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Chlorophyll-Poly (vinylpyridine) Complexes. .

Depolarization of Fluorescencell

by G. R. Seely

Charles F. Kettering Research Laboratory, Yellow Springs, Ohio J/5387 {Received, June 20, 1969)

Intermolecular energy transfer was studied by the depolarization of fluorescence of pyrochlorophyll bound to
poly(4-vinylpyridine) in nitromethane solution. An advantage of this system is that the average distance
between pyrochlorophyll molecules can be varied over a wide range without changing the molar concentration
of pigment significantly. The procedure for correcting the fluorescence data for the effects of reabsorption and
secondary fluorescence is described. The decrease in the emission anisotropy with increase in pigment density
on the polymer is better described by Ore’s theory than by Jablonski’'s and is not noticeably dependent on the
molecular weight of the polymer in the range 140,000 to >2,000,000. The distribution of polymer segments, to
which the acceptor pyrochlorophyll molecules are bound, was calculated for the statistically equivalent random
chain of Kuhn. The relative emission anisotropy was calculated from this distribution for chains of various
lengths by application of Ore’s equation with trial values of RO (Forster’s critical distance for energy transfer).
Best fit to experimental data was obtained for Ro = 42 A, The calculation of emission anisotropy from poly-
mer configuration theory describes its behavior at all pigment densities within experimental precision and cor-

rectly accounts for the lack of dependence on the molecular weight of the polymer.

Introduction

In the first paper of this series,Ib we described the
preparation and spectral properties of a new kind of
aggregate of chlorophyll or its derivatives, prepared by
complexing the pigment with poly(4-vinylpyridine) in
nitromethane solution. These aggregates are versatile
and convenient model systems for the study of energy
transfer and trapping processes, such as are presumed to
occur in the natural chlorophyll aggregate, the photo-
synthetic unit of the green plant.23 We now present a
study of energy transfer in these synthetic aggregates,
based on the dependence of polarization of fluorescence
on pigment density.

When the fluorescence of a molecule in a solution of
low viscosity (such as nitromethane) is excited with
plane polarized light, the fluorescence is almost entirely
unpolarized, owing to rotational diffusion of the excited
molecule within the lifetime of the excited state. If the
molecule is in a solution of high viscosity, or if it is
attached to a polymer, some degree of polarization may

be retained in the fluorescence because of restriction of
the rotational motion of the molecule. However, if the
concentration of fluorescent molecules is large enough,
excitation energy may pass one to another by the
resonance transfer mechanism of Forster,4 with rapid
loss of the original direction of polarization. The
degree of polarization of fluorescence under these
conditions is therefore closely related to the probability
that excitation energy is transferred. A great ad-
vantage of the study of depolarization of fluorescence in
the chlorophyll-polymer system over the more usual
studies of concentration depolarization is that the
density of chlorophyll in an aggregate can be varied
easily and arbitrarily with relatively little change in the

(1) (@ Contribution No. 356; (b) G. R. Seely, J. Phys. Chem., 71,
2091 (1967).

(2) R. Emerson and W. Arnold, J. Gen. Physiol., 16, 191 (1932).

(3) R. K. Clayton, “Molecular Physics in Photosynthesis,” Blaisdell
Publishing Co., New York, N. Y, 1965, pp 14-18, 119-124, 164-167.

(4) T. Forster, Ann. Phys. (Leipzig), 2, 55 (1948).
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molar concentration or light absorption properties of the
solution.

In the present work we used pyrochlorophyll a
(10-decarbomethoxychlorophyll) instead of chlorophyll,
because it binds somewhat more firmly to the polymer
and is not subject to allomerization.lb However, we
have obtained quantitatively similar results with
chlorophyll a,lb chlorophyll b, and Zn pyropheophytin a.

The solution properties of poly (4-vinylpyridine) in
nitromethane are those of a randomly coiled polymer.
Since the spatial density of polymer segments increases
with the molecular weight of such a polymer, it seemed
likely that energy transfer would be the more extensive,
the greater the molecular weight. Therefore, we
examined depolarization of fluorescence with a series of
polymer fractions covering a wide range of molecular
weight.

The experimental results have been interpreted
successfully with the aid of theories describing the rate
of energy transfer and the distribution of polymer
segments in solution.

Experimental Section

The preparation of pyrochlorophyll has been de-
scribed.lb

Nitromethane was fractionally distilled under N2
twice, each time with benzene added to drive off water
as an azeotrope. The middle cut of the second distilla-
tion was collected in a flask with a side arm. The
flask was sealed; the contents were frozen three times
with discard of small supernatants and were stored
frozen by Dry Ice under N2 The water content was
around 0.01%, satisfactory for our purpose. To draw a
sample, some of the nitromethane was thawed, poured
into the side arm, and partially frozen; the supernatant
was poured into a second side arm and drained. The
sample was then thawed and withdrawn by syringe
through a stopcock under cover of N2 Thus the
nitromethane was further purified as it was used.

Preparation of Poly(4-vinylpyridine)  Fractions.
Three 22-ml samples of freshly distilled 4-vinylpyridine
were each diluted with 25 ml of ethanol and heated at
the reflux temperature under N2for 3-4.5 hr with 10, 3,
and 1 mg of 2,2'azobis[2-methylpropionitrile], respec-
tively, as initiator. The solutions were cooled and
diluted with ethanol, and the polymer was precipitated
with heptane. The polymer was redissolved in iso-
propyl alcohol and reprecipitated with heptane to free it
from unreacted vinylpyridine.

