also obtained from the Matheson Co.,
Inc. and was stated to have a minimum purity of 99.5%.
The acetylene was stripped of any residual acetone by
passing it through two traps kept at Dry Ice tempera-
ture (—78°). Purified acetylene did not show any im-
purity bands in the infrared spectrum at a pressure of
15cm.

Dimethylacetylene (DMA) was obtained from Far-
chan Research Laboratories (28915 Anderson Road,
Wiekliffe, Ohio). A gas chromatographic analysis of
the material showed that it contained some low boiling
and some higher boiling impurities amounting in total
to about 3%. Low boiling impurities were removed by
freezing and degassing three times at a pressure of

* To whom correspondence should be addressed at Union Carbide
Corporation, Chemicals and Plastics, Research and Development
Department, P. O. Box 8361, South Charleston, W. Va. 25303.

(1) The Radiation Laboratory is operated by the University of
Notre Dame under contract with the Atomic Energy Commission.
This isA.E.C. Document No. CO0O-38-622.

(2) (a) J.B. Peri and R. B. Hannan, J. Phys. Chem., 64, 1526 (1960).
(b) J. B. Peri, ibid., 69, 211 (1965).

(3) J. B. Peri, Actes Congr. Int. Catal. 2nd, Paris, 1, 1353 (1961).
(4) D.J.C. Yates and P. J. Lucchesi, J. Chem. Phys., 35, 243 (1961).
(5) J. B. Peri, J. Phys. Chem., 69, 220 (1965).

(6) N. D. Parkyns, “Third Congress on Catalysis,” Vol. Il, North
Holland Publishing Co., Amsterdam, 1965, p 914.

The Journal of Physical Chemistry, Vol. 74, No. 22, 1970



3974

10-5 mm. High boiling impurities were removed by
vacuum distillation from a trap at —45° (Dry Ice ace-
tone mixture) to a trap at —196° (liquid nitrogen).
Mass spectrometric and gas chromatographic analysis
of the purified DMA indicated only a trace of a high
boiling impurity (less than 0.02%). Total impurities
in the purified product were less than 0.04%.

Reagent grade oxygen was obtained from the Math-
eson Company, Inc. The listed maximum limit of
total impurities was 0.18 mol %, and the water content
was less than 0.0002 mol %.

B. Vacuum System. A portable vacuum system
was built on the sliding top of a rolling cart. The
table top of the cart could be moved vertically or hor-
izontally. The vacuum system consisted of a mercury
diffusion and the usual combination of Pirani gauge,
McLeod gauge, manometer, traps, and an automatic
Toepler pump for collecting desorbed gases. Dynamic
vacuum of the order of 10 ~5to 10 _6 mm was repeatedly
obtained.

C. Adsorption and Infrared Spectral Measurements.
Gravimetric adsorption and infrared spectral measure-
ments were made in a single cell which has been de-
scribed earlier.7 All such measurements were made at
room temperature. Weight changes of the order of
0.04 mg were measured using a cathetometer. Cells
with KBr as well as CaF2 windows were used during
this investigation. Most of the spectra were obtained
with Perkin-Elmer Model 421 spectrometer; in some of
the earlier work a Perkin-Elmer Model 21 spectrometer
was used. The aerogel plate was cleaned after each set
of adsorption experiments by treating with oxygen for
afew hours at 500-900°. The aerogel used to study the
effect of drying temperature on the nature of chemisorp-
tion was always dried by evacuating it at a specified
temperature between 400-900° for about 2-6 hr.

Results

A. Surface Hydroxyl Groups.
three major OH stretching bands between 3800 and 3700
cm-1 (3798, 3738, 3700 cm-1, and shoulders around
3780 and 3755) decreased as the predrying temperature
was increased from 550 to 880° (Figure 1). These re-
sults are quite similar to those obtained in earlier in-
vestigations. 2db The bands at 2340, 1560, and 1475
cm-1 are very likely due to an impurity or impurities
associated with trapped or adsorbed CO02 Similar
bands have been reported in the literature.8 The in-
tensity of these impurity bands decreases only on cal-
cination in oxygen at high temperature (~800-900°).

The y-alumina is known to have a defect spinel
structure with a unit cell of A2n/p32 The defect
spinel structure9 is of considerable significance in many
catalytic systems as it possesses certain sites which are
essentially unsaturated with respect to partial cova-
lency. The y-alumina surface is hydrophilic and
when the water is removed by heating at high tempera-
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Figure 1.
temperatures:

Infrared spectra of --alumina predried at different
(a) 550°; (b) 725°; and (c) 880°.

tures in vacuo, the surface of 7-alumina is terminated
by different proportions of 0 “ ions, OH groups and
Al+ ions. An empirical model for the dehydration of
the surface of 7-alumina has been presented3 and in-
frared studies have been made by many workers. The
infrared spectra of 7-alumina, at different levels of de-
hydration, obtained by the authors agreed very well
with those obtained by Peri.1'2 Three major types of
hydroxyl groups (actually five or more types) exist on
the surface of 7-alumina. These hydroxyl groups differ
in that they have different electronic and structural
environments and thus have different acidic character.
The total number of such hydroxyl groups decreases
sharply when 7 -alumina is dried between 400 and 900°.
Thus the greater the degree of dehydration, the greater
the number of exposed aluminum ions, oxide ions, sur-
face and lattice defects, and the lesser the number of OH
groups. These changes in the surface of 7-alumina
upon dehydration strongly influenced the mode of ad-
sorption of acetylenes.

B. Ir Measurements of Adsorbed Acetylenes. Acet-
ylene. Adsorption of acetylene was investigated on 7 -
alumina dehydrated at 500, 750, and 800°. On 550°
predried 7-alumina, adsorption of acetylene at 1 mm
and 12 mm pressure gave spectra (a) and (b) of Figure
2, respectively. Most of the adsorption bands due to
physisorbed and some of the absorption bands due to

(7) M. M. Bhasin, C. Curran, and G. S. John, Spectrochim. Acta,
23A, 455 (1967).

(8) L. H. Little, “Infrared Spectra of Adsorbed Species,” Chapter 3,
Academic Press, New York, N. Y., 1966.

(9) T. J. Gray, “The Defect Solid State,” Interscience, New York,
N. Y., 1957, pp 276-278.
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Frequency, cm-1.

Figure 2. Infrared spectra of acetylene chemisorbed on
7-alumina predried at 550° (a) at a pressure of 1 mm, and
(b) at a pressure of 1.2 cm.

Frequency, cnrrl.

Figure 3. Infrared spectra of acetylene chemisorbed on
7-alumina predried at 750° (a) at a pressure of 5.5 mm, (b) at a
pressure of 14.8 cm and subsequent removal of

the gas by evacuation.

chemisorbed acetylene were similar to those observed
by the Yates and Lucchesi.4 The spectra of acetylene
adsorbed on 750 and 880° predried alumina are shown
in Figures 3 and 4. The major absorption frequencies
for adsorbed acetylene did not change significantly for
alumina predried at different temperatures. The
differences in these spectra were mainly in the OH
stretching, hydrogen-bonding and CH3C H 2 stretching,
and deformation regions of the spectrum (see Table 1).
Some of the significant differences between our work and
that of Yat.es and Lucchesi4follow.

(1) The authors used a highly transparent y-alumina
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Frequency, cnrrl.

Figure 4. Infrared spectra of 7-alumina predried at 800° (a)
and acetylene chemisorbed at a pressure of 14 cm and the
back-ground gas evacuated to 1 mm (b).

Table I:  New Vibration Frequencies (in the Region of
4000-1100 cm-1) for Acetylenes Adsorbed on 7-Al203

Frequency, cm-1 Assignment

-------Acetylen
2970 OH3asymmetric stretch
2930 CH2asymmetric stretch
2875 CH3 symmetric stretch
1680 Possibly C=C stretch
1630 Possibly C=C stretch
1540 Possibly CH2or CH3 deformation
—3650 Hydrogen-bonded OH
-Methylacetylene---------srmmmmmmmmmeeoee oo N
1625, 1600 Possibly C=C stretch
—3650 Hydrogen-bonded OH
—3600 Hydrogen-bonded OH
—3550 Hydrogen-bonded HD or OH
1550 Possibly CH3or CH2deformation
-Dimethylacetylene---------s-msmmmmmmmmmmeceeeeee
3500-3300“ Weakly hydrogen-bonded DMA to
surface OH
2950 Possibly CH3or CH2stretch
2890 Possibly CH3or CH2stretch
1635 Possibly C=C stretch
1487 Possibly CH3 or CH2deformation
1315 Possibly CH3or CH2deformation

“ The intensity of this band was greatly reduced by evacuation
at room temperature. This band is attributed to OH groups
hydrogen-bonded to adsorbed DMA.2

aerogel (65-85% in the region of 4000-2000 cm-1)
while the alumina used by Yates and Lucchesi was of
“v” type with a transparency of 2-30% in the region
of 4000-2000 cm -1

(2) The Y-alumina predried at 550° showed only a
slight perturbation of the strong OH stretching bands;
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however, a broad band developed at 3650 cm-1 indi-
cating the formation of hydrogen bonded OH groups.
The 750° predried 7-alumina showed a small increase
in the intensity of the OH groups on chemisorption
followed by the appearance of a broad band at 3650
cm-1 (Figures 3a and 3b). The increase in the inten-
sity of OH groups on chemisorption was clearly evident
in the case of the 880° predried 7-alumina. The for-
mation of a small, broad band at ~3650 cm-1 was also
observed in this case (Figure 4). Thus the extent of
surface dehydration strongly influenced the chemi-
sorption of acetylene.

(3) Weak absorption bands in the CH3 and CH2
stretching region (2970-2875) cm-1 were observed
on chemisorption of acetylene on 7-alumina. These
bands grew in intensity on further exposures of acet-
ylene to 7-alumina as well as with longer exposure time
(Figures 2 and 3). The ratio of CH2CH3 groups
(based on 1.6 times the ratio of intensities at 2930 and
2970 cm-1) indicated the presence of ethyl groups on
the surface. The CH3 and CH2 stretching bands could
not be removed by evacuation at room temperature.

(4) The 7-alumina aerogel turned yellow on chemi-
sorption of acetylene. On standing in contact with
acetylene, the 7-alumina aerogel slowly changed its
color to dark brown. These color changes have not
been reported by Yates and Lucchesi. A general low-
ering of transmission was also observed on prolonged
exposure to acetylene.

(5) Absorption bands in the C=C stretching region
were observed and weak bands in the CH3C H 2 defor-
mation regionwere also present.

MethylacetyJene. Adsorption of methylacetylene was
studied on 7-alumina aerogel dehydrated at 450 and
800° (Figures 5 and 6, respectively). Most of the ab-
sorption bands due to the adsorbed methylacetylene
were similar to those reported by Yates and Lucchesi.4
Table 1 lists the new absorption bands observed on ad-
sorption of methylacetylene and their possible assign-
ment. The authors also observed the following. (1)

Figure 5. Infrared spectra of (a) 7-alumina predried at 450°,
(b) methylacetylene chemisorbed on the y-alumina at a
pressure of 2 mm. The band associated with =CH stretching
vibration (3305 cm-1) was easily removed on evacuation at
room temperature.
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Figure 6. Infrared absorption of (a) 7-alumina predried at
800°, (b) methylacetylene chemisorbed on 7-alumina at a
pressure of 5 mm and (c) 2 hr after the absorption in (b).

The band associated =CH stretching vibration (3305 cm-1) was
easily removed on evacuation at room temperature.

Chemisorption of methylacetylene on 450° dried 7-
A120 3 resulted in disappearance of the 3775-cm-1 sur-
face OH stretching band; however, on 800° dried 7-
alumina, the intensity of all but the 3798-cm~1 OH
stretching increased. While the 450° dried 7-alumina
gave a broad band at 3600 cm-1, the 800° dried 7-
alumina gave a broad band initially at 3650 cm-1 and
later on at 3550 cm-1. (2) On longer exposure of
methylacetylene to 800° dried 7-alumina, the intensity
of all OH bands increased and the relative intensity of
bands in the CH3C H 2 stretching region changed. (3)
The color of 7-alumina aerogel changed slowly from its
original milky-white to yellow and later to brown. (4)
New absorption bands appeared at 1600 and 1625 cm-1.
These bands could be due to C=C stretching vibrations.
(5) The =C-H stretching band could be removed
easily by evacuation at room temperature while the
bands due to chemisorbed methylacetylene could not
be removed by heating under vacuum at 200-300°.

Dimethylacetylene. Adsorption of dimethylacetylene
(on 7-alumina) dried at 550, 625, and 880° (Figures 7,
8, and 9, respectively) was studied. The 7-alumina
predried at 550° showed clearly two bands at 3700 and
3798 cm-1 and a shoulder band at 3738 cm' 1 (Figure 7,
curve “a”). The new absorption bands, other than
those observed by Yates and Lucchesi, 4for the adsorbed
dimethylacetylene are listed in Table I.  On chemisorp-
tion, the intensity of the 3700 cm' 1 (Figure 7, curve
“b”) band decreased and a broad general lowering of
transmission occurred in the 3600-3000-cm-1 region.
A weak absorption band at 2160 cm-1 (C=C
stretching) was also observed. The bands in the
methyl stretching region were generally strong except
for the bands at 2890 and 2950 cm-1. The bands for
methyl deformation frequency were observed as spikes
on the strong cut-off absorption bands of Al-0 vibra-
tions from alumina. There were also absorption bands
in the region of 1600 cm-1, but their assignment is not
certain.
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Figure 7. Infrared spectra of 7-alumina predried at 560° (a)
and of dimethylacetylene chemisorbed at
a pressure of 0.5 mm (b).

Figure 8 Infrared spectra of 7-alumina predried at 625° (a),
of dimethylacetylene chemisorbed at a pressure of 4 mm (b),
and following room temperature evacuation of chemisorbed
dimethylacetylene (c).

Chemisorption of dimethylacetylene on 7-alumina
predried at 625° (Figure 8, curve “b”) resulted in a
decrease in intensity of the bands at 3700 and 3738
cm-1 and in the appearance of a strong broad band in
the 3500-3300-cm-1 region. On evacuation the broad
band disappeared and the intensity of the 3700 and
3738-cm-1 bands was restored (Figure 8, curve “c”).
However, the C=C stretching absorption band at
2160 cm-1 was unaffected. In both cases the 7-
alumina slowly changed color from reddish yellow to
carmen red. The surface coverage measured in one
experiment was ~5 % of a monolayer.
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Figure 9. Infrared spectra of 7-alumina predried at 880° (a),
chemisorbed dimethyl acetylene at a pressure of
0.5 mm (b), 10 hr later (c).

Figure 9, curves “a,” “b,” and “c” show the spectra
of the 7-alumina alone after predrying at 880°, after
chemisorption of dimethylacetylene at a pressure of
0.5 mm and after contact with dimethylacetylene for
about 10 hr, respectively. It is evident that the
concentration of dimethylacetylene and of the isolated
hydroxyl group at 3700 cm-1, increased on standing.
The band at 1635 cm-1 was relatively stronger here
than in the other two previous cases. The color of the
7 -alumina was found to change to dull red. The chemi-
sorbed dimethylacetylene could not be removed by
evacuation at room temperature.

C. Gravimetric Measurements on Acetylene Adsorp-
tion. The adsorption of acetylene on the 7-alumina
predried at 750 and 550° was studied at several different
surface coverages, Table I1.

The figures in Table Il show that although the
amount of adsorbed gas increases about twofold, the in-
tensity of the chemisorbed state changes very little
(Figures 2 and 3, curves “a” and “b”), indicating that a
rapid saturation of chemisorption sites occurs and that
the gas adsorbed later on is essentially physically ad-
sorbed. The number of ion-pair sites was found to be
in the range of 2-5 X 1013 per cm2 of the surface.

Discussion

Adsorption of acetylene and methylacetylene on 7-
alumina gave absorption bands due to physically and
chemically adsorbed species. The nature of the phys-
ically adsorbed or weakly chemisorbed species has been
discussed by Yates and Lucchesi4 and will not be dis-
cussed here as the authors only substantiate their
findings. The nature of each of the chemisorbed acet-
ylenes is discussed below.

Acetylene. The intensity of r2(C=C stretch) band,
infrared inactive in the free acetylene, was as strong as
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Table 1l: Surface Coverages for Acetylene Chemisorbed on - -Alumina Predried at 550 and 750°
----------------- Predrying Temperature--------
No. of ion-pair No. of ion-pair
sites per sites per
P(mm) Weight, % Monolayer % cm2 X 10" P (mm) Weight, % Monolayer % cm2 X 10“»8
1 0.368 1.05 2 1 0.338 0.93 2
12 0.632 1.85 4 5.5 0.575 1.66 4
12 0.795 2.32 5

that of the ~(C-H stretch) band in the adsorbed state.
The striking intensity of the C=C absorption band in-
dicated a strong linear polar interaction with the acet-
ylene molecule. Such an enhancement of the C=C
frequency could result from the formation of surface
species of thetype I, I', and 1.

0"

wr Vv -_- + hc= ch —m
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7 -AlOs (* 700-900°) under vacuum
I (Surface aluminum
acetylide and
proton transfer)

Il (Surface
aluminum
oxyacetylide)
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/A 1 /A 1
O O
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C H H C
| 1 1 1
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Al Al Al Al
A r 0 (@] 0
H
C H
| 1
C oV
! 1"H
Al Al 1
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Yates and Lucchesi4'10 proposed structures of the
type [HCs=C-H-Su] and [HC=C-Sui + SuzH], where
Su, Sui, and Su2 are any surface atoms. The exact
identity of these surface atoms was not disclosed.
Moreover, the former structure seems inconsistent with
a strongly held surface complex. The possibility of
structure 11 was ruled out because the spectrum of ad-
sorbed acetylene did not resemble that of ethoxy acet-
ylenell (»2 of 2160 and vz of 3330 cm-1). The substitu-
tion of an alkyl group in ethoxy acetylene (R-O-
C=C-H) for a heavier group (as in the case of structure
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1) would not be expected to change the frequency of
C=C (M) or=C-H (3 frequencies very much since
this would be a secondary effect. However, aluminum-
carbon bonded structures (I and I'), involving a proton
transfer, are favored as they can explain most of the ob-
servations. The formation of structure | involves the
loss of a proton from each of several acetylene mole-
cules. Some of these protons are picked up by an ad-
jacent O- ion on a highly dehydrated 7-alumina sur-
face (after high temperature dehydration). Some of
the resulting OH groups are hydrogen bonded. The
formation of a broad band around 3600 cm-1 occurred
on long standing on highly dehydrated alumina while
the intensity of isolated OH groups increased imme-
diately on adsorption. On mildly dehydrated alumina,
protons are accepted in the vicinity of OH group
forming hydrogen bonded O-H-OH groups, and to some
extent by neighboring O- ions to form isolated OH
groups. This is evidenced by the rapid appearance of
the broad band around 3600 cm-1 and the slight in-
crease in intensity of OH groups. This mechanism for
chemisorption of acetylene can very well explain the
appearance of OD groups on adsorption of deuterated
acetylene (C2D2 on a partially dehydroxylated 7-
alumina as observed by Yates and Lucchesi.4#10 The
lowering in OH group intensity is probably associated
with hydrogen bonding with weakly adsorbed acet-
ylene. Thus, in general, the proton lost from acet-
ylene does not have much mobility at room temperature
and is accepted by an adjacent O- ion or an OH group.
Such types of sites may be called ion-pair or donor-ac-
ceptor or acid-base sites. Somewhat similar sites have
also been proposed by Peri.12 The formation of an
aluminum acetylide type of species has been further
supported by the works of Miller and Lemmon on acet-
ylides of P, As, and Sb, 13 and of Coates and Parkini4 on
gold and mercury acetylides. The intensities and shifts
of the C=C frequency, of =C -H stretching frequency,
and of other bands are analogous to those observed on
the surface aluminum acetylides. The presence of

(10) D. J. C. Yates and P. J. Lucchesi, J. Phys. Chem., 67, 1197
(1963).

(11) “Brochure on Ethoxy Acetylene,” Pfister Chemical Works,
Ridgefield, N. J.

(12) J.B. Peri, J. Phys. Chem., 70, 3168 (1966).

(13) F. A. Miller and D. H. Lemmon, Spectrochim. Acta, 23A, 1099
(1967).

(14) C. E. Coates and C. Parkin, J. Chem. Soc., 3220 (1962).
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Al-C bonds cannot be studied as their frequency (~700
cm-1) falls under the strong absorption associated with
the A1-0 stretching vibrations.

Besides the weak and strong adsorption of acetylene
on 7-alumina, it was found that 7 -alumina changed its
appearance during adsorption from milky translucent
to light yellow. The light yellow color gradually be-
came dark brown. At the same time bands in the re-
gion of CH3, CH2 and C=C stretching vibrations grew
stronger. The ratio of CH2CH 3 was found to be ap-
proximately unity. These observations suggest the
formation of CH3CH2 groups on 7 -alumina as a result of
the self-hydrogenation of acetylene. Also the color
changes observed (and the general lowering of trans-
mission) can be explained by the formation of a surface
carbide species resulting from self-hydrogenation of
acetylene. Such self-hydrogenations are very well
known on surface of Ni, etc.,, but have not been ob-
served on 7-alumina. From our data it is difficult to
decide whether weakly or strongly held acetylene was
involved in the self-hydrogenation reaction, although
hydrogen lost during chemisorption could possibly hy-
drogenate the C =C bond of the weakly held acetylene.
The self-hydrogenation and the polymerization of
acetylene (as evidenced by C=C stretching bands) ob-
served with our 7-Al203 aerogel could possibly be due to
its more active nature as compared to the 7-Al203 used
by Yates and Lucchesi.

The surface coverage for acetylene chemisorbed on 7 -
alumina (predried at 550 and 750°, Table Il) ranged
typically between 1-2.5% of a monolayer. These cov-
erages indicate that the number of ion-pair sites per
cm2 of alumina surface responsible for acetylene chemi-
sorption is of the order 2-5 X 1013 This is in good
agreement with the observations of Peri.12

Methylacetylene. The=C~H adsorptionwas assigned
totally to the weakly adsorbed species as it disappeared
on evacuation at room temperature along with other
weak bands associated with weakly held acetylene.
The strongly held methylacetylene was characterized
by: (a) relatively unperturbed stretching and bending
modes of CH3 group; (b) a relatively strong absorption
band in C=C stretching frequency region indicating
strong polar interaction with the fe C bond. Also an
increase of 25 cm*“1 in the C=C stretching frequency of
strongly held methylacetylene from that in the dis-
solved state, suggesting the formation of a disubstituted
acetylene; and (c) no absorption in the =C-H
stretching region, indicating the loss of the acetylenic
hydrogen.

These results indicate very strongly that the chemi-
sorbed methylacetylene exists as an acetylide on the
surface of 7-alumina. The acetylenic hydrogen lost
during chemisorption is probably involved in the for-
mation of hydrogen bonded O-H-OH groups (low tem-
perature dehydrated alumina type 1' complex). The
formation of isolated -OH groups is quite evident in the
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case of 7-alumina predried at 800°.
sorbed complex).

Self-hydrogenation was once again evident in this
case as the relative intensity of the 2980/2930 cm-1
bands increased on standing. The CH2CH3 ratio
could not be determined from the spectra. The forma-
tion of surface carbide was indicated by progressive
deepening of the reddish color observed on chemisorp-
tion of methylacetylene. The general lowering of
transmission on standing was also associated with
the slow formation of surface carbide (or carbon like)
species.

Thus, the formation of aluminum acetylide like
species as shown in | and I' for acetylene is strongly in-
dicated for methylacetylene aswell.

Dimethylacetylene. Dimethylacetylene (DMA)
chemisorbed in a manner different from that of methyl-
acetylene and acetylene. There are again two types of
adsorption modes for dimethyl acetylene. In the
weakly held mode, it is very likely hydrogen-bonded to
OH groups on the surface, as for example, in structure
1.

(Type | chemi-

hX—c=c¢—ch3

H H
AN (X .0
‘AT Al

m

The weakly held DMA could be easily removed by
evacuating at room temperature and the intensity of
the OH groups returned to the level prior to adsorption.
This suggested an interaction of the type shown in I11.
The weakly held DMA was formed easily on low-tem-
perature dehydrated 7-alumina. The adsorbed species
formed on high-temperature dried 7 -alumina was prob-
ably identical with the strongly held DMA remaining
after evacuation at room temperature. The structure
of this species probably involves a much stronger inter-
action and species of type IV are postulated for such a
chemisorbed complex.

<« t—
HX—C=C—ch3
,.O gl\

v

Our data do not confirm such a structure (1V) but
definitely suggest a stronger interaction of C=C with
the surface groups of 7-Al203. The presence of a C=C
stretching band after removal of weakly held DMA can
be explained by weak polar interactions such as would
be expected on an heterogeneous surface of 7-alumina
(which consists of 0 “ ions, OH groups, and Al+ ions).
The presence of the C=C bond could also be due to a
methylacetylene impurity in DMA as suggested by
Yates and Lucchesi,4and our work cannot rule out that
possibility at present. Besides the two types of ad-
sorbed DMA, there was also evidence of self-hydrogena-
tion of DMA. Once again, 7-alumina gradually
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changed its color from light yellow to dark carmen red
(after several hours). Slow changes in the intensity of
bands in alkyl stretching region were also observed.
However, some of these changes could also be explained
by polymerization of DMA. Adsorption of DMA on
high-temperature (~800°) dehydrated 7-alumina re-
sulted in some increase in the intensity of OH groups.
This suggests self-hydrogenation of DM A on 7 -alumina.
The increase in intensity of OH groups, however, was
appreciably smaller than that observed with acetylene
and methylacetylene.

Nature of Active Adsorption Sites on y-Alumina.
There is a wide spectrum of opinions in the literature
regarding the exact identity of active sites on 7-
aluminas-15-20 However, our conclusions on the nature
of active sites on 7-alumina are more in accord with
those presented recently by Peri.6'19'0

For the chemisorption of methylacetylene and acet-
ylene, exposed aluminum ions (Lewis acids) and neigh-
boring oxide ion or OH groups (Bronsted acids) act as
adsorption sites. These active sites may be called ion-
pair sites or acid-base or acceptor-donor sites. The
number of such sites is of the order of 10 13 per cm2 of the

L. Burlamacchi, G. ™M artini, and E. Tiezzi

alumina surface. The number of ion-pair sites in-
creases with an increase in the degree of dehydration of
the surface. Thus the behavior of 7-alumina as an ad-
sorbent is strongly dependent on the extent of dehydra-
tion. On the other hand, dimethylacetylene, which
does not have an acidic hydrogen atom, is essentially
nucleophilic at the C=C bond. Thus in case of DMA
a Lewis type acid (aluminum ion) constitutes the active
site for the chemisorption. Physisorbed or weakly
chemisorbed acetylene, methylacetylene, and DMA are
probably hydrogen bonded parallel to the surface
through OH groups.

Acknowledgments. The authors wish to thank Dr.

J. B. Peri of American Oil Company for providing some
of the 7-alumina aerogels used in this work.

(15) H. S.Taylor, z. Elektrochem, 35, 545 (1929).
(16) D.W. Dowden, ./. Chem Soc., 242 (1950).
(17) S. G. Hindin and S. W. Weller, Advan. Catal., 10, 70 (1957).

(18) E. B. Cornelius, T. H. Milliken, G. A. Miils, and A. G. Oblad,
J. Phys. Chem, 59, 809 (1955).

(19) J. B. Peri, ibid., 69, 231 (1965).
(20) J. B. Peri, ibid., 70,1482 (1966).

Solvent and Ligand Dependence of Electron Spin Relaxation

of Manganese(ll) in Solution

by L. Burlamacchi, G. Martini, and E. Tiezzi

Institute of Physical Chemistry, University of Florence, Florence, Italy

(Received March 26, 1970)

Due to ionic association, solutions of Mnil ions often contain several paramagnetic species which contribute
simultaneously to the esr line shape.  The analysis of the electron spin relaxation process is particularly difficult
inthe absence of a clear knowdedge of the composition of the solution.  Signal intensity and line width behavior
as functions of temperature and ligand concentration allow determination of the conditions in which “pure”

tetrahedral or octahedral complexes are present in different solvents.
-100°), the observed line broadening appears to be present in all complexes.
is not related to the rate of exchange of ligands in the coordination shells.
ture dependence of the line width also excludes spin-rotation to be effective.

|. Introduction

Since McGarvey, ! the electron spin relaxation mecha-
nism for solutions of transition metal ions with s > 1
have been extensively studied.2-5 Particular attention
has been devoted to the manganous ion, which exhibits
relatively narrow esr lines.6-13 It is now generally
accepted that modulation of the anisotropic zero-field
splitting parameter is predominant in inducing spin
transitions. In solution, the zero-field splitting of the
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In the high-temperature region (above
It is shown that this broadening
Analysis of g factors and tempera-

electronic levels is related to the symmetry of the dia-
magnetic environment surrounding the central para-
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magnetic ion. This establishes a dependence of the
line width on the chemistry and kinetics of the system
under study. In fact, it is well known that a number
of complexes are formed between the solvated Mn2+
ion and the various anions which may be present in the
solution. Different complexes will have different ligand
field symmetry, with characteristic relaxation time and
esr line shape, which may contribute to the overall spec-
trum.

In the room temperature region, the temperature
dependence is governed by the correlation time for the
fluctuating perturbation, which requires that the line
width becomes sharper when the temperature is raised.
However, in some cases, it was observed that above a
certain temperature the line width increases again,7'8
due to the overcoming of another relaxation mechanism.
The nature of this process which exhibits a marked de-
pendence on counterion concentration is still debated.

The purpose of the work described in this paper is to
elucidate the nature of the various species which con-
tribute to the esr line width. An analysis of the relaxa-
tion mechanism responsible for the high-temperature
line broadening is also carried out.

1.  Experimental Section

All salts used were carefully dried over P20 6 under
reduced pressure at 110° for 24 hr. Mn(C104)2-6H2
was analytical grade. All solvents employed were for
spectroscopic use and were further purified by distilla-
tion over 5A Carlo Erba molecular sieves.

In all solutions Mn2+ concentration was0.01 M. At
this concentration dipolar and spin exchange effects on
the esr line shapes are negligible.

Spectra were registered with a Varian V 4502 X-band
100-kc field modulation spectrometer, equipped with a
dual sample cavity. Nitrosyldisulfonate ion (Fremy
salt) was used as a reference standard for line width
(AH) and signal intensity measurements. Sample
temperatures were controlled with aVarian E4557 varia-
ble temperature assembly and measured with a copper-
constantan thermocouple inserted in the heating nitro-
gen stream. Its accuracy was evaluated +1°. The
solutions were directly inserted in a quartz U-shaped
capillary tube fixed in the microwave resonance cavity
in order to obtain a sufficiently good reproducibility.
For high-temperature measurements, samples were
sealed in a quartz capillary tube.

Assuming Lorentzian line shape, the absorption inten-
sity was evaluated by the known relation AH 2, where
h is the height of the signal. As long as the six hyper-
fine lines were completely resolved, the line width was
directly measured as the peak-peak distance of the
fourth line from the low-field side. When appreciable
overlapping occurred, AH was derived by comparing
experimental results with computer simulated spectra.
This method is subject to some uncertainty, first be-
cause the lines are not expected to be strictly Lorentzian,
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and also because the calculated relative width and posi-
tion of each esr transition are not in close agreement
with the experimental line shape7'9 According to
theory, when line broadening is sufficiently high, all
lines should tend toward the same width. We followed
this assumption in simulating the reference spectra.

Viscosity changes at various ionic concentration give
little contribution to the line width. When necessary,
corrections were made assuming linear dependence of
AH upon ij.

[1l.  Theory of Electron Spin Relaxation

The shape of the esr spectrum of Mnil in solution
has been well known since the early stage of paramag-
netic resonance. It contains six hyperfine components
due to the interaction of the electronic spin with the
5/2 nuclear spin of Mn. Experimentally the
different lines have different widths. This seems to be
due to the spread of the fine splitting components,
rather than to inhomogeneous broadening. We are not
concerned here with the M\ dependence of the line
width. Although for most purposes this would be an
over-simplification, we make the assumption that for
the fourth hyperfine line, which is the narrowest, the
splitting of the fine components is negligible.

The electron spin transition probability is theoreti-
cally evaluated by means of the density matrix formal-
ism developed by Redfield.14 If the time-dependent
part of the Hamiltonian is expressed in terms of irreduc-
ible tensors operators, it takes the form!3'16'16

3Ct) = E (-1 )

Lup

where L is the rank of the tensor operators, p stands for
the components, p represents a particular perturbation,
and operate on spatial variables and are time
dependent. The ly X.-« are time independent be-
cause they operate in a fixed axis system on the spin
variables. The elements of the density matrix are
given by

Haa'fip' = 2/2 " a a 0 ) "t' Jaona'0'(a 0)

£y h'fidyfiyaly ~ 0) ~ \g/jhija'yp‘(y ~ 00] @
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where the spectral densities for electronic spin transition
al3and a 8' assume the form

e \W = E

(-iy +p'(a\T*--»\f}) X
LL

iL%—@
E+ 1) coscordr (3

The characteristic correlation time for the perturbation
r introduces the temperature dependence of the relaxa-
tion rate.

The line widths of the individual transitions are
proportional to the eigenvalues of the density matrix R
while the intensities are proportional to the eigenvec-
tors.

Neglecting quartic terms, which give generally negli-
gible contributions, the static zero-field splitting Hamil-
tonian which accounts for the spin relaxation of the
manganous ion is given by

X = 2[&2- S(S+ DIB] + E(SI - sy (B

By applying the time-dependent perturbation to the
eigenvalues of the static Hamiltonian, one findss that the
resonance line consists of three superimposed Lorentz-
ians with different line widths and intensities attributed
to

ms = +5/2 +3/2, £3/2 +1/2, and
- 2N+ 12
transitions. In the limiting case corc « 1, (u0 being

the Larmor frequency of the electronic spin), only one
line is found. In this case, which is generally verified
in the temperature region studied, the line width may
be expressed as

1/72= 1/7/ a (D2 To (5)

where (D32 is the trace of the square of the zero-field
splitting Hamiltonian 2/3D 2+ 2E 2.

Equation 5, however, does not give any information
about the perturbational correlation time.13 In princi-
ple, two different situations are plausible: (a) the
zero-field splitting is modulated by Brownian rotation
of the complex (rotational modulation) with the char-
acteristic correlation time xrgiven by the Debye theory;
and (b) a finite mean zero-field splitting arises from
rapid fluctuations of the geometry of the complex due
to the collision with solvent molecules (solvent fluctua-
tion). In this case, the correlation time, rv, represents
the mean lifetime of the distorted form of the complex.

As long as no high-temperature broadening is present,
the experiment simply shows that 1/7/ has a linear de-

pendence on 1/ T which accounts for both perturbation
models.

IV. Results

Octahedral Complexes. In water solution, as well as
in other commonly used organic solvents, such as di-
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methylformamide (DMF), dimethyl sulfoxide (DMSO)),
methanol, acetonitrile etc.,, the manganous ions are
solvated with a sixfold octahedral coordination shell.
However, the presence of counterions or of added differ-
erent electrolytes leads to association between ions of
opposite charges. If association is weak, the anion
may occupy a position outside the solvent coordination
sphere. This will give rise to an “outer-sphere” com-
plex or “ion-pair,” characterized by low distortion of
the cubic symmetry of the electric field around the
cation. The next step, which occurs in solvents of
lower dielectric constant or with stronger complexing
agents, is interchange of one solvent molecule from the
coordination sphere with the ligand ion coordinated in
the outer sphere. The “inner-sphere” complex formed
has symmetry lower than cubic. As a consequence,
the electron spin relaxation time is almost always so
short that the spectrum is no longer observed. All
three species are in dynamical stepwise equilibrium
represented by the equation
&b iz

Mn2+ + Ln~ ~ Mn2+ —solvent —Ln~ ~
kb

MnL@-n)+ (6)

outer-sphere

hexasolvated inner-sphere

on

where L is the ligand.

Evaluation of the equilibrium constants K out and K in
from the signal intensity and the line width as a func-
tion of ligand concentration is straightforward.1i7  Since
in solution the only two observable species are the free-
ion and the outer-sphere complex, the decrease of the
esr signal intensity is a measure of the inner-sphere
complex formation. Only one set of two values of the
equilibrium constants satisfies the experimental signal
intensity vs. anion concentration curve. Therefore,
the best set of values was easily obtained by a process
of trial and error. Analysis of the line width behavior
leads to the same results. According to Bijerrum's
theory and to a number of experimental results,818,19
it can be quite safely assumed that the interconversion
rate between the free ion and the ion pair is >10u
sec-1. As the relaxation time for detectable man-
ganese (1) complexes is of the order of 10-~9 sec, the
lifetime of the individual species is shorter than the
respective relaxation times. This corresponds to the
rapid exchange limit, where the line width is given by
the well known modified Bloch equation20

1/7/0. = (L — X)/ T 2free-ion + X /T 2on-pair @

where X is the mole fraction of the outer-sphere com-
plex. This means that the spectrum is no longer the

(17) L. Burlamacchi and E. Tiezzi, J. Mol. Struct., 2, 261 (1968).
(18) G. Atkinson and S. K. Kor, J. Phys. Chem,, 71, 673 (1967).
(19) L. Burlamacchi and E. Tiezzi, ibid., 73, 1588 (1969).

(20) H. M. McConnell, J. Chem Phys., 28,430 (1958).
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Figure 1. Residual signal intensity (open points) and excess
line width (full points and right side scale) of 0.01 M
Mn(C1042 as function of added LiCl in methanol: m, —20°; A,
20°; =, 60°. The full lines are calculated from the values

of equilibrium constants and A.ffionpgr given in Table I;
Afffree-ion are 23.5, 16.4, and 12 G at —20°, 20°,

and 60°, respectively.

sum of the individual spectra but their weighted aver-
age. The excess line width is given by17

I1/7hobs /T 2free-ion —

KoutlL}

KOI’It[L) + 1(I/T—,Zion-pair + /T 2trec-ion/ 8)

[L] is the effective concentration of ligand in solution
which depends also on Kin Derivation of equilibrium
constants is again a problem of fitting, which can be
solved with the aid of a small computer program. The
Allfrec-ion curve as function of temperature is generally
obtained experimentally (see for instance Figure 7). In
general, as the relaxation time is not known a priori, it
is easier to use signal intensity results which may be
verified in the fitting of 1/T2ioysEir. In some cases,
e.g.,, the Mn-CICh-DMF system of Figure 6, both
I/T 2freeion and 1/ T 2 ioyeir are evaluated by fitting.

Actually, a number of Mn-electrolyte systems in
different solvents can be investigated by this method.
Figures 1 and 2 show two representative examples.
The agreement between calculated values and the ex-
perimental points is reassuring. Equilibrium con-
stants and the values of A//iQ,pair for the systems
studied are given in Table I, together with the thermo-
dynamic parameters. In the calculations, the activity
coefficients for all species were assumed as unity, which
we believe is a reasonable assumption in the range of
concentration examined. In methanol, DMF, and
DMSO, the C104- ion itself gives signal intensity de-
crease and line broadening from which equilibrium
constants have been derived.

The temperature dependence of the equilibrium con-
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Figure 2. Residual signal intensity (open points) and excess
line width (full points and right side scale) of 0.01 M Mn(C1042
as function of LINCh concentration in DMF: 4, 20°; m,

60°;, =, 100°. The full lines are calculated from the values

of Km—K.,at, and ARICEpar in Table I; Aiffee-ion are 17.6,
12.4, and 10.2 G at 20°, 60°, and 100°, respectively.

stants shown in Figure 3 agrees with the van't Hoff
equation with the enthalpy changes given in Table 1.

No evidence was found for the formation of bisub-
stituted complexes which, due to the symmetric struc-
ture, are presumed to contribute to the esr signal.

Tetrahedral Complexes. As long as no polysubstituted
complexes are formed, addition of an appropriate elec-
trolyte to a Mn2+ solution lowers the signal intensity
toward a constant value which corresponds to the ion-
pair concentration. However, in some cases, with
further addition of the electrolyte, the signal intensity
rises again, showing the formation of a new paramag-
netic species with highly symmetrical structure. The
nature of these complexes is well documented by optical
spectra characteristic of tetrahedral structure.2!

Esr evidence for tetrahalide complexes formation in
acetonitrile and methanol has been reported by Chan,
Fung, and Liitjed and by Levanon and Luz.10 In
DMF2 and DMSO, tetracoordinated complexes are
readily formed as soon as the ligand concentration has
reached the stoichiometric amount. Generally, the
esr spectra are characterized by an isotropic g factor
somewhat higher than the octahedral complexes (g =
2.005-2.008) and hyperfine coupling constants of 75-
80 G.

When excess halide is added to an Mn2+ solution
after the tetracoordinated complex is formed, one ob-
serves an increase of line width. It is plausible that
cationic complexation around the negative tetrahalide
ion is the source of this broadening which can be under-

(21) S. Buffagniand T. M. Dunn, Nature, 188, 937 (1960).
(22) J. R. Bard, J. T. Holman, and J. O. Wear, Z. Naturforsch., 24b,
989 (1969).
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Table I :

System Temp, °C Aout, I./mol
Mn2+CIl--CH3OH —20 9+ 05
+20 18+ 1.5
+60 30+ 2
Mn!+-NO,--DMF +20 4.0+ 0.2
+60 95+ 05
+ 100 20+ 2
Mn2+C104-DMF +20 25+ 1¢
+60
+ 100
Mn2+€104-CH3H +20 0.5+ 0.2°
Mn2+C104~--DMSO +35 0.5+ 0.1¢
[MnBr42~-(nBut)N +-ELCN +20 8+ 1
[MnNBr42-(Me)&N +~CHIN +20 85+ 5
[MnBr42 -Li +~CHIN +20 17+ 2
[MnBr42_-(Et)AN +-CHXN +20 20+ 2
[MNCh] 2'-(Et)AN +~CHXN +20 1=z 2

“ The temperature dependence is within the experimental error.

Figure 3. Equilibrium constants KInand Koet vs. 1/T °K.

stood by essentially the same model as for hexasolvated

complexes. If we assume ion-pair formation
&b
[MNnX4]2- + Y +/~T [MnX4 2 Y+] (©)]
fdn

the equilibrium constants can be evaluated. Figure 4
shows the line width behavior as a function of total
counterion concentration for [MnBr4]-2 with Li+, tétra-
méthylammonium  (Me)dN+, tetraethylammonium
(Et)aN+, and tetra-n-buthylammonium (n-But)4N+
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Equilibrium Constants, Enthalpy Changes, and Limiting Line Width of Mn1l Complexes

Enthalpy Enthalpy
changes, changes, AA ion-pair
kcal/mol Ain kcal/mol G
24+ 01 10+ 1 20+ 01 27.0
175+ 2 19.4
28+ 3 15.8
4.2+ 0.2 3.2+ 03 4.4 + 0.2 21.0
85+ 1 16.0
175+ 2 215
0.20 + 0.05 31: 01 21.0
0.40 = 0.05 16.0
0.7+ 01 15.8
04+ 0.1
0.3+ 0.1
170
130
120
85
13.5

Figure 4. Esr line width of [MnBr4_15 X 10-3 M in
acetonitrile vs. total counterion (Y +) concentration. The
counterion is added as bromide salt (full points) and as perchlorate
salt (open points), with previous addition of the stoichiometric
amount of Br~. Full lines are calculated with equilibrium
constants giveninTable I. Line width over 3 X 10-1 M ligand
concentration are corrected from viscosity contribution.

added as bromide or perchlorate salts. Calculated
equilibrium constants and A i/ionpeirare givenin Table I.
The dependence on Br~ ion concentration seems clearly
ruled out, while the dependence on Mn2+ concentration,
in the range 5 X 10-3to 2 X 10-2 M, is expected
within the experimental error. Manganous tetra-
ion chloride shows the same behavior (Figure 5) although
the overall line width is much smaller.
High-Temperature Electron Spin Relaxation. From
the above results, it appears that two different cases
may occur in Mn2+ solutions: (1) tetrahedral or octa-
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Figure 5. Esr line width of [MnCh]“25 X 10-3 ™ in
acetonitrile vs. (Et)AN + total concentration, added as
chloride salt.  Full line is calculated from equilibrium
constant and Affionpair given in Table I.  Line widths
over 3 X 10-1 m ligand concentration are corrected
from viscosity contributions.

hedral complexes are formed which are practically the
only species present in solution which exhibit detectable
paramagnetic absorption. This occurs when small
amounts of Mn(C104)2 are dissolved, so that inner- and
outer-sphere complexation is negligible, or when the
ligand/Mn2+ ratio is sufficiently high to account for the
equilibrium being completely shifted toward ion-pair or
tetracoordinated complexes; (2) intermediate situation,
in which basicity of the solvent, charge, type, and con-
centration of the ion are favorable to appreciable
amounts of inner- and outer-sphere complexation.
When a situation described in point 2 is reached, the
typical anion concentration dependence found by Hayes
and Myerssgis observed. As an example, the tempera-
ture dependence of the line width for Mn-perchlorate
systems in DMF is shown in Figure 6. The AHiTeim

Figure 6. Esr line width of 0.01 m Mn2+ as function of
temperature at different total C104 concentrations in DMF.
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Figure 7. Esr line width of different Mn1l complexes as a
function of temperature.

and AHionypair lines in the graph represent the free-ion
and outer-sphere complex behavior, which could be ob-
served if they were the only species to exhibit paramag-
netic absorption. In Figure 7 the line width of a
number of pure complexes (point 1) as a function of tem-
perature is reported. In water solution the resonance
width was found to vary insignificantly by addition of
CIO4- up to 0.5 M, at any temperature. The same is
observed by addition of Cl- 0.5 M to tetrahedral com-
plexes, which shifts the entire curve toward higher AH
values without changing the slope. From data of Table
1, complexation by perchlorate in methanol and DMSO
for 0.01 M Mn(C104 2 solutions is expected to be negli-
gible.

V. Discussion

The experimental results show that free hexasolvated
ions, ion-pair complexes, and the tetrahalide complexes
always exhibit the high-temperature broadening even
for the Mn(H2 )&+ complex. We feel quite confi-
dently that this may be a general behavior intrinsic of
the Mnil complexes. Since the temperature depen-
dence of the correlation time of the zero-field splitting
relaxation mechanism cannot explain these results, an
analysis should be made of those processes which ac-
count for the increase of relaxation rate with increasing
temperature.

Ligand Exchange. In the above picture of anionic
complexation, the ligand exchange mechanism may be
rationalized as follows: (&) exchange of anionic ligands
from the second coordination sphere to the bulk solu-
tion; (b) interconversion of anionic ligands between
second and first coordination sphere; (c) exchange of sol-
vent molecules in the solvent coordination sphere; (d)
exchange between the coordinated anions and the bulk
electrolyte when all solvent molecules are replaced by
anionic ligands (tetracoordinated complexes). All pro-
cesses may cause transient distortion of the cubic sym-
metry of the complex. When the distortion is strong,
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transient mixing of the electronic spin states during the
exchange induces spin transitions. In the limit of
strong perturbation, this may limit the lifetime of the
spin state to the lifetime of the complex.8

Process a, although very fast, is expected to cause
only weak distortion during the exchange with negligi-
ble contribution to the relaxation, as shown by experi-
mental results. Processes b, ¢, and d are known to occur
at rates comparable to the spin relaxation and are po-
tentially active in determining the temperature depen-
dence of the line width. The excess line width due to
process b was studied by Hayes and Myers.8 In the
rapid exchange limit, if 1/fcoc "K TZ2ion-pair and 1/tc,b »
Ti inner-sphere, €Q s Still applies with 1/tcoc replacing
Ti jonpair. This accounts for the line broadening over
that of the free-ion; the high-temperature broadening of
the free-ion itself is not justified. Furthermore, fchc/fecch
= kin isvery often < 1. Since fdx > 109 sec-1 and
10-10 Sec, the above conditions of slow
exchange between inner- and outer-sphere complexes
are not completely fulfilled. A drastic increase of line
width should then be observed at sufficiently high tem-
perature, due to contribution of the broad inner-sphere
spectrum to the observed resonance. Process ¢ does
not account for the broadening in tetracoordinated com-
plexes. Finally, process d, when effective, would give
I/Th ds = K[L], causing a linear increase of line width
with ligand concentration. Crawford, Lynds, and
ChanZ3 attributed to this mechanism the abnormal
breadth of [MnBr,i]2~ spectrum in acetonitrile. How-
ever, the picture described above of cationic ion-pair
formation seems much more plausible. Furthermore,
the temperature dependence of [MnCIl4]2 line width
even in the absence of excess ligands cannot be ex-
plained in these terms.

In general, it seems that ligand exchange does not
have a strong effect on the spin relaxation rate, either
because of weak perturbing effect on the symmetry of
the complex or because of the too short lifetime of the
intermediate activated complex to allow spin transition.

Spin Rotation. The theory of spin rotational inter-
action, as treated by Atkins and KivelsonZand by Ny-
berg,®predicts that the electron spin relaxation time is
given by

n2 inner-sphere ~

VTt = (1/12 Tr*)(Ag(A:AQ)KT/v (10)

where Ag = g — 2.0023 and (Ag:Ag) is the inner
product of the Ag tensors. The line width contribution
from spin-rotational mechanism should therefore be lin-
earin T/g. The principal values of the g tensor are not
known. Assuming axial symmetry and g\close to ge, we
can assume that the deviation of the isotropic gfrom the
free spin value is mainly due to g+. However, no pre-
cise relation exists between isotropic g factor and the
slope of the high-temperature broadening for the differ-
ent complexes. lon-pair formation, for instance, gives
rise to enhanced high-temperature broadening, while no
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shift of g factor is observed. Furthermore, by assum-
ing r = 3 A for all complexes, contribution from spin
rotation does not exceed 4.3 X 10~7 G P/°K even
for tetrahedral complexes which have the highest devia-
tion of the g factor from the free spin value (Ag ~
0.005), while experimental values range between 2.6 X
10~4and 2.4 X 10~6G P/°K.

Line broadening increase exceeding the Debye limit
of eq 10 has been previously reported®for C102in non-
polar solvents, due to the effect of intermolecular forces
on the correlation time for the angular momentum.
However, in the present case, the disagreement between
theory and experiments seems much too high.

VI. Conclusion

Spin rotation and ligand exchange seem improbable
as effective mechanisms of electron spin relaxation. In
addition to ligand exchange, internal motions such as
restricted rotation of the methyl groups in the DMF
might also be effective in relaxing the electronic spin.
This mechanism has been examined by several au-
thors27 Bbut it seems difficult to generalize this process
to a wide range of solvents.

If collision with solvent molecules is effective in induc-
ing fluctuations of the cubic symmetry, transient distor-
tion of the complex may increase in magnitude with in-
creasing kinetic energy of the colliding particles. This
would lead to a temperature dependence of the D factor
which may explain the high-temperature broadening.
Al'tshuler and Valiyev2 have treated a similar process
which accounts for both low-temperature and high-tem-
perature broadening. In their model the Brownian mo-
tion induces fluctuations on the normal modes of vibra-
tion of the complex which act on the zero-field splitting
parameter. The transition probability is proportional
to the mean values of the vibrational amplitude, which
increase with temperature. While strongly effective in
solids, mechanisms acting through vibrational fluctua-
tions of the electric field at the ion when acting through
the spin-orbit coupling are usually negligible in lig-
uids.® However, we cannot exclude this process in the
present case, although a complete reconsideration of
the theory is necessary.

The hypothesis that high-temperature and low-tem-
perature results are due to two different aspects of the
same mechanism is also supported by the results from
Fe3+ and Cr3+ which undergo the same mechanism as
for Mn2+. Some preliminary experiments performed
in this laboratory have shown that aclear high-tempera-

(23) J. E. Crawford, L. Lynds, and S. I. Chan, J. Amer. Chem. Soc.,
90,7165 (1968).

(24) P.W. Atkins and D. Kivelson, J. Chem. Phys., 44, 169 (1966).
(25) G. Nyberg, Mol. Phys., 12, 69 (1967).

(26) R. E. D. MeClung and D. Kivelson, J. Chem. Phys., 49, 3380
(1968).

(27) T. Chen, Thesis; Diss. Abstr., 28B, 4085 (1968).
(28) R. C. Phillips, Thesis; ibid., 27B, 3489 (1967).
(29) D. Kivelson, J. Chem. Phys., 45,1324 (1966).
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ture broadening is present in [FeCl4]~ in acetone and
acetonitrile. Line broadening for Cr3+ above 250° is
also reported by Al'tshuler and Kozyrev.3

At the present time, little can be said about the differ-
ent behavior of the different complexes. In general,
ion pairs display a larger temperature coefficient with
respect to the corresponding free-ion which could be
related, in the Al'tshuler model, to lower mean fre-
quency of vibration of the complex coordinates.
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Phase Equilibria, Electrical Conductance, and Density in the Glass-Forming

System Zinc Chloride + Pyridinium Chloride.

A Detailed Low-Temperature

Analog of the Silicon Dioxide + Sodium Oxide System

by A. J. Easteal and C. A. Angell

Department of Chemistry, Purdue University, Lafayette, Indiana 4-7907 (Received April SO, 1970)

In a study of ZnCL-based binary chloride melts which may serve as analogs of the well known and technolog-
ically important glass-forming binary systems based on Si02and BeF2 as first component, a detailed phase-
equilibrium, electrical conductance, and density study of the system zinc chloride + pyridinium chloride has
been carried out. In contrast to the better known zinc chloride + alkali halide systems, this present system
reproduces in great detail the phase relations and physicochemical behavior of the classic NaD + Si02system,
though at temperatures reduced by a factor of about I/z Electrical conductance data have been analyzed in
terms of the three parameter equation k—AT_1Aexp B/(T — To), and the “ideal” glass transition tempera-
ture Tofound to closely parallel the experimentally measured glass transition temperature Tt. Toand Tt show
complex composition dependences. A minimum at 33.3 mol % ZnClI2is interpreted in terms of formation of
the orthochlorozincate ion ZnCh2-, an approximately linear increase from 33.3 to 66 mol % is probably due
to the formation of polymeric chains based on linked ZnCh tetrahedra, and a plateau region at ZnCl2rich com-
positions (65-90 mol %) is associated with the tendency to, or occurrence of, subliquidus liquid-liquid phase
separation. The classical concept of “network-breaking” satisfactorily explains dramatic changes in con-
ductivity in the region 90-100 mol % ZnCI2 There is some suggestion that the rapid decrease in “activation
energy” for transport in this region may be associated primarily with changes in equilibrium thermodynamic
properties (configurational heat capacity) rather than with changes in a purely kinetic energy barrier as is gen-

erally assumed.

There are a number of good reasons for studying the
physicochemical behavior of binary systems containing
ZnCl2 Perhaps the clearest is that they provide low-
melting, hazard-free, and noncorrosive analogs of the
silica-based and beryllium fluoride-based systems of
such importance to glass and nuclear reactor technol-
ogy, respectively. It might, for instance, be hoped that
the greater precision achievable in these experimentally
more tractable systems will permit more detailed anal-
yses of some of the more perplexing features of the be-
havior of such highly structured liquids.

A second reason is that ZnCl2is a strong Lewis acid,
and its interaction with chloride ions donated by a sol-
vent chloride melt of suitable characteristics provides
some of the least ambiguous cases available of the for-

mation of “complex ions” in molten salt chemistry.
Since this has been an area of contention in the field for
a long time, new methods of characterizing such inter-
actions are needed.

A further reason of special interest to us is that al-
though the most obvious ZnCl2based binary systems,
e.g., zinc chloride + alkali metal chlorides, crystallize
readily at their liquidus temperatures, systems in which
the second component is itself low-melting yield solu-
tions of which bulk samples can be supercooled to the
point of glass formation over a considerable range of
compositions. Such noncrystallizing-composition re-
gions provide “windows” through which we can observe
the behavior of liquids of variable composition as they
approach the thermodynamic bottom of the liquid state.
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This low temperature limit is set by the vanishing of the
difference between entropies of the liquid and crystal-
line states, the apparent inevitably of which can be ar-
gued, for the case of pure substances, from equilibrium
thermodynamic data on liquid and crystalline states.1'2

Associated with the vanishing of the liquid excess en-
tropy is avanishing of the ionic (or molecular) mobility,
a tendency which is reflected in the temperature depen-
dence of liquid relaxation rates, Y, which are described
to good precision over several orders of magnitude by
the rate law

Y = AyT -1Rexp -B y/(T - To) 1)

where Ay and By are constants characteristic of the par-
ticular relaxation process and TOis an empirical param-
eter having the dimensions of temperature, often corre-
sponding in the case of pure liquids to the temperature
at which the extrapolated configurational entropy would
vanish, and denoted earlier by the authors as the
“ideal” glass transition temperature.2 Behavior at To,
however, cannot be observed because the system inevi-
tably falls out of internal equilibrium at a higher tem-
perature, denoted TS, when the relaxation times become
of the same order as the time scale of the particular ex-
periment being performed. Except in very highly
structured liquids, Tg and TO are separated by only a
small temperature interval (~10-20°) and in ideal solu-
tions both appear to change linearly with composition
between values for the two components.8 Theories for
eq 1, among which the entropy theory of Adam and
Gibbs currently seems the most plausible,4 have been
discussed elsewhere,2aand will not be treated in any de-
tail here.

Easteal and Hodge6have given evidence from aneq 1
treatment of electrical conductance measurements that
in binary solutions with covalent interactions (a ten-
dency to complex ion formation) Totends to a minimum
at compositions of complex ion stoichiometry, but the
certainty of these conclusions was limited by the fact
that the liquidus temperatures in the system studied
were high relative to TOand in consequence the depar-
tures from Arrhenius behavior from which TOis assessed
were small. Since Angell and Moynihan2a have dis-
cussed such minima in terms of the loss of Coulomb co-
hesive energy implicit in the covalent interaction (pro-
vided complexes are of high symmetry), and since
ZnCl2based systems combine strong covalent interac-
tions with low liquidus temperatures and supercooling
composition regions, it appeared that this interesting
question could probably be clarified by the study of a
ZnCl2based system.

In choosing a system for study, three possibilities
were available: (1) asystem containing only asimple in-
organic ionic species. A possible system would be ZnCI2
+ KI167which has extensive glass-forming composition
regions; (2) a system containing chloride anions and
otherwise only inorganic constituents. A possible sys-
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tem would be the hydrate melt ZnClI2+ Mg(HD)6GI2in
which composition regions on the zinc chloride-rich side
of the system are glass-forming; and (3) a system con-
taining only chloride anions and a simple organic cation.
Numerous possibilities are available, e.g., (a) ZnCI2 +
N (CHj),! Cl or other tetraalkyl cation chlorides, (b) zinc
chloride + methylamine hydrochloride or higher homo-
logs, (c) zinc chloride + pyridine hydrochloride, etc.
Examples of each of a, b, and ¢ were examined and
shown to have glass-forming composition regions.

Of the above possibilities (1) was rejected on the basis
of the desirability in initial investigations of dealing
with a single ligand species and (2) was excluded on
counts of restricted glass-forming composition regions
and complications due to incomplete association of
“hard base” water molecules with the “hard acid” M g2+
cation (though a study of this system will be reported
elsewhere).8 Of the possibilities listed under (3) the
zinc chloride + pyridine hydrochloride system was se-
lected because of the previous usefulness of pyridine hy-
drochloride in molten salt studies,9ease of purification,
and low melting point. Potentially simpler systems
incorporating the quasispherical tetraalkylammonium
cations were avoided because the pure salts decompose
before melting precluding the 0-100% ZnCI2 liquid
range study considered very desirable for this project.

Glass-forming regions and characteristics of these
various glass-forming chloride systems are discussed
jointly elsewhere.7 The structure and thermodynam-
ics of the parent glass former, ZnCI2 has been discussed
in detail in a previous publication.D

Experimental Section

Pyridinium chloride, hereafter referred to as PyHCI,
was obtained from two sources: (a) by fractional dis-
tillation at atmospheric pressure of the Eastman Or-
ganic Chemicals salt, the fraction distilling at 221-224°
being collected, and (b) by the method of Audrieth and
coworkers,11 viz. addition of concentrated aqueous hy-

(1) J. H. Gibbs, “Modern Aspects of the Vitreous State,” Vol. 1,
J. D. McKenzie, Ed., Butterworth, London, 1960, Chapter 7.

(2) (@ C. A. Angell and C. T. Moynihan, “Molten Salts: Analysis
and Characterization,” G. Mamantov, Ed., Marcel Dekker, 1969; (b)
C. A. Angell, J. Chem. Educ., 47, 583 (1970).

(3) C. T. Moynihan, C. R. Smalley, C. A. Angell, and E. J. Sare,
J. Phys. Chem., 73, 2287 (1969).

(4) G. Adam and J. H. Gibbs, J. Chem. Phys., 43, 139 (1965).
(However, see M. Goldstein, ibid., 51, 3728 (1969), and R. Weiler,
S. Blaser, and I'. B. Macedo, J. Phys. Chem., 73, 4147 (1969)and K. J.
Rao and C. A. Angell, 3rd International Conference on Physics of
Non-Crystalline Solids, Sheffield, Sept 1970.

(5) A.J.Easteal and I. M. Hodge, J. Phys. Chem., 74, 730 (1970).
(6) 1. Schulz, Naturwissenchaften, 44, 536 (1957).

(7) A. J. Easteal, D. Chin, J. Wong, |. Hodge, and C. A. Angell,
submitted for publication to Phys. Chem. Glasses.

(8) C.A.Angell and D. Chin, unpublished work.
(9) V. C. Reinsborough, Rev. Pure Appl. Chem., 18, 281 (1968).
(10) C. A. Angell and J. Wong, J. Chem. Phys., 52, 2053 (1970).

(11) J. F. Audrieth, A. Long, and R. E. Edwards, J. Amer. Chem.
Soc., 58,428 (1936).
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drochloric acid (Baker and Adamson, “Reagent ACS”
grade) to a slight (about 5%) excess of a solution of pyr-
idine (J. T. Baker, “Analyzed” Reagent) in ethanol,
and fractional distillation (221-224°) of the mixture.
The PyHCI prepared by both methods melted to a
colorless liquid at 143.5°.

Zinc chloride was Fisher Certified ACS grade mate-
rial. It was purified by passing hydrogen chloride
through the molten salt at 450-500°, for 1-4 hr depend-
ing on the quantity of salt, followed by purging with dry
nitrogen for several hours. The fused commercial salt
contains flecks of a black carbonaceous impurity which
are generally completely removed by the HC1-N2treat-
ment.

Except for the highest ZnCl2content melts, solutions
for study were prepared by addition of molten zinc chlo-
ride aliquots initially to pure PyHCI, and subsequently
to ZnCl2 + PyHCI solutions of known composition.
Experiments were performed on several independently
prepared sets of mixtures with overlapping composition
ranges. At ZnCl2contents greater than 50 mol % solu-
tion was a slow process ; temperatures in excess of 250°
were avoided because of the tendency of PyHCI to un-
dergo some decomposition and discolor the melt. At
compositions >85 mol % ZnCl2high solution tempera-
tures could not be avoided: such solutions prepared by
addition of PyHCI to ZnCl2were dark brown in color,
and gave less reproducible results than the other compo-
sitions.

In preparation of samples for phase diagram determi-
nation ZnCl2was used in the form of easily handled glass
beads (produced by dropwise pouring of purified fused
ZnCl2into liquid nitrogen). All preparations involving
the use of solid ZnCI2 (beads) and PyHCI were per-
formed in alow (—75°) dew-point dryboxlla (Kewaunee
Scientific).

Glass transition temperatures were determined using
a differential thermal analysis method essentially the
same as previously described.22 The glasses were pro-
duced by quenching fused mixtures (in 5-mm o.d. Pyrex
tubes) either (a) in liquid nitrogen or (b) first in a tri-
chloroethylene slush bath then in liquid nitrogen. Pro-
cedure b was used for mixtures in the composition re-
gions 39-45 and 55-65 mol % ZnCl2 for which the
greater initial quenching rate obtainable with the tri-
chloroethylene slush (~ 28° sec-1 compared with ~ 17°
sec-1 for liquid nitrogen) was required to circumvent
crystallization.

The phase diagram for the system was investigated
using the method of cooling curves for initial work, and
differential scanning calorimetry (Perkin-Elmer DSC
IB) using small (~2-6 mg) samples encapsulated in
aluminum pans to resolve uncertainties and establish
the final diagram. Samples of mixtures in the composi-
tion region in which crystallization does not readily
occur were caused to crystallize by fine grinding of the
glassy samples.

30

: Container vessel

': Cylindrical Pt fail electrode
*';Disc electrode (Pt)

: Thermocouple guard tube
; Translte plug

“—ommOoO

Figure 1. Conductance cell.

A dip-type cell constructed from Pyrex glass (Figure
1) in conjunction with a Wayne-Kerr Type B221 im-
pedance bridge was utilized in measuring specific con-
ductance. In addition to the cell components shown in
Figure 1 the transite cap carried two further tubes to
provide a slow flow of dry nitrogen through the cell, in
order to prevent absorption of water vapor by the
melts. Measurements of conductance were made at a
single frequency, 1592 Hz.13 The cell was calibrated
using 1.0 and 0.1 Demal aqueous potassium chloride at
25.0°. The cell constant was 52.54 + 0.04 cm-1 for
one cell (A) and 25.77 £ 0.02 cm-1 for another cell (Bj
used for two melts. Cell A had overall length 15 cm,
and the capillary was 2.5 mm i.d., 23 mm long. Cell B
differred only in the length of the capillary. The elec-
trodes were fixed relative to one another and to the cap-
illary. The leads tc the electrodes were immersed to
different depths in different electrolytes, but it was
found that the measured conductance of a given elec-
trolyte was independent (within experimental precision)
of the depth of immersion.

For the fused salt conductance measurements the cell
was held in a cylindrical aluminum block furance (Fig-
ure 2), heated with two 250-W “ Firerod” cartridge heat-
ers (Watlow Electric Mfg. Co.). The aluminum block

(lla) It is found that ZnCh glass beads provide an excellent dryness
detector for dryboxes. The beads, which are crystal bright as pre-
pared, frost over on the surface in the presence of very small traces of
moisture.

(12) C. A. Angell, E. J. Sare, and R. D. Bressel, J. Phys. Chem., 71,
2759 (1967). See also ref27b.

(13) The frequency dispersion of conductance, which becomes very
pronounced at temperatures approaching Tt as the liquid relaxation
time and inverse bridge frequency match up, has been investigated
in an all-metal cell and will be reported separately.
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Figure 2. Furnace assembly used for
conductance measurements.

was 7.5 cm in diameter and 16 cm long, the well in the
center being 2.5 cm in diameter and 15.5 cm deep. The
top of the cell was cooled with tap water, via a small
copper coil.

Conductances were determined initially under both
continuous cooling (up to 1° min-1) and steady-state,
i.e., constant temperature conditions. When In kwas
plotted against \/T for these mixtures, the steady-state
and nonsteady-state points fell on the same curves
within experimental precision. Subsequently conduc-
tances were determined only under continuous cooling
conditions (except in the case of pure ZnCIl2 where both
methods were used), with an approximately constant
cooling rate. This was achieved by coupling the fur-
nace heating elements to a Melabs Model CTC-1A pro-
portional temperature controller in conjunction with a
C Il programmer and CIl 101 platinum resistance sen-
sor. The sensor was located in the aluminum block ad-
jacent to one of the heaters (3 mm separation). Using
this arrangement cooling rates in the range 0.6-0.75°
min-1 were achieved between 350 and 80°. For a
given run the cooling rate was constant to within
+10%.

Conductances were measured at temperature inter-
vals of 2° for the most part. At temperatures below
80° measurements were usually made at 1° intervals,
provided crystallization did not intervene, in order to
more precisely determine the temperature dependence
of conductance. In this region the temperature coeffi-
cient becomes very large (up to 40% deg-1).

Melt temperatures were determined with a chromel-
alumel thermocouple, in association with a Leeds and
Northrup Model K3 potentiometer. The thermocouple
was calibrated at the boiling point of water and the
melting point of lead and temperature measurement is
believed accurate to *0.2°. Precision of measure-
ment was +0.05°. Specific conductances should be
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accurate to within +1% ,14 while mixture compositions
have an uncertainty of +0.5 mol % ZnClI2

Densities were measured dilatometrically, using di-
latometers constructed by fusing 5-ml pipets, graduated
in 0.1 ml (Kimax, No. 37020) to 10-ml volumetric flasks
(Pyrex or Kimax). A 10/30 ground glass socket was
fused to the upper end of each dilatometer to allow a
drying tube filled with Drierite to be attached. Dila-
tometers were calibrated with water at 25.00 + 0.02°,
with precision 0.04%. They were loaded with pre-
mixed fused salt using an auxilary furnace and trans-
ferred to an oil bath (Dow Corning 200 Electronic fluid)
for the measurements. The temperature of the bath
was controlled (to +0.2°) with a Melabs Proportional
Controller. For two mixtures (82.3 and 92.8% ZnCl2
the liquid temperature ranges were not accessible with
the oil bath, and the dilatometer was heated in a con-
ventional vertical tube furnace whose temperature was
controlled with a Cole-Parmer Proportio Null (Series
1300) unit to within £0.5°. The temperature range of
measurement for mixtures was from approximately the
liquidus temperature to about 210°, except for the 82.3
and 92.8% ZnCIl2mixtures.

Results

The phase equilibrium study of the system indicates
the existence of four congruently melting compounds:
R#ZnClg RZnCl4 RZnCI3 and RZnZXI6 (R = pyridin-
ium cation). An outline of the phase diagram is given
in Figure 3.

ZnCl2+ PyHCI fused mixtures can be quenched to
the glassy state, in the composition ranges 39-45 and
55-100% ZnCl2 On heating, many of the glasses spon-
taneously crystallize at temperatures not far above their
glass transition temperatures. In a restricted composi-
tion range (ca. 60-90% ZnCIl2 liquid mixtures can be
supercooled slowly to the glassy state and the glasses re-
heated, without crystallization.

The variation of glass transition temperature with
composition is indicated by the subliquidus points in
Figure 3. For each mixture Te was determined at a
number of different heating rates, generally in the range
5-20° min-1. For all except two mixtures (96.5 and
97.7% ZnCl2 the values of Ts are those appropriate to a
heating rate of 8° min-1. The heating rates for the two
exceptional mixtures were 10.5° min-1 and 20° min-1
for 96.5 and 97.7% ZnCI2 respectively. The uncer-

(14) We note here that reliable data could not be taken within ~60°
of Te using the present capillary cell. Measurements continued
into this range showed an anomalous, frequency-dependent, minimum
in conductance followed by a maximum several degrees lower in tem-
perature, which are not reproduced if a parallel plate cell is substi-
tuted for the capillary cell. These effects arise from the fact that as
the conductance reaches very low values the salt in effect becomes a
dielectric medium which is the presence of a second dielectric (the
glass of the cell) can give rise to a frequency dependent dispersion in
capacitance [C. P. Smyth, Dielectric Behavior and Structure, Mc-
Graw Hill, New York, N. Y., 1955] which is read out on the bridge
as an ac conductance contribution. Conductances in this regime
must be measured in the absence of dielectric materials other than
the substance of interest.
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Table I: Transport Parameters for ZnCl2+ PyHCI Mixtures
Mole fraction

ZnCI2 A B To X 10%
0.0 3.989 668.3 212 0.9
7.0 4111 762.7 200 3.3
12.6 4.230 831.3 197 1.3
17.5 4.147 827.4 208 2.0
21.5 4.304 953.0 196 1.8
26.9 4.441 1039.2 185 0.6
32.2 4.548 1215.9 159 0.8
36.0 4.140 1005.6 189 0.9
38.6 3.942 932.9 200 1.4
40.5 3.843 882.1 209 2.6
45.2 3.765 896.9 215 1.9
53.6 3.697 895.4 229 2.5
58.4] 3.645 887.0 241 3.3
58.4j 3.129 733.6 255 3.5
63.2 3.717 930.6 248 1.4
63.2 3,137 764.0 262 3.7
63.2j 3.766 908.8 252 6.3
68.31 3.742 956.0 256 1.8
68.3 I 3.383 864.3 262 3.4
68.3;1 3.358 877.7 260 5.3
73.11 3.884 1046.7 257 2.1
73.1\ 3.921 1060.3 256 2.5
73.1,1 4.573 1207.3 249 5.1
84.6 4.237 1313.9 257 1.9
84.6,! 2.214 963.8 260 4.3
87.5; 3.003 1137.8 247 2.0
87.5,i 2.164 909.1 262 5.6
91.3' 5.101 1958.0 235 1.7
94.7 6.141 2707.2 210 21
100.0 8.490 3617.4 280 5.6

“ «is the rms deviation (in In K) of the experimental points from the calculated curves.
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Termp range,
A’ B’ To Ts °C
0.4967 526.3 228 b 139-211
0.6088 611.7 215 116-217
0.7390 684.1 210 110-200
0.6506 681.8 221 120-214
0.7462 773.1 212 138-221
0.9136 648.6 198 134-203
0.9450 994.7 176 178-216
0.5634 812.8 206 236 154-240
0.4237 774.6 213 241 112-236
0.3984 758.9 218 245 99-206
0.2986 754.2 225 255 113-215
0.2579 781.2 237 268 111-215
0.1781 766.4 250 124-244
274
-0.0474 702.3 256 72-122
0.2771 823.5 255 138-254
-0.0994 720.2 264 279 92-136
0.6038 877.0 253 66-90
0.2533 831.3 265 150-274
0.0801 804.1 265 281 100-148
0.1012 829.5 262 74-98
0.3590 906.4 267 162-297
0.5936 991.6 259 282 112-160
1.2408 1133.0 252 82-110
0.6725 1153.4 267 196-308
288
-0.0111 898.6 263 96-130
0.4396 1027.7 253 130-202
292
-0.0109 860.8 264 92-128
1.4342 1728.3 247 303 253-325
2.4314 2437.3 221 320 266-338
4.7024 3343.2 288 376 301-454

I A f gfor PyHCI of 227°K has been esti-

mated by I. M .Hodges&bby a short extrapolation of pyridinium chloride + a-picolinium chloride solution Tgs.

tainty in Tgfor mixtures containing up to 91.5% ZnClI2
is of the order £2°. For the two mixtures richest in
ZnCl2 and for pure ZnCIl2the uncertainty is larger, of
the order £5°, due to the relatively small change of heat
capacity occurring at Te. The value for pure zZnCI2
agrees within experimental uncertainty with the value
of 102.5° determined dilatometrically’6 by Goldstein
and Nakonecznyi.

The specific conductances of all the mixtures studied
(7.0 to 94.7% ZnCl2 and of the two pure components
show non-Arrhenius temperature dependences. For the
two pure salts and for mixtures containing up to 87.5%
ZnCl2the temperature dependences are quite precisely
(rms deviation 0.05-1 %) described by analytic func-
tions both o: the form of eq 1 in logarithmic form with
F = k and of eq 2

InK= A' —B'/(T - To) @)

A’, B', and TO being constants for a given mixture.
The difference between eq 1 and 2 lies in the inclusion
or otherwise of the preexponential T~12term. Since the

most appropriate form is currently undecided, the
“best-fit” parameters for both equations, evaluated by
least-squares computer fit of experimental conduc-
tances, are presented in Table I.

Note that only in the composition region 0-50%
ZnCl2does the form of the equation have any important
effect on the TOand B values. Exercising a preference
for eq 1, we show, in Figure 4, the composition variation
of the best fit parameters: glass transition tempera-
tures are included for purposes of comparison. For
mixtures with compositions in the range 58.4-87.5%
ZnCl2the experimental data were analyzed in separate
temperature ranges corresponding to equal (~1 decade
in «) ranges of conductance (excluding conductances
for temperatures within 60° of Te). The values of the
transport parameters corresponding to the separate
temperature ranges are shown as unshaded symbols in
Figure 4 and are tabulated in Table I. No systematic

(15) M. Goldstein and M. Nakonecznyi, Phys. Chem. Glasses, 6,
126 (1965).
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Figure 3. Phase diagram: ZnCl2+ PyHCI. Open circles are
experimental liquids temperatures and horizontal

broken lines indicate solid-state transitions. Values of Tt for
ZnCl2+ PyHCI are shown as shaded circles: values of T%
(see text for definition) for Si02+ Na™O are indicated

by open squares.

variations in To with temperature are apparent in the
~4 decade range of conductances examined in this
study. Undoubtedly, at lower temperatures still, the
tendency to return to Arrhenius behavior seen in other
liquids near Tg (see ref 4b) would be observed in the
present solutions.

The best-fit parameters show some random scatter,
particularly for mixtures toward the two extremes of the
composition range. The reason for the scatter is prin-
cipally the relatively short liquid ranges accessible in
these composition regions. On the basis of the compo-
sition variation of the best-fit parameters and of Ts, we
have chosen a set of smoothed values of TOfor which ex-
ist corresponding sets of smoothed values of A and B:
the smoothed values of the parameters are represented
with the shaded symbols of Figure 4.

Dilatometer volumes were measured to +0.01 cm3
Densities were computer fitted (method of least squares)
to linear equations of the form

p = a+ bT (Tin °K) ®3)

with precision (rms deviation) of the order (0.4-1.2) X
10~3 Best-fit parameters of eq 3 are given in Table I1.
For the 92.8% ZnCIl2 mixture partial decomposition of
the melt occurred, and the measured densities are less
reliable for this mixture.

Figure 5 shows the composition dependence of den-
sity, in the form of isotherms for 150, 250, and 350°
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Figure 4. Composition variation of transport parameters and
glass transition temperatures for ZnCl2+ PyHCI solutions.
Open circles are least-squares best fit values for eq 1. Filled
circles are parameters corresponding to smoothed values of To.
Where more than one open circle occurs at a given composition
sufficient data were available for analysis in sections (see Table
1). Error bars are drawn for 1.5 standard deviations.

Table I1: Density Parameters
p(@ cm-3) = a + bT (°K)
Mole
fraction Temp
ZnCl2 a -(6 X 10») (<r X 100 range, °K6
0.000 1.395 0.588 0.5 418-471
0.052 1.434 0.579 0.6 400-460
0.153 1.528 0.586 0.7 387-465
0.204 1.602 0.628 0.6 386-464
0.312 1.700 0.613 0.6 456-480
0.334 1.720 0.600 0.6 461-490
0.383 1.808 0.675 0.4 429-479
0.452 1.886 0.694 0.8 403-479
0.530 2.025 0.799 0.6 404-475
0.621 2.152 0.792 0.5 391-480
0.616 2.311 0.791 0.4 412-481
0.823 2.551 0.799 0.9 513-588
0.928 2.931 1.002 1.2 563-609

“ <is the rms deviation (in p) of the experimental points from
the calculated straight line. bTemperature range of measure-
ments.

(the latter by extrapolation of measured values) in addi-
tion to the composition variations of molar volume (Fm)
and thermal expansivity (a). The latter has been eval-
uated using eq 4
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Figure 5. Composition dependence of density, thermal
expansivity, and molar volume for ZnCh + PyHCI solutions.

a = —h/p 4

b being the slope of the pvs. T graph. Estimated uncer-
tainties in a are shown as error bars in Figure 5, and
they vary from about 1 to 5%. The values of p, Fm
and a for pure ZnCl2at 150° were calculated from pub-
lished data,Bwhile the values for 350° are from the den-
sity data of Klemm.®6

From a large-scale plot of density vs. composition, at
150, 250, and 350°, densities for those mixtures whose
specific conductances were measured have been esti-
mated by interpolation, and the equivalent conduc-
tances (A) of these mixtures evaluated using the rela-
tionships

Fe = (X-E-Ezncu + (1 — -XuO-EpyHcO/p 5)
A = k-Fe (6)
where FE is equivalent volume (cm3equiv“ ), E is the

equivalent weight, and X Eis the equivalent fraction of
ZnCl2defined by

X E = 2XznClIj/(l + X zncn) (7)

where X Zrch is the mole fraction of ZnCI2
Isotherms for 150, 250, and 350° of A vs. composition
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Figure 6. Isothermal composition dependence of equivalent
conductance for ZnCl2+ PyHCI solutions, shown on both
linear and logarithmic (In A) scales. As no temperature of
measurement was common to all compositions, extrapolated
values (based on eq 1) are utilized where necessary

to complete the isotherms.

are given in Figure 6. On account of the very large
change in A from pure pyridinium chloride to pure
ZnCl2 isotherms of In A are also given to show more
clearly the composition dependence for ZnCh-rich mix-
tures.

The Conductance of Pure ZnCU. There are at least
six published reports 1722 on the conductance of pure
ZnCl2and its temperature dependence. No two sets of
data agree closely over a wide temperature range (e.g.:
100°); in fact the variation in values for particular tem-
peratures is very large. For example, at 336° the high-
est and lowest of the published specific conductances
differ by almost 55% of the mean of the two values: at
400° the difference is 49%.

(16) W. Klemm, Z. Anorg. Chem., 152, 235 (1926).

(17) W. Biltz and W. Klemm, Z. Physik. Chem. {Leipzig), 110, 318
(1924).

(18) J. D. McKenzie and W. K. Murphy, ./. Chem. Phys., 33, 366
(1960).

(19) F. R. Duke and R. A. Fleming, J. Electrochem. Soc., 104, 251
(1957).

(20) J. O'M. Bockris, E. H. Crook, H. Bloom, and N. E. Richards,
Proc. Roy. Soc. Ser. A, 255, 558 (1960).

(21) L. F.Grantham and S. J. Yosim, J. Chem. Phys., 45,1192 (1966).
(22) H. Bloom and I. A. Weeks, J. Chem. Soc., A, 2028 (1969).
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All sets of data show non-Arrhenius temperature de-
pendence; however, the curvature of In « vs. 1/T plots
varies widely from set to set. The literature data, to-
gether with the results of four of our experiments on
pure ZnCl2 have been analyzed using eq 1; the best-fit
parameters are given in Table I11.

Table I11:  Transport Parameters for Pure ZnCI2
Temp

Ref A B To, "K <« X 103 range, °K
20 3.413 2345 339 29.7 602-970
21 6.677 2602 327 34.6 586-1136
17 5.965 1978 384 41.1 597-923
19 6.370 2173 375 1.9* 748-923
18 0.503 255 521 4.6 593-673
22 7.384 2969 317 3.9 588-728"

This workll  8.490 3617 280 5.6 574-727

“Three of the published values appear to be significantly in
error; they were excluded from the analysis. bThis analysis was
made on smoothed data rather than raw experimental data; hence
the value of <is not necessarily a reflection of the precision of the
experimental data. “Bloom and Weeks' data extend to 851°K.
Their data only for the range shown were analyzed in order to
provide a more meaningful comparison with our own results.
dAnalysis made on the combined results of four experiments
(numbers 2, 3, 5, and 6).

In the present study the conductance of ZnCI2 has
been measured in six separate experiments in an at-
tempt to obtain reproducible data and to acertain the
reliability of the purification procedure used. In each
case the starting material was Fisher Certified ACS
grade ZnCIl2 (maximum impurity listed as “substances
not precipitated by (NH4X,” 0.15%), which was dehy-
drated and purified using the procedure outlined above
(Experimental Section). The results of these experi-
ments are compared graphically with some of the litera-
ture data (for a limited temperature range) in Figure 7.
The results of our first experiment (points denoted by
© in Figure 7) are in doubt due to possible contami-
nation: black flecks of material of unknown identity
were dispersed in the melt. In subsequent experiments
the melts were colorless and transparent, with no visual
evidence of contamination. In the second experiment
(=) afresh sample of ZnCl2was purified by the HC1-N2
purging sequence and its conductance measured at
403.0°. The salt was then treated for a further period
and the conductance remeasured (at399.5°,»). Thetwo
values are in good agreement. The fourth experiment
was done on a different batch of ZnCl2which yielded
high results (®) due evidently to some prior contamina-
tion of thesalt. For the last two experiments (A and O)
a previously unopened batch of ZnCl2was used. In the
final experiment the salt was heated with HC1 for 7 hr
followed by nitrogen for 16 hr. The results of the last
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two experiments agree well with the values obtained at
403.0 and 399.5° and are in reasonable accord at some
temperatures with some of the published data. How-
ever, there is an approximately uniform discrepancy of
about 28% with the most recently published data
(Bloom and Weeks).2

It is noteworthy that the temperature dependence of
« found by us in the four experiments in which tempera-
ture was varied is very similar in that the values of TO
(from eq 1) are all in the range 270 -290°K. Also, these
values of TOare consistent with that obtained from the
temperature dependence of viscosity, which we have
also determined. The best-fit value of TOfrom our vis-
cosity data is 260 + 20°K. Both values are somewhat
lower than an estimate, TO = 325°K,2a made from the
limited calorimetric data available.

It is apparent from Table I11 that several sets of pub-
lished data show very poor precision: a notable excep-
tion is the data of Bloom and Weeks, who find TO =
317°K. The lack of precision is presumably due to in-
strumental factors and/or experimental technique.
The large discrepancies in absolute values can probably
be attributed to the highly developed network structure
of ZnCl21 even very small amounts of contaminants
can disrupt the network sufficiently to cause pronounced
changes in ion mobilities. The discrepancies, in this in-
terpretation, are attributable in large part to variations
in the nature and concentration of impurities present in
the various source materials which have been used.

In this respect a point in favor of the results of Bloom
and Weeks is their distillation purification of the ZnClI2
a procedure not adopted in the present work.

Although the conductance and transport parameters
of pure ZnCl2are of considerable interest per se, it must
be emphasized that in the present study we have been
concerned primarily with the composition variation of
transport and other parameters, of mixtures of zZnCl>
with PyHCI. While there may be some uncertainty in
the values of the conductance of ZnCIl2itself, any trace
contaminants which may be present in the pure salt will
have a negligible influence on the conductances of the
binary solutions, less still on their composition depen-
dences.

Discussion

The general features of the behavior of the present
system closely parallel those which have been previ-
ously found for Si0O2bascd and BeF2bascd binary sys-
tems, and it is with an exploration of the details of this
behavior that this discussion will be mainly concerned.

As in the analogous systems the most prominent fea-
ture, viz., the enormous increase in particle mobility re-
sulting from addition of PyHCI to pure ZnCl>, is readily
associated with the disruption of a highly structured
three-dimensional network liquid by breaking up of
chloride-bridge bonds in proportion to the number of
added chloride ions. Such behavior was also observed
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Figure 7. Comparison of published values with values found in this work for the specific conductance of pure ZnCl2
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and similarly interpreted by Duke and FlemingZin an
earlier study of ZnCl2 + KC1 solutions.

Details of the phase diagram for ZnCl2+ PyHCI will
be discussed fully in a separate publication. However,
some features are worthy of comment in the context of
the present study. In particular this system has two
congruently melting compounds (R4nCl6 and RZnCh)
which are not known to form in zinc chloride + alkali
metal chloride systems. The existence of these two
compounds is probably evidence that the pyridinium
ion acts in these mixtures as a very weak field cation
i.e., it has a small effective ionic potential.

The compound RZnCI3 has analogies in beryllium
fluoride + alkali fluoride mixtures. Thus NaF, KF,
RbF, and CsF all form 1:1 compounds with BeF2 while

LiF + BeF2 mixtures have been reported to form
LiBeF3and LiBeZF6as a subsolidus phase.24 In binary
silicate systems the analogous “metasilicates” LiZi03,
NaXzi03 KZi03 BaSi0O3 and CaSi03 are congruently
melting compounds. 24

It is significant that liquid mixtures in the composi-
tion region of the 1:1 compound (-~45-55 mol % ZnCl2
cannot be quenched to glasses without partial crystalli-
zation, even though the compound has a relatively low
melting point (ca. 130°, TnYTe = 1.56). By contrast,

(23) F. R. Duke and R. A. Fleming, ./. Electrochem. Soc., 104, 251
(1957).
(24) E. M. Levin, C. R. Robbins, and H. F. McMurdie, “Phase
Diagrams for Ceramists” American Ceramic Society, Columbus,
1964.
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mixtures of composition close to that of the compound
RZnZXI5may be supercooled very readily without crys-
tallization, in spite of the much higher melting point
(ca. 195°, Tia/Tg = 1.67) of this compound. It is
likely, therefore, that crystalline RZnCls has a structure
which is closely related to that of liquid mixtures of simi-
lar composition, whereas in order for RZnZI3to crys-
tallize, rather severe changes in configuration of the
liquid are necessary.

There is a close analogy here between the PyHCI +
ZnCl2and Na®d + Si0O2systems. As in the case of the
former melts, the sodium orthosilicate (Na4&i04 melt
does not form a glass, and glass formation does not read-
ily take place at the metasilicate composition. NaZSi03
(and LiZi03 has a crystal structure based on infinite
chains of oxygen-bridged SiO4tetrahedra.5 In a num-
ber of other crystalline metasilicates there exist closed
rings of tetrahedra, and the structure of sodium meta-
phosphate (NaP03, whose melt forms a stable glass, is
also based on closed rings of (P04 tetrahedra. How-
ever, fused NaP03contains bridged P 04chains;® crys-
tallization of the melt, therefore, requires fracture of a
number of phosphorus-oxygen bonds, and supercooling
to the vitreous state occurs readily. On the basis of
these analogies, and the observation that RZnCI3forms
acicular crystals, it seems likely that this compound has
a crystal structure essentially similar to that of NaZi03
and that melts of composition close to the trichlorozin-
cate stoichiometry contain principally long chains of
chloride-bridged ZnCl4tetrahedra.

The principal distinction between this work and the
published work on the related systems is the greater de-
tail on departures from Arrhenius behavior in the pres-
ent case, which have permitted the parameters of eq 1
to be determined with reasonable accuracy. The com-
position dependences of these parameters (Figure 4) are
of unusual interest. In the first place the close rela-
tionship of the measured glass transition temperatures
to the To parameter is to be stressed. The two curves
are approximately parallel, except in the region 85-
100% ZnClI2 and in this region TOand Tgchange in the
same direction. The paralleling of TO by Tg is also
characteristic of concentrated aqueous electrolytesZ and
lends weight to the useZb of the readily measurable Te
as a structure-sensitive parameter or elucidation of the
effects of composition variation on electrolyte constitu-
tion. To is perhaps to be regarded as the thermody-
namically more meaningful parameter, but its evalua-
tion depends on extrapolation of high precision trans-
port data to temperatures which are generally well be-
low the lowest temperature at which measurements can
be made. Te by contrast is directly measured at tem-
peratures which in general are not far above TQ The
parallel behavior observed for the two parameters there-
fore lends confidence to our interpretation of the varia-
tion of To, so that although Tgdoes not extend to com-
positions of less than 39% ZnCIl2 TOcontinues to pro-
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vide a probe for interparticle interactions. Since the
parameters A and B show little sensitivity to composi-
tion except near pure ZnCl2and ZnCIl4£-~ stoichiometries,
most of the discussion of transport behavior in this sys-
tem can be made in terms of the behavior of Ta

The principal features are (a) an initial decrease, as
ZnCl2is added to PyHCI, reaching a minimum at the
stoichiometry of the tetrachlorozincate ion, (b) a rapid
increase region extending from the minimum to ca. 65%
ZnCl2 (c) a “plateau” region from 65-85% ZnCl2in
which the variation is slight, and (d) a terminal region
of sharply rising Tg to the high value for pure ZnCI2
These regions and their origin will be examined in the
following discussion, but first it is appropriate to draw
attention to a further example of the remarkable simi-
larity in behavior of the present system and the classic
Na2d-Si02system. Such data as exist for the glass
transition temperature in the NaZ»-Si02 system3B
when scaled to the temperature of the present system
[by multiplying all Tgby the factor Tg(PyHCI-ZnCl12/
Tg(NadD-Si02] determined at one mole ratio) closely re-
preduce not only the rapidly increasing Te below 65%
ZnClI2 but also the “plateau” region above. These
data, displaced for clarity 7° lower on the temperature
axis, are compared with the data for the present system
in Figure 3.

Composition Regions. A. The TO Minimum. The
variation in TOand Tgis a manifestation of variation of
the cohesive energy density of aliquid and hence reflects
the effects of changing composition on the nature and
strength of interparticle interactions. From this view-
point the minimum in TO near the tetrachlorozincate
composition seems significant. We interpret this mini-
mum as a consequence of a decrease in Coulomb co-
hesive energy as the electrostatic charge density de-
creases. Assessing the volume of liquid containing 1
mol of (-)--—- ) charge from the molar volume plot (Fig-
ure 5) we find this volume increases 24% (i.e., charge
density decreases 19%) on addition of 33 mol % ZnCI2
to PyHCI, if the liquid at this composition is considered
to contain only Pyll+ and ZnCIl4£- species. Some cau-
tion in accepting this interpretation in detail is, how-
ever, suggested by nmr studies of the acid proton chemi-
cal shift in this binary system2 (which suggest a role
for a hydrogen bonding contribution) and by direct Te
determinations in this composition range in a related
system with glass-forming organic salt® (the Tg compo-
sition dependence differs from that of TOin Figure 4).

(25) A. Grund and M. M. Pizy, Acta Crystallogr., 5, 837 (1952).
(26) G.W. Brady, J. Chem. Phys., 28, 48 (1958).

(27) (@) C. A. Angell and R. D. Bressel, unpublished work; (b) E. J.
Sare and C. A. Angell, J. Chem. Phys., 52,1058 (1970)

(28) These data are actually “incipient softening temperatures” by
Turner and Winks, quoted in “Properties of Glass," 2nd ed, by G. W.
Morey, Reinhold, New York, N.Y., 1954, p277.

(29) J. W. Shuppert, private communication.
(30) 1. M. Hodge, private communication.
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The minimum in To at the tetrachlorozincate compo-
sition indicates that a minimum in viscosity would also
occur in this composition region. It is for this reason,
we suggest, that melts such as BeF2-2LiF, which pre-
sumably are structurally similar to ZnCIl2-2PyHCI, have
the high-fluidity characteristics required of a nuclear
reactor molten salt heat transfer and fuel-circulating
medium.

Notwithstanding the doubts frequently expressed
about the meaning of discreteness of complex ions in
common molten salt solutions (e.g., ref 2a), we feel
ZnCl&2- may be correctly regarded as a true anionic
“species” in basic melts in the present system. The
reason lies in the unusual “weakness” of the PyH+
counter cation, which is responsible for the similarities,
instanced several times in this discussion, between this
system and Na®D-Si02 Si04- is generally accepted as
an anionic species in basic oxide melts, as is BeF4 -in
basic fluoride melts.3L

B. The 35-65% ZnC% TQ Tg Increase:
Aspects. The increase of TOwith addition of ZnCI2 to
the melt of (ZnCl4 stoichiometry is much more pro-
nounced than that caused by addition of PyHCI. On
the ZnCl2rich side the chloride ion content is insuffi-
cient to satisfy individually the tetra-coordination re-
quirement of the Zn1l ions, forcing ZnCl4tetrahedra to
share corners in order to preserve the favored coordina-
tion number. This leads first, at 40 mol % ZnCI2 to
the formation of (ZnZCI7) structural groups for which
evidence has been presented elsewhere32-34 and then, as
ZnCl2content increases beyond 40 mol %, to increas-
ingly long, and/or complex associations.

The melt configurational restrictions associated with
the buildup of these polymeric anions are no doubt
responsible for the rapid increase in TOand Te in this
composition region. Such an increase is predicted
qualitatively by the Gibbs-Dimarzio lattice theory of
the glass transition for chain polymers,® although the
theory is only quantitative for chain lengths of more
than several monomer units. For noncrosslinking
chain polymers Tg approaches a constant value as the
chain length approaches infinity which, in the simplest
view, would correspond to 50 mol % ZnCl2in the pres-
ent system. Since the present polymeric species are
not restricted to one-dimensional growth, however, such
behavior is not to be expected in our case. In fact, the
steady increase in TKand TOthrough the 1:1 composi-
tion up to 65 mol % suggests that the polymerization
proceeds simultaneously and probably haphazardly in
two directions, if not three. The sharing of chloride

"PyH+"
ci-
ions between adjacent infinite «  Zn-ClI chains, for
ci-
instance, is one way of generating the composition PyH-

Polymer
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ZnZXCI5 (66.7 mol % ZnCL2 near which (66 mol %)
the increase of Tgand TOwith increasing ZnCl2comes
to a halt.

The 50 mol % composition is associated with distinct
positive departures from molar volume additivity and
maxima in expansion coefficient. This is of interest for
two reasons: (a) in the related system CsCl + ZnCI2
system positive departures from volume additivity are
most pronounced at 33 mol % ZnCl2ZBwhile in the KC1
+ ZnCl2system no deviations were observed outside the
ZnCh-rich network-breaking region;23¥ (b) molar
volume deviations may often be correlated with glass
temperature deviations, while in the present case Tg
varies linearly with composition through the region.

The maximum in a might reasonably be associated
with a predominance of extended one-dimensional poly-
meric chains with little cross-linking between chains.
The decrease in this parameter beyond 50% ZnClI2is
consistent with a rapid increase in cross-linking and re-
sultant “tightening” of the polyelectrolyte structure.

Eisenberg and Sasada®have measured Tgin the 40-
50% P2D5region of the related Na®Dd + P2 5system.
Evidence for polyphosphate chain structure in this re-
gion is strong,dyet Tgshowed only a weak composition
dependence in the phosphate system. This was attrib-
uted to a strong sodium ion cross-linking effect, which is
surprising. Again the present system is found to re-
semble more closely the Na®D + Si02system, in which
Tgincreases rapidly with increasing Si02content in the
corresponding composition region.38

Other polymer-related aspects of the present system
will be discussed in a separate publication.

C. The 65-85% ZnCU Tg, TOPlateau. The origin
of the plateau region is obscure. There is some empir-
ical evidence from other systemsZ/8284) that a levelling

(31) K. A. Romberger and J. Braunstein, private communication.
(32) C.A.Angell and D. M. Gruen, /. Phys. Chem., 70, 1601 (1966).

(33) W. E. Smith, J. Brynestad, and G. P. Smith, J. Chem. Phys.,
52,3890 (1970).

(34) We note that convincing Raman spectral evidence for a distinct
Al:Cl7- species in alkali chloride melts has recently been presented
(S. J. Cyvin, P. Klaboe, E. Rytter, and H. A. Oye, J. Chem. Phys.
52,2776, (1970)).

(35) J.H. Gibbs and E. A. Dimarzio, ibid., 28, 373 (1958).

(36) W. E. Smith and G. P. Smith, J. Chem. Eng. Data, 13, 123
(1968).

(37) In the Na®d + Si02system measurements of p and a at 1400°
have been reported by J. O'M. Bockris, J. W. Tomlinson, and J. L.
White, Trans. Faraday, See. 52, 299, (1956). These only cover the
composition range 40-100% Si02 so comparisons are limited and
are complicated by the peculiar temperature dependence of the SiOr-
rich solutions. However, it appears that while a shows positive de-
viations near 50 mol % Si0O2 as in the present system, Vm does
not.

(38) A. Eisenberg and T. Sasada, “Physics of Non-Crystalline
Solids,” J. A. Prins, Ed., North-Holland, 1965, p 99.

(39) A detailed chromatographic study of distribution of chain lengths
as a function of composition was performed by T. R. Meadowcroft
and F. D. Richardson, Trans. Faraday Soc., 61, 54, (1965). There
is a strong presumption that similar chains exist in Na2-Si02liquid
and glass in this composition region but the dissolution-chromatog-
raphy technique cannot be successfully applied to prove this.

(40) R. L. Green, J. Amer. Ceram. Soc., 25, 83 (1942).
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off in the Tgcomposition relation is associated with a
tendency of the supercooled liquid to separate into two
immiscible liquid phases. It is known that in the Na2
0-Si02system this subliquidus unmixing does actually
occur4l although the kinetics of the process are so slow
that the growing particles only reach the dimensions of
visible light wavelengths with special heat treatment:
thus the unmixing phenomenon can usually only be ob-
served in electron microscope studies. Drawing on the
parallel with the Na2-Si02behavior seen in Figure 3,
we can suppose the present system microscopically
phase separates in the same composition region. This
being the case, the upswing in Tgoccurs at or about the
critical composition of the miscibility dome (90% Si02
in the NaD + Si0O2system) and might be attributed
to the matrix phase changeover, through this composi-
tion, from the PyHCI-rich to the more viscous ZnCl2
rich fraction.

Above the critical temperature the structure of the
liquid will be one in which large local fluctuations in
composition occur, the different microregions probably
tending to the compositions and structures of pure ZnCI2
and some ZnCl2poor liquid, possibly ~66% ZnClI2in the
present case.£ Even though these fluctuations rapidly
decrease in magnitude as temperature rises above the
consolute temperature, it would seem from the parallel
composition dependence to Tn (determined from mea-
surements made well above the immiscibility dome) and
Te that their effect on the average mass transport prop-
erties remains strong and qualitatively unchanged, the
matrix “cryptophase” having the dominant influence.

D. The 85-100% ZnCU Region.
mentioned at the start of this discussion, closely paral-
lels the behavior of the silicon oxide + basic oxide sys-
tems and is interpreted in the classical network-breaking
terms. Most striking is the rapid increase in AKand
Bk parameters (in both smoothed and unsmoothed
forms). It is not clear whether the erratic behavior of
TOand large standard deviation of best fit reflects a real
failure of eq 1 or the small temperature range which
could be studied before crystallization occurs (Table 1)
and the increasing difficulty of preparing decomposition-
free solutions in this composition region. Our inclina-
tion has been to attribute the rapid rise in the BKpa-
rameter to the increase in some energy barrier term as the
network perfection increases and more bonds need to be
broken to permit the local structure rearrangement to
occur. However, in our Tg studies we have observed,
in this region, a rapidly decreasing dta signal, suggesting
the change of heat capacity at Tg decreases rapidly as
pure ZnCl2is approached. According to the Adam-
Gibbs4 theory, the parameter By (eq 1) contains, be-
sides invariant terms, the ratio of a free energy barrier
(AViy) and the change in heat capacity at Tg (AC,)

Afly
By —constants X —
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It would, of course, be of great interest if the thermo-
dynamic term, ACP, should prove of greater importance
than the kinetic term Alu; it would also render invalid an
important assumption made by one of us43in a discus-
sion of residual entropies of network and nonnetwork
glasses based on the Adam-Gibbs theory. It is hoped
to perform the necessary heat capacity measurements
in the near future. Discussion of the molecular basis of
ACpDO will be deferred until such measurements are at
hand.

The Role of the Organic Cation. Finally, some com-
ments on the nature of the organic cation are necessary
to relate the present system to the more commonly
studied alkali chloride + zinc chloride systems. The
first point of interest is whether the pyridinium cation
is really a cation, i.e., whether the full +1 charge can be
associated with pyridinium ion. Nmr studies® de-
signed to answer this question (a suggestion of C. T.
Moynihan) are affirmative only for compositions in
which “free” chloride ion is absent. Also it is evident
that the charge, when fully transferred, remains local-
ized on the nitrogen atom.

The second point of interest is that in chloride-free
regions the pyridinium cation functions as a much
“weaker” cation than an alkali metal cation such as K +.
To estimates for KCI-ZnCI2 solutions,4 for instance,
fall 69° above those of corresponding pyridinium solu-
tions, and measured TR in solutions of composition
KgPyHi_gCl + ZnCl2increases sharply with increasing
g at a rate which confirms the estimated TOdifference.#
Since the size of the pyridinium cation (ring radius
~2.1 A) is not so much greater than that of the larger
univalent inorganic cations, it seems likely that the
charge asymmetry of the organic cation leads to orien-
tation toward a near neighbor negative charge center
and consequent appearance, to more distant neighbors,
of an apparent cation radius (distance from positive
charge center) greater than actual.

Clearly there is great opportunity for manipulation of
melt properties through choice of cation,% and it is
hoped to develop this aspect of these studies in the
future.

Concluding Remarks

Concluding Remarks. Comparison of the plot of the

(41) R.J.Charles, 3. Amer. Ceram. Soc., 49,55 (1966).

(42) This type of structure was first suggested for Nad + Si0O2melts
by Bockris, et al., (see footnote 37) as an alternative to their own “dis-
crete ion” model. Structures of this type can explain the otherwise
puzzling persistence of ZnCI2“polymer” bands in the Raman spectra
of ZnCl2+ alkali chloride solutions (see, e.g., J. R. Moyer, J. C. Evans,
and G. Y.-S. Lo, J. Eledrochem. Soc., 113, 158 (1966); R. B. Ellis,
ibid., 113,485 (1966).

(43) C.A.Angell, 3. Amer. Ceram. Soc., 51,117 (1968).

(44) C. A. Angell, unpublished work, in part discussed in ref 43.
(45) 1t has already been found (I. M. Hodge, private communica-
tion) that addition of a methyl group to the pyridinium ring can
completely eliminate the Te plateau region characteristic of the pres-

ent system (Figure 3), giving substantially reduced Ts values in this
composition range.
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eq 1 parameters, Figure 4, with the comparatively fea-
tureless conductance isotherms plotted in Figure 6 em-
phasizes the advantages of this type of analysis for ex-
tracting information on variations in particle interac-
tions in molten salt systems. It is notable, however,
that many of the useful observations could have been
made on the basis of the much simpler Te measurements
taken alone. It is hoped that parallel studies of viscos-
ity in this system will permit more to be said about the
kinetic, as opposed to the system thermodynamics, as-
pects of the mass transport process in these solutions.
The parallel with Si02based systems can no doubt be
developed. Behavior found in alkaline earth oxide +
silica systems should, for instance, be sought in alkali
metal chloride + zinc chloride systems; indeed it has
already been noted above that substitution of KC1 for
PyHCI raises Tejust as substitution of CaO for Na2 in
silicate melts raises Te. This being the case, the region

NOTES

Use of the Nitrogen Dioxide Titration
Technique for Oxygen Atom Determination

at Pressures above 2 Torr

by A. M. Mearns* and A. J. Morris

Department of Chemical Engineering,
University of Newcastle upon Tyne,

Newcastle upon Tyne, NE1 7RU, England (Received June 1, 1970)

The determination of oxygen atom flow rates by titra-
tion with N 02is awidely used technique but most often
employed at pressures below 2 Torr.1 In the course of
a study of the efficiency of oxygen atom production in a
microwave discharge, oxygen pressures of up to 10 Torr
were used, the oxygen atom concentrations being mea-
sured by NO2 titration. The conditions under which
the titration may be employed at these pressures and
the accuracy of the technique are assessed in this note.

The viability of the method depends on the fact that
reaction 1

0 + NO2—> NO + 02 1)

is very fast compared with the chemiluminescent reac-
tion 2

0 + NO—>NO02+ hv 2

At low pressures, when the flow rate of added N 02is in-

3999

over which phase separation is incipient (and accord-
ingly Tg (or To) almost composition independent)
should be broader for KC1 + ZnCI2melts than in the
present system. Although limited data are available,
the finding that TOin the KC1 + ZnCl2system is the
same at 60% ZnCl2as at 73% ZnCl24tends to confirm
this extension of the analogy. Decisions on the useful
limits of these comparisons must await further study.
Current studies on beryllium fluoride + alkali fluoride
meltsdbwill presumably provide further opportunity for
useful intersystem comparisons.

Acknowledgment. The authors are indebted to the
Atomic Energy Commission for support of this research
under Contract AT (ll-1)-2008. We acknowledge also
many useful discussions with Professor C. T. Moynihan.

(46) G. D. Robbins and J. Braunstein, private communication.

creased until it is equivalent to that of oxygen atoms
any luminescence arising through reaction 2 is sharply
extinguished since virtually all oxygen atoms are re-
moved by reaction 1. At higher pressures however, the
sharpness of the end point decreases rapidly because of a
pronounced gradient in the afterglow intensity along
the tube arising from the occurrence of reaction 3

0+ NO+ 02—> NO2+ 02 (3)

followed by the rapid regeneration reaction 1.

The decline in atomic oxygen concentration along a
flow tube, when N 02is added to discharged oxygen, can
be calculated by solving the following simultaneous dif-
ferential equations

. ®at = h (0)(N02 + h (0)(NO)(02 (4

_d(NO) = h (0)(N0>) _ h (0)(N0)(O3 (5)

di
d(NO) = d(NQ2
di di
Ad' = h (0)(NO02 (7
1

For a given set of initial conditions of pressure, temper-

* To whom correspondence should be addressed.
(1) F.Kaufman, Proc. Roy. Soc., Ser. A, 247, 123 (1958).
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Atomic oxygen mole fraction,

Figure 1. Oxygen atom decay curves (theoretical).

Oxygen Initial O Initial O atom
Pressure, flow rate, yg atom mole NOa mole detection limit,
Curve Torr mol/sec fraction fraction mole fraction
1 1 20 0.3 0.28 3 X 10~6
2 4 1000 0.15 0.145 2 X 10°6
3 4 200 0.05 0.045 6 X 10“6
4 8 1000 0.05 0.045 5 X 10-7

ature, oxygen flow rate, per cent dissociation, and
amount of N02 added and using literature values for
fciz and 733 eq 4-7 were solved numerically, using the
Kutta-Merson method,4 for (O) at various distances
along a reaction volume equivalent to that between the
NOZ2addition jet and the slit of the photomultiplier used
to detect the luminescence intensity. Representative
results are illustrated in Figure 1. No term for wall
recombination of oxygen atoms is included in the above
reaction scheme since such a process would only be sig-
nificant, relative to 3, at pressures <1 Torr when the
end point is sharp anyway. Similarly, reaction 8

O+ 02+ 02 »O0O3+ 02 (8)
is neglected because ks « 3100 at 25°6and the ozone
producing reaction would be important only when (NO)
« (02.

Titration curves for various conditions showing lu-
minescence intensity, which for a given pressure is pro-
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Figure 2. NO2 titration curves.

Distance be-
tween NO Zaddi-

Initial
Oxygen oxygen atom tion point and
flow rate, ng flow rate, yg photomultiplier
Curve mol/sec atom/eec slit, cm
a 50 10 12
b 50 10 18
c 1200 90 6
d 1200 90 12
e 1200 90 18
f 600 99 19

portional to (O) (NO),6plotted against N 02flow rate are
shown in Figure 2. These curves indicate that the er-
ror in end point determination is greater at higher pres-
sures and may be reduced by moving the photomulti-
plier slit nearer to the point of NO2addition, or, in cases
where this is not convenient, by operating at high oxy-
gen flow rates. Using the intensity data shown in Fig-
ure 2 at various positions of the photomultiplier slit rel-
ative to the N O2injection point, a value for k3 of about
18 X 10Bcm6mol-2 sec-1 may be calculated, the diam-
eter of the flow tube employed being 29 mm. This fig-
ure is of the same order as values quoted in ref 3.
Because of the falloff in the sharpness of the end point

(2) A.A. Westenberg and N. de Haas, J. Chem. Phys., 50, 707 (1969).
(3) F.S.Kleinand J. T. Herron, ibid., 41,1285 (1964).

(4) L. Fox and D. F. Mayers, “Computing Methods for Scientists
and Engineers,” Clarendon Press, Oxford, 1968, p 205.

(5) F. Kaufman and J. R. Kelso, J. Chem. Phys., 46, 4541 (1967).

(6) H. P. Broida, H. I. Schiff, and T. M. Sugden, Trans. Faraday
Soc., 57,259 (1961).
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for pressures >1 Torr, the accuracy of measurement of
the end point is a function of the photomultiplier sensi-
tivity. The “extinction-point” of the afterglow may be
defined as the minimum value of (0)(NO) which will
produce a detectable photocurrent. For the detection
system used this product may be estimated to be of the
order of 5 X 10-21 g mol2cm-6 for pressures of about 5
Torr. Therefore the minimum atomic oxygen concen-
tration required to produce a detectable photocurrent
isgiven by (0) = 5 X 10_21/(NO) gmol cm -3 and (0)
calculated in this manner may be called the O-atom de-
tection limit. The detection limits for conditions simu-
lated in Figure 1 are shown on the diagram.

The detection limits for the cases illustrated by curves
3 and 4 in Figure 1are 6 X 10“6and 5 X 107, respec-
tively. Now the indicated atom mole fractions at the
photomultiplier slit, 22 cm downstream from the N02
addition point, are 10“6and 5 X 10“7, respectively, both
close to the detection limit. In these cases N 02 addi-
tion equivalent to 90% of atomic oxygen produced bring
about extinction of the glow at the photomultiplier posi-
tion, and the degree of undertitration due to removal of
O atoms by reaction 3is 10%. Hence, in general, if the
detection limit is accurately known and with a knowl-
edge of the decay reactions involved, the minimum flow
of added N 02which would extinguish the glow at the
photomultiplier can be calculated and the degree of
undertitration, and hence the real titration value, as-
sessed. In the case of curves 1 and 2 in Figure 1, the
undertitration errors would have been negligible since
the O atom concentration at the detection point are well
above the limit in each case and the flow rate of NO2
would have been increased until luminescence ceased.

The rapid onset of exponential oxygen atom decay a
short distance from the point of N O2admixture with the
gas stream is explained by the very fast nature of reac-
tion 1, which is substantially complete a short distance
from the jet. For such a rapid reaction the efficiency
of mixing of the gaseous reactants is important and in
experiments in this laboratory N 02was introduced into
the oxygen stream through a “pepper-pot” nozzle in
which the titrating gas was fed through a network of fine
holes located on the rounded tip of the feed tube. The
photomultiplier slit must be positioned at a point down-
stream from the region where this fast reaction is taking
place, where the rate of O atom decay is controlled by
reaction 3.

It may be concluded that the N 02titration is reason-
ably accurate for determining atomic oxygen flow rates
for pressures of up to 10 Torr if precautions are taken to
ensure good mixing at the point of N02admixture and
to position the photomultiplier close to the NO2injec-
tion jet, bearing in mind the volume required for the
completion of reaction 1. In addition, if low O atom
flow rates are to be measured the accuracy will increase
still further because the importance of reaction 3 is then
much reduced.
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Lifetime of a Soluble Sphere
of Arbitrary Densityl

by Daniel E. Rosner2and Michael Epstein

Department of Engineering and Applied Science, Yale University,
New Haven, Connecticut 06520 and AeroChem Research
Laboratories Incorporated, Division of Sybron Corporation,
Princeton, New Jersey 0854-0 (Received April 9, 1970)

Despite the importance of transport-controlled dis-
solution of spheres (particles, or bubbles) in industrial
and research applications, previous theoretical work
has not yielded sufficiently extensive or general results
for the total lifetime of a soluble sphere of arbitrary
density (compared to the surrounding solvent density).8
However, Rosner4has recently shown that, in the dense
sphere limit, a simple closed-form result can be obtained
for the total particle lifetime which simultaneously ac-
counts for the effects of appreciable solubility and inter-
face kinetic limitations. In the present note we (i) pre-
sent the first quantitative results for the diffusion-con-
trolled lifetime of spheres of arbitrary density and sol-
ubility in a universal form suitable for correlating
future “exact” computer solutions and relevant experi-
mental data; (ii) define the accuracy of the “mixed
control” lifetime correlation developed in ref 4 and
suggest the form of its extension to arbitrary solvent/
sphere density ratio; and (iii) illustrate one way in
which the versatile integral (profile) method5 may be
applied to this important class of nonlinear moving
boundary problems.

Physicochemical Model

With the exception that we here confine our atten-
tion to the frequently encountered limiting case of
diffusion-controlled dissolution,67 our continuum model
and nomenclature are identical with that of ref 4, viz.

(1) Supported by the Propulsion and Energy Conversion Division
of the U. S. Air Force Office of Scientific Research under Contracts
AF 49(638)-1654 and F 44620-70-C-0026.

(2) Associate Professor, Chemical Engineering Group;
inquiries concerning this paper should be addressed.

(3) Numerical (finite difference) calculations for specific cases have
been reported (see, e.g., D. E. Readey and A. R. Cooper, Chem.
Eng. Sci., 21, 917 (1966) and M. Cable and D. J. Evans, J. Appl.
Phys., 38, 2899 (1967)); however, we have found several such life-
time results to be higher than an expected upper bound (rufe = 1)
discussed in footnote 14. Similar discrepancies have been inde-
pendently noticed by J. L. Duda and J. S. Vrentas (A.l.Ch.E. J.,
15, 351 (1969)) in a mathematically interesting paper devoted to the
radius-time relation for dissolving bubbles.

(4) D. E. Rosner, J. Phys. Chem., 73, 382 (1969). [Author’s note:
The reader should correct an obvious printing error in the location
of the subscript zero in the denominator of eq 13 of this reference.]

(5) T. R. Goodman in “Advances in Heat Transfer,” Vol. I, T. F.
Irvine and J. P. Hartnett, Ed., Academic Press, New York, N. Y.,
1964, pp 51-122.

(6) Thus, departures from solute concentration equilibrium at the
phase boundary are neglected compared to concentration differences
across the outer “long-range” diffusion “boundary layer.” In ref4
it is shown that this limit (cw ~ csat) is attained provided (kRo/D)-
(1 — csay )S> 1, where k is the first-order rate constant for dissolu-
tion.

to whom
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Figure 1. Dissolution of an isolated sphere controlled by
long-range solute diffusion; configuration and notation.

we consider an isolated sphere of initial radius Ro dis-
solving into an isothermal, constant property, other-
wise quiescent solvent (see Figure 1 and the Nomen-
clature). As before,4the assumption of spherical sym-
metry implies that the Reynolds number (based on
terminal settling or rising velocity) and Grashof num-
ber (based on solute concentration-induced density
differences) must both be small.7 Our results will
therefore be immediately relevant to “ captive” spheres
(constrained to be motionless) but can also provide
useful (upper) limit values for the dissolution lifetime
of isolated spheres free to move under the influence of
gravity and/or other forces. Clearly, this “stagnant”
limit will be approached for a sphere of any size or den-
sity provided the solvent (continuous phase) is suffi-
ciently viscous.7

Analysis

To obtain quantitative expressions and numerical
predictions for the time, tute, necessary to completely
dissolve the sphere, applicable for arbitrary solvent/
sphere density ratio and solubility, we reduce the non-
linear partial differential equation-boundary-value
problem to a computationally simpler one involving an
ordinary differential equation for R(t) using a variant
of the integral method.5 We thereby obtain an expres-
sion for the sphere lifetime in the form of a readily cal-
culated quadrature. Experience with this method in
other nonlinear transient transport processes with
spherical symmetry8 suggests that its accuracy should
be sufficient for design purposes. Moreover, in addi-
tion to guiding future numerical calculations and
gaining experience with such approximate methods, the
procedures outlined below could be readily generalized
to compute the simultaneous effects of finite interfacial
Kinetics.

Consider first the normalized concentration variable
9(r,f), [defined by (¢ — c,)/(csat — c,)] which must
satisfy the local solute conservation relation.9
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together with the obvious conditions
ecRt) = i 2
©*" =20 3
e(r,0) =0 4)

The convective (second) term in eq 1, evaluated here for
the case of an external solution of constant density, is
seen to depend on the pure solute/solution density ratio,
ps/p, and the instantaneous dissolution rate —R. The
latter quantity is, however, related to the instantaneous
value of (d9/dr)r=B through a solute balance at the
solute/ solution interface; viz.

p8R = DpB(dG/di)r=s(l) (5)

These equations, and the “initial” condition 72(0) =
RQ are in principle sufficient to simultaneously deter-
mine 9(r,i) and R(t), from which the lifetime would
foliow from the definition 72(gife) = 0.

Rather than numerically dealing with this nonlinear
boundary value problem in its present form, we adopt
the following method.

1. A reasonable functional form for 9(r,t) is postu-
lated, involving two undetermined, time-dependent
functions, viz.,, a “shape” function §>and a boundary
layer thickness 8

2. These latter functions (§> 8) are evaluated by im-
posing the conditions that 9(r,f) satisfy (i) an integrated
conservation relation and (ii) a “curvature” condition
atr = R (derived from eq 1).

3. The lifetime is then calculated from an integrated
dimensionless form of eq 5, viz.

In 1+ B) d(R/Ro)
NN ©®)

Tiife Ro(0Q/0r)"B

(7) For relevant correlation formulas see, e.g., R. B. Bird, W. E.
Stewart, and E. N. Lightfoot, “Transport Phenomena,” Wiley,
New York, N. Y., 1960. If the terminal Reynolds number (based
on sphere diameter) is in the Stokes range (<0.3) and the cor-
responding Peclet group Re-(r/D) is also small (say <0.3), then
the relative change in instantaneous mass transfer coefficient (for a
solid or viscous sphere of fixed radius) can be shown to be |(ps/p) —
1] =(gJ?9/(9Dj>). For a dense sphere, the initial value of this group-
ing should provide an upper bound to the effect of gravitational
settling on riife since nife depends upon some time-average of the
effective mass transfer coefficient.

(8) See, for example, G. Poots, Int. J. Heat Mass Transfer, 5, 525
(1962).

(9) See for example, L. E. Scriven, Chem. Eng. Sci., 10, 1 (1959),/
who first demonstrated a class of self-similar solutions to eq 1 for
the special case of sphere growth from zero initial radius. While
similarity solutions do not exist for the dissolution of finite radius
spheres, we have used Scriven’s exact solutions to show that the
integral method exploited below, when combined with the assump-
tion of a thin concentration boundary layer, adequately predicts the
transport limited growth of bubbles in the parameter range: 10 <
(p/ps) *\B\< 103 4 X 101< p/ps < ~ [D. E. Rosner and M. Epstein,
in preparation]. However, we expect the integral method to be put
to a more severe test in the case of the present dissolution predictions,
the accuracy of which will remain to be systematically studied as more
reliable finite difference results become available.
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For 9 we choose the transcendental profilel0

9 = mr{"eftl- (4~)1} - 1
op(—0) - 1
R$r~R+ 5 (73
9 = 0 (A + 571~ <») (7b)
which not only satisfies conditions 2 and 3, but also
has the properties
9 =0
59/dr = 0

forr= R+ 5 (8)
forr —R + 5 9)

Together with the initial condition 500) = 0, these
equations serve to define the boundary layer thickness
5. An integral condition on 9 follows directly from the
consideration that the total amount of solute associated
with a given reduction in sphere radius must be present
in the boundary layer surrounding the sphere. This
leads to the following convenient condition, obtained
from aradial integration of eq 1

pR+s
47rp rodr = - R2 (10
JR

Finally, we impose a relation between (59/5r)r=B and
(52/5r2TB which is explicitly independent of R and
derivable from eq 1 evaluated at r = R(t), viz.1l

Equations 5, 7, 10, and 11 suffice to determine 5, S R,
and 9, from which riife is obtained in accord with eq 612
by simple numerical quadratures.

Results and Discussion

The predicted behavior of the sphere lifetime as a
function of density ratio (from dense particles to
bubbles)13is shown in Figure 2 for values of the solubil-
ity parameter B between 10-2 (“sparing” solubility) to
10 (extensive solubility, with c, & csat). One notes

Figure 2. Predicted correlation of diffusion-controlled sphere
lifetimes for arbitrary solute-solvent density ratio and
solubility (integral method).

4003

Figure 3. Comparison of predicted radius-time curves for the
dissolution of an isolated, sparingly soluble sphere [B << 1,
(p/pb)-B = 0.2],

that, regardless of the value of B, Trme *m 1 for sufficiently
small p/ps—a feature which, of course, motivated the
choice of rufe as a convenient lifetime variable}4in ref 4.
Indeed, Figure 2 is immediately useful in revealing how
small the product (p/ps)-B must be to ensure the va-
lidity of the closed-form dense particle limit results of
ref 4 (since the diffusion-controlled extreme provides
the most stringent requirement on the smallness of
(p/ps)-B). Some indication of the expected accuracy
of the present extension can be gained from Figure 3,
which compares sphere radius-time relations as pre-
dicted by several distinct methods®h for the case of
sparing solubility (B <C 1) with (p/ps) B = 0.2. As-
suming the recent finite difference solutions of Duda
and Vrentas3to be free of the inaccuracies appearing in

(10) While other functional forms may be computationally more
convenient, eq 7 is expected to lead to accurate results for this prob-
lem, at least for the case of dense spheres, since it is functionally
similar to that obtained by neglecting the explicit transient term in
eq 1 (as in the well known quasi-steady (QS) approximate method4).

(11) It should be noted that since R is time-dependent, one cannot
simply set 00/bt = 0 atr = R(f). Instead, one has dO/dt + RdQ/dr
= O0atr = R(t).

(12) For the results reported here it proved convenient to transform
this rufe integral to a definite integral over the variable < part of
the integrand of which was itself calculable from a second quad-
rature (obtainable from eq 7, 10, and 11) in which 4 appears as a
parameter.

(13) For p/ps —* 1 our results should also be applicable to the case
of solid-state dissolution of a spherical precipitate particle (see,
e.g.,, F. V. Nolfi, Jr., P. G. Shewmon, and J. S. Foster, Trans. Met.
Soc. AIMS, 245, 1427 (1969)).

(14) The asymptotic validity of this riife limit can be rigorously
demonstrated for arbitrary B (W. S. Chang and D. E. Rosner, in
preparation). This result, when taken together with predictions
of the effects of nonvacishing (p/ps)-13 on riife [cf. our present
results (Figure 2), results of the extended quasistationary method
(ref 4, footnote 20), or results of the perturbation method of Duda
and Vrentas3in the bubble limit] support our conjecture that the
dimensionless lifetime rufe cannot exceed unity for any combination
of p/ps and B (when the dissolution reaction is diffusion controlled§ .

(15) The R{t) relation due to P. S. Epstein and M. S. Plesset [J-
Chem. Phys., 18, 1505 (1950) ] follows from an approximate analytical
theory in which radial convection and boundary motion are ne-
glected in solving the transient diffusion equation, with the resulting
values of bc/br atr = R then used to predict the boundary motion,
R, based on mass conservation. The predicted lifetime marked
QS on the abscissa of Figure 3 follows from neglecting the transient
term in eq 1 and then using the resulting value of bc/br atr = R to
predict R(t).
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previous numerical work on this problem, we would
tentatively conclude that the present integral method
underestimates ri;fe by less than 10% for (p/ps) <B <
0.2 even in the bubble limit. Undoubtedly, the pres-
ent results reveal the proper Tme trends for any com-
bination of p/ps and B.

These solutions, and the work of ref 4, also suggest
the following convenient correlation for the effects of
finite dissolution kinetics on riifewhen the density ratio
and solubility are arbitrary. In the dense particle
limit it was shown that l/rufe could be obtained as a
simple function of a Kkinetic-diffusion parameter4
varying between 0 and 1 depending upon the magnitude
of (kR¥D)(I — Gsaf) — k The present diffusion-con-
trolled solutions [i.e., rate < 1, depending upon (p/ps)
and B] suggest that, in the most general “mixed-con-
trol” case, one should display the dependence of
rufe.diff/rufe vs. I/ /(1 + 1/2) for assigned values of B.
Here rufe.diff the “diffusion-controlled” sphere lifetime
(estimated, e.g., from Figure 2) should account for the
dominant density ratio effect in this correlation. Thus,
when combined, the present results and those of ref 4
provide a useful and comprehensive picture of the dis-
solution of spheres for all combinations of density ratio,
solubility, and interface kinetic limitations. It is sug-
gested that future numerical or experimental work be
cast in terms of this framework and also used to provide
a valuable feedback on the accuracy of integral
methods® for this class of nonlinear transport prob-
lems.

Acknowledgments. It is a pleasure to acknowledge
the assistance of Mrs. L. Paul in programming and ob-
taining the numerical lifetime predictions shown in
Figure 2.

Appendix
Glossary of Symbols
Solubility parameterd= (csat — cr/(1 — csat)
Mass fraction of solute in solution
D Effective Fick diffusion coefficient (solute/solu-
tion)
g Gravitational acceleration
k First-order dissolution rate constant4
rh"  Mass flux across solute-solution interface (—psR)
R Particle radius
R dR/dt
Re  Reynolds number based on sphere diameter
Radial coordinate
Time

AR VY]

Greek Symbols

\Y Kinematic viscosity of solution
p Density

rufe Dimensionless sphere lifetime, 2(p/ps)(Dtnie/
Ro2-In (1 + B)
K Interfacial chemical kinetic parameter, = (kRO

-D)(1 — csatb)
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Subscripts

diff Diffusion controlled

S Pertaining to pure solute

sat Saturated (equilibrium at solute/solution inter-
face)

0 Evaluated att = 0

00 Far from sphere surface

Note: While the details of the formulation and
choices of concentration variables in the works cited in
ref 3 differ from ours, the mathematical boundary value
problems ultimately solved become identical if one
makes the following identifications: our (p/ps)-B
with Na(Duda and Vrentas) or /3 (Readey and Cooper);
our B with Mb (Duda and Vrentas) and our p/ps with
1/a (Readey and Cooper).

(16) T. G. Theofanous, H. S. Isbin, and H. K. Fauske have just
reported an integral method treatment of bubble dissolution for
B <K 1 [A.l.Ch.E. J., 16, 687 (1970)]. While their results are
similar to ours in this parameter extreme [large p/ps, small B, small
(p/ps)'5], we had previously found that the simple profile 0 =
il — [(r — R)/Uf)])2 (ffi/r) utilized by these authors leads to
unreasonable results for cases of arbitrary density ratio and solu-
bility of major interest here.

A Dielectric Relaxation Study of Some

V,V-Disubstitutcd Amides

by V. L. Brownsell and A. H. Price*

Edward Davies Chemical Laboratories, University College of Wales,
Aberystwyth, Cards., Great Britain (Received June 25, 1970)

We wish to report some dielectric properties of N,N-
dimethylacetamide and of V,V-diphenylacetamide.
If the -N R2group is nonplanar then both inversion at
the nitrogen atom and rotation of the -N R 2group about
the C-NR2bond involve a change in the dipole mo-
ment direction with respect to the applied field. Di-
electric relaxation studies are appropriate to the inves-
tigation of such internal motions. The presence of such
internal motions would be detected by a broadening of
the absorption arising from the relaxation of the
whole molecule or by the appearance of a new absorp-
tion characteristic of the internal process involved.

Experimental Section

All materials used were purified by recrystallization
(or distillation) until the melting (or boiling) point
agreed with the literature value.

Dielectric measurements over the frequency range
250 MHz to 36 GHz were made using apparatus de-
scribed in previous publications from this laboratory.1

* To whom correspondence should be addressed.

(1) G. Williams, J. Phys. Chem., 63, 534 (1959); V. L. Brownsell,
Ph.D. Thesis, University of Wales, 1960 [see also H. Kramer, Z.
Phys., 157, 134 (1959)].
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Table 1: Dielectric Properties of Some Substituted Amides
Concn, T,
Amide Solvent mol I. 1 °K (150 MHz)
A/A-Dimethyl Pure 313 379+ 0.2
acetamide liquid 293 398+ 0.2
273 46.6 + 0.5
253 521+ 0.2
Benzene 0.010 293 251 + 0.05
0.996 293 4.37 £ 0.05
Decalin 0.998 343 3.67 + 0.05
A/TV-Diphenyl Benzene 0.498 298 3.14 + 0.05
acetamide

The dielectric loss (€") data were analyzed using the
Fuoss-Kirkwood equation

e"/tm' = sech [0 In (V)]

where /3 is the distribution parameter (0 < {3< 1) and
/ the frequency of the measurement. The subscript
m refers to the properties at maximum absorption.
This equation was solved by choosing tmi' so that a plot
of cosh-1 (em"/f) against log/ is linear. The slope of
the linear plot is 2.30/3 and the intercept on the log /
axis is log /m Dipole moments were calculated using
the Onsager equation with («0 — @) = 2ent'//3. Acti-
vation energies (AH) were evaluated from the Arrhenius
equation

(r-1) = A exp (-A H/RT)

Experimental Results and Discussion

The experimental results are listed in Table I. The
absorption curves are only slightly broader than the
Debye absorption. Comparison of the observed relax-
ation times with those observed for rigid molecules
(after correcting for viscosity and molecular volume
differences) show that the reported relaxation times are
reasonable for the rotation of the amide molecule effec-
tively as a rigid entity. The activation energy for the

AH,
10T, sec R (« —19 mD mIZJl“i
10.0+ 0.5 0.80 349+ 0.5 41+ 0.1
155+ 0.5 0.90 377+ 05 41+ 0.1 11.9
20.0+ 0.5 0.80 458 £0.5 43+ 01
289+ 0.5 0.85 493+ 05 43+ 0.1
6.0+ 0.1 0.89 0.191 + 0.005 3.78
84+ 0.1 0.89 2.04 =+ 0.01 3.85
6.9+ 0.1 0.84 156 + 0.01 3.50
655+ 0.5 1.0 0.84 + 0.01 3.61

relaxation process in the A ,Af-dimethylacetamide is 11.9

kJ mol-1. The relaxation times and activation energy-

found for the AjiV-iimethylacetamide compare well

with the relaxation time (13 X 10-12 sec at 310.5° K)

and activation energy (11.4 kJ mol-1) reported for N,N-

dimethylformamide.2 Dielectric relaxation measure-
ments over the frequency range studied here do not
provide evidence for molecular flexibility. Nuclear
magnetic resonance studies3 have shown that the in-
ternal rotation of the -NR2 group about the C-NR2
bond occurs at much lower frequencies than used in the
present work. The activation energy involved in this
internal rotation process is about 40 kJ mol-1. Any
deviations from the Debye behavior found in the high-
frequency dielectric properties of these amides would
probably arise from the inversion process. No such
anomalies were found in the liquid state. In the solid
state the overall molecular motion is frequently “fro-
zen,” but internal molecular motions may persist.
Electrode polarization effects prevented a satisfactory-
study of these molecules in the solid state.

(2) S. J. Bass, W. I. Nathan, R. M. Meighan, R. H. Cole, J. Phys.
Chem., 68, 509 (1964).

(3) H. S. Gutowsky and C. H. Holm, J. Chem. Phys., 25, 1228
(1956).
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COMMUNICATIONS TO THE EDITOR

The Near-Infrared Spectra of Water and Heavy

Water at Temperatures between 25 and 390°

Sir:  We have recently examined the near-infrared
region of the HD and DD spectra at temperatures
between 25 and 390°. We have opserved two new ab-
sorption bands at 6000 and 6600 A for HD and three
new bands at 7200, 8000, and 8500 A for DD having
molar absorptivities of ~10“5 The transition ener-
gies and the intensities of the five water bands between
5900 and 10,500 A increase as the temperature of the
liquid water increases, but these parameters cease to
change for water above the critical point where the
single-phase sample is restricted by the constant cell
volume; i.e., the sample is at constant molar concentra-
tion. The same changes were observed for the vapor
phase above the liquid phase, and again the changes
ceased when only one phase was attained.

We found the changes in the transition energies
and intensities of the water absorption bands to be
linear functions of the molar concentration of water
over the range of 55 to 4 M whether the state of the
water is liquid or vapor. (Lower concentrations were
not investigated because the observed band intensities
would have been too low for accurate determination.)
This indicates that the association of HD molecules is
continuously dependent upon the molar concentration
regardless of the physical state, and essentially inde-
pendent of temperature. The extrapolation of the
band parameters to zero molar concentration gives
values for the absorption band parameters of completely
dissociated water molecules (Table I). These results
disagree with some conclusions based upon spectral
changes of liquid water through the 25 to 375° range
that water molecules are dissociated near the critical
point,1where the molar concentration is 17.5.

Table I : The Parameters of Some Near-Ir Bands
of Water at 55 and 0 M

Transition Molar absorptivity (10f),

Concn, M energy, cm*“1 i. mol*lcm-1
55 16540 1
15060 0.5
13520 20
11940 30
0 16900 7
15380 10
13800 100
12170 135
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At 4 M and 330° the near ir bands of HD vapor
separate into fine structure, and this resolution of fine
structure further indicates significant association of
the water molecules at the critical point and at even
lower concentrations.

The changes in the near ir bands of DD over the
55 to 4 M range are very similar to those changes for
the water spectra with comparable changes in the
transition energies, the band intensities, and the reso-
lution of fine band structure at the low concentra-
tions.

(1) W. A. P. Luck, Ber. Bunsenges. Phys. Chem., 69, 626 (1965).
* To whom correspondence should be addressed.

J T.Ben*
N. A. Krohn

Chemical Development Section A
Chemical Technology Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

Received December 8, 1969

Comments on “Near-Infrared Spectra of Water

and Heavy Water,” by Bell and Krohn

Sir:  The observations of Bell and Krohn that the
spectra of water above the critical temperature Tc are
density dependent are in accord with earlier work.1-5
In addition, the heat content of water vapor shows that
the interaction energy between the water molecules
under saturation conditions at Ta is 3.6 kcal/mol.6
This induces a large disturbance of the rotation struc-
ture of the ir bands.

I think we have to differ between the H-bond
interaction (~8 kcal/mol) and the normal intermolec-
ular interaction (~3.6 kcal/mol).6 Both disturb the
ir band—the H bonds strongly, the normal intermolec-
ular forces less.7 An exception is the disappearance of
the rotation structure of the vapor spectra owing to
dispersion forces, but a quantitative analysis of this
disappearance of the rotation structure is complicated,8
although in the case of HF we could show that H bonds

(1) E. U. Frank and K. Roth, Discuss. Faraday Soc., 43, 108 (1967).
(2) W. A. P. Luck, ibid., 43, 135, 141 (1967).

(3) W. A. P. Luck in “Physico-Chemical Processes in Mixed Aqueous
Solvents,” Heinemanns, London 1967, p 28 and Figure 2.28.

(4) W. A. P. Luck and W. Ditter, Ber. Bunsenges., 72, 371 (1968).
(5) W. A. P. Luck and W. Ditter, Z. Naturforsch., 24b, 487 (1969).
(6) W. A. P. Luck, Discuss. Faraday Soc., 43, 115 (1967).

(7) W. A. P. Luck, J. Phys. Chem., in press.

(8) W. A. P. Luck, Z. Naturforsch., 6a, 191 (1951).
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induce a new H-bond band in the ir in the case of vapor
state t00.9

We have tried and stressed to give only an ap-
proximation’ method to determine the H-bond state in
liquid water, assuming the spectra under critical con-
ditions as a standard state of the liquid state without
any H bonds.5 The goal of this method has been to
show that there are fewer H bonds in liquid water than
all theories claimed at this time. Our values can only
give the upper limit of the percentage of non-H-bonded
OH groups; this can only be an approximation. We
are sorry that the short paper of Bell and Krohn gives
no definite improvement over our method; therefore
our method has to persist until a better one is known.
The agreement with the calorimetric data6 and the
comparison with the spectra of alcohols® show that
our approximation cannot be too bad.

(9) W. A. P. Luck, J. Mol. Struct., 1, 261 (1967).
(10) W. A. P. Luck and W. Ditter, Ber. Bunsenges., 72, 365 (1968).

Badische Anilin- & Soda-F abrik AG W. A. P. Luck

Ludwigshefen am Rhein, Germany

Received January 5, 1970

Reversibility between the Electron-Excess
Center, e_(CHXN)2 and Methyl Radicals

in y-Irradiated Acetonitrile-Ai3l

Sir:  The electron-excess center formed by y irradia-
tion of the high-temperature phase of crystalline
acetonitrile2at 77°K is characterized by a broad optical
absorption with \mex at 510 nm.3 Spectra for CHXN
and CD3N are almost indistinguishable in terms of the
absorption envelope and differ only in the vibrational
fine structure.8 Electron spin resonance (esr) studies
on single crystals of CD3 N, CDX 6N, CD3I 4N,
and BCD 34N have shown46 that the hyperfine struc-
ture of this center arises from interaction of the un-
paired electron with the above-labeled nuclei in two
equivalent acetonitrile molecules. Only the Mi = 0
component of the electron-excess center is revealed in
the esr spectrum of y-irradiated CH3C 14N,2 but this
result is understandable6 if unresolved hyperfine inter-
action with the six TI nuclei broadens the outer lines to
the extent *hat they become obscured by the broad
overlapping spectrum of the -CHZN radical which is
also produced in the radiolysis.7 In fact, conclusive
evidence for such line broadening comes from parallel
studies8 on this electron-excess center in CHDZ 1AN.
Therefore, to summarize, the spectroscopic results pro-
vide every assurance that essentially the same center is
produced in CHXN asin CD3N. Recognition of this
point is important to the contribution reported below.
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From the outset, an awkward problem was posed by
what appeared to be a most abnormal isotope effect
resulting from the different chemistry of this center in
CH3XN and CDXN. Photobleaching by red light pro-
duced the appropriate methyl radicals9 cleanly in each
case, but on subsequent standing in the dark at 77°K,
the CH3- radicals disappeared irreversibly (as denoted
by the absence of any renewed methyl production on
photobleaching) whereas the much slower thermal decay
of CD3mradicals led to the regeneration of the original
center with hardly any loss of intensity.2 These obser-
vations have been confirmed on numerous occasions.
This communication now presents some new results
which provide the solution to the problem and demon-
strate that reversibility of the center in CH3XN can be
also achieved under certain conditions.

In the course of warming a sample of y-irradiated
CHXN considerably above 77°K after it had been
photobleached just below 77°K, visual examination in-
dicated that a trace of purple color had returned to the
previously bleached portion of the sample tube. That
partial recovery of the electron-excess center had indeed
occurred was confirmed by the formation of CHS3-
radicals on subsequent exposure to light. In previous
work,1011 it has been found that CH3- radicals decay
irreversibly at 77°K with measured half-times of 21.4
min (ref 10) and 26.6 min (ref 11). Thermal decay of
CH3eradicals below 77°K is even slower and in the prior
experiment which led to the recovery, about 50% of the
CH3eradicals initially produced on photobleaching had
survived to the point at which the sample tube was
warmed up past 77°K. Now if CH3- radicals undergo
two competing reactions, and the activation energy for

(1) This work was supported by the U. S. Atomic Energy Commission
under Contract No. AT-(40-1)-2968. This is AEC Document No.
ORO-2968-52.

(2) (@ M. A. Bonin, K. Tsuji, and F. Williams, Nature, 218, 946
(1968); (b) K. Takeda and F. Williams, Mol. Phys., 17, 677 (1969).

(3) L. Holloman, E. D. Sprague, and F. Williams, J. Amer. Chem.
Soc., 92,429 (1970).

(4) M. A. Bonin, K. Takeda, and F. Williams, J. Chem. Phys., 50,
5423 (1969).

(5) K. Takeda and F. Williams, unpublished work.
(6) R.J.Egland and M. C. R. Symons, J. Chem. Soc. A, 1326 (1970).

(7) P. B. Ayscough, R. G. Collins, and T. J. Kemp, J. Phys. Chem,,
70,2220(1966).

(8) E.D. Sprague and F. Williams, unpublished work.

(9) Originally2 there was an element of doubt about the assignment
to CDs- of the septet spectrum produced on photobleaching the
electron-excess dimer center in CDsCN. This assignment has since
been confirmed by examination of the radical spectra derived from
1ICDsCN and CD3IXCN. The I3C splitting in the former case agrees
with expectations for 13D3*, whereas no 13 splitting was observed
in the spectrum of the radical formed from CD313CN. Moreover, the
possibility of confusion2'<l0 between the spectra of CDs' and the
anion radical, CD3N «“, has been removed5 by the identification of
the anion radical as the monomeric form of the electron-excess center®
produced by the - irradiation of the low-temperature phase of ace-
tonitrile. This latter assignment is firmly based on the observation5
of an isotropic 13 splitting of 60 G in the spectrum of the monomer
species derived from a single crystal of CDal3C 14N .

(10) F. P. Sargent, Can. J. Chem., 48, 1780 (1970).
(11) M. A. Bonin, Ph.D. Thesis, TheUniversity of Tennessee, 1969.

The Journal of Physical Chemistry, Vol. 7J, No. 22, 1970



408

recovery of the electron-excess center is greater than
that for the irreversible decay, this would explain why a
significant amount of recovery takes place in the region
above 77°K although the irreversible decay predomi-
nates almost exclusively at 77°K. Experiments were
then designed to test these suggestions as described
below.

In the first set of experiments, a sample of CHXN
was 7 irradiated at 77°K and then photobleached at
84°K in the esr cavity. Immediately after monitoring
the methyl radical signal, the light was turned off and
the sample temperature quickly raised to 113°K. The
spectrum recorded a few minutes later showed no trace
of methyl radicals whereupon the sample temperature
was returned to 84° K and the spectrum recorded again
to verify the absence of methyl radicals. Photobleach-
ing at this temperature as before regenerated methyl
radicals with an intensity corresponding to about 70%
of the original signal. In several subsequent cycles of
thermal recovery and photobleaching carried out in like
manner, the methyl radical signal was observed to drop
uniformly by about 30 to 40% per cycle.

The reversibility of the electron-excess center in
CH3N was also confirmed by an isothermal experiment
at 113°K. As a preliminary step, the y-irradiated
sample was partially bleached at 85°K to obtain a weak
signal from methyl radicals so that the magnetic field
could be adjusted to the peak position for one of the
innermost lines of the methyl quartet. Then the sample
was photobleached at 113°K for a few seconds and the
recorder traced out a continuous curve showing the
growth of the methyl signal to a maximum during illu-
mination followed by thermal decay inthe dark. Repe-
tition of this photobleaching procedure showed that the
maximum signal amplitude decreased about 20% in
consecutive illumination periods. Evidently most of
the methyl radicals undergo the recovery reaction at
113°K, and the net decrease is accounted for by what is
essentially the uncompetitive operation of the irreversi-
ble process during the short period of illumination.

It has been observed7,1011that the largely irreversible
decay of methyl radicals at 77°K is accompanied by the
formation of the -CHSCN radical, and Sargent has
recently suggestedDthat the corresponding abstraction
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reaction in CDXN is likely to have a higher activation
energy rendering it much less able to compete with the
recovery process in CDIXN at 77°K. This proposal is
also consistent with previous observations made in this
laboratory11,122 on mixtures of CHXN and CDXN.
For example, recovery of CH3- radicals to the electron-
excess center occurs without significant loss for 10%
CHXN in CDXN where, on the average, the CHS3-
radical would be mainly surrounded by CD3N mole-
cules and consequently protected from irreversible de-
cay.

The activation energy for the recovery process in pure
CDXN is 4.5 £ 0.5 kcal,11 and a similar value applies
to the recovery from CH3ein the CHIN-CD XN mix-
tures. Therefore it seems reasonable to assume that
the activation energy of this recovery reaction is not
subject to a deuterium isotope effect, and this is further
supported by our findings for the recovery of this
dimeric form of the electron-excess center in succinoni-
trile-At and succinonitrile-d4 By contrast, the activa-
tion energy for the largely irreversible decay of CH3-
radicals in CHXN between 77 and 87°K is calculated
to be only 1.3 kcal.

From the above considerations it is clear that asimple
kinetic competition can explain the findings in CHXN
and our preliminary data on this compound indicate
that the Arrhenius plots for the two reactions cross at
about 100°K with a first-order rate constant of 2 X
10-1 min-1.

A smaller extent of reversibility between the mono-
meric form of the electron-excess center,2 now defi-
nitely known to be the acetonitrile radical anion, and
methyl radicals has been demonstrated in the low-
temperature phase of acetonitrile-fi3; these results will
be reported in due course.

(12) M. A. Bonin, K. Takeda, K. Tsuji, and F. Williams, Chem. Phys.
Letters, 2, 363 (1968).

* To whom correspondence should be addressed.
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