The polymers (A, B, and C) were fractionated by
successive precipitation with 1:1 heptane-ethyl acetate
from isopropyl alcohol solution. Three or four frac-
tions of each polymer were collected, reprecipitated one
or more times to remove low-molecular-weight material,
and dried under vacuum. We also used a polymer
fraction (DI1) of high intrinsic viscosity prepared
earlier by a similar method.

The Journal of Physical Chemistry

G. R. Seely

Fractions that were large enough were characterized
by the intrinsic viscosity in ethanol ([17]e) and in
nitromethane ([*hm), and by the weight-average
molecular weight (Mw), the radius of gyration (<et'/2,
and the second virial coefficient (B) from light-scattering
measurements in absolute ethanol. Light scattering in
nitromethane failed to yield characteristics of the
polymer in that solvent for reasons alluded to earlierlb
and explicated elsewhere.6 Properties of the fractions
are listed in Table I.

The intrinsic viscosities of the lower molecular weight
fractions in ethanol approach those expected from the
equations of Berkowitz, et al.f and Boyes and Strauss,7
but the intrinsic viscosities of the higher molecular
weight fractions are low, suggesting that these fractions
are more highly branched than those on which the
equations were based. If all the fractions are con-
sidered, the ratio [7]l/m/Mj”™ has no discernible
dependence on molecular weight.

For the analysis of the results, the length b of a
segment of the statistically equivalent random coil in
the model of Kuhn8is required and is calculated from
the equations9

62= 6(SIMIZ )
Zb = Mvwa/m 2
foU = &{S%~h/Mw 3)

In these equations, Z is the number of segments in the
statistically equivalent chain, m is the monomer
molecular weight (105.13), a is the contribution of a
monomer unit to the extension of the polymer chain,
taken as 2.53 A, and 4> is a constant, the value of which
according to recent determinationsis 3.94 X 102 per
mole (h] in deciliters per gram).

Apparatus and Procedure. An aliquot of a solution
of pyrochlorophyll in benzene, and 0.010 ml of
a-methylnaphthalene,lb were introduced into a cuvette,
of 30-mm inside diameter and 5 mm thick. The
benzene was evaporated by a stream of N2 and the
residue was diluted with nitromethane to a volume of
3.5 ml and a pyrochlorophyll concentration of about
1.7 X 10~5M. A solution of 1.5% poly(vinylpyridine)
in nitromethane was filtered through a“very fine” filter
and was added in portions of 0.025 ml or more to the
cuvette, to a total of 0.4-0.7 ml. The contents were
flushed with N2after each addition. Fluorescence was
excited by the collimated light of a projector lamp

(5) G. R. Seely, Macromolecules, 2, 302 (1969).

(6) J. B. Berkowitz, M. Yamin, and R. M. Fuoss, J. Polym. Sci., 28,
69 (1958).

(7) A. G. Boyes and U. P. Strauss, ibid., 22, 463 (1956).
(8) W. Kuhn, Kolloid-Z., 68, 2 (1934).

(9) H. Morawetz, “Macromolecules in Solution,” Interscience Pub-
lishers, New York, N. Y., 1965, pp 112-121, 305.

(10) G. C. Berry, J. Chem. Phys., 46, 1338 (1967); C. W. Pyun and
M. Fixman, ibid., 42, 3838 (1965).
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Table I:

Fraction folet, 52,
no. di/g di/g 10-s Mw

A2 1.43 0.75 0.44
A3 1.12 0.56 0.32
Ad 0.67 0.31 0.14
Bl 2.75 1.42 2.50
B2 1.85 0.98 0.87
B3 1.60 0.71 0.50
Cl 2.70 1.58 ~5
C2 2.02 1.19 1.08
D1 3.54

and passed through a 660-nm interference filter (Baird-
Atomic), a polarizing plate (Polacoat, Inc.), and an
aperture limiting the beam to a diameter of 8 mm. The
voltage of the projector lamp was stabilized by a Sola
transformer.

Fluorescent light emanating from the front face of
the cuvette at an angle of 45° to the normal was passed
through a 680-nm interference filter (Baird-Atomic) and
a polarizing plate and was detected by an EM| 9558B
photomultiplier with 106ohm input resistance. The
photomultiplier current was measured with a Keithley
610B electrometer. The fluorescence intensity was
determined with the excitation light polarized in the
vertical and in the horizontal position; the polarizer in
front of the photomultiplier was kept in the vertical
orientation.

For quantum yield determinations, an Osram Cd
spectral lamp replaced the projector lamp, and ap-
propriate changes were made in the filters.

The relative spectral sensitivity S(\) of the photo-
multiplier was determined by the quantum counter
method,11 using rhodamine B for the 400-600-nm
region and methylene blue for the 550-700-nm region.22
Comparison was made with the light scattered from a
filtered solution of colloidal silica (Ludox, a gift of E. I.
du Pont de Nemours and Co.).13

The fluorescence intensity readings were immediately
subjected to three corrections. Intensity of light
scattered from the cuvette with nitromethane but
without pyrochlorophyll, amounting to 1-2% of the
maximum fluorescence intensity, was subtracted. The
intensity of exciting light depended on the orientation of
the polarizer; an asymmetry factor of about 0.87 was
determined from the fluorescence of pyrochlorophyll in
acetone and applied to fluorescence with vertical
polarization. This factor was redetermined with each
set of measurements. The visible output of the
projector lamp was monitored by an Eppley thermopile
covered by a blue filter, and correction was made for
small variations during the run. The fluorescence
intensity readings so corrected are designated Mv and
Mh for polarizer orientation vertical and horizontal.

221

Characteristics of Poly(4-vmylpyridine) Fractions in Ethanol and Nitromethane Solution at 25°

(SCet'A, 10'B,

A ml/g 10'hInm v wi b.k
400 5.9 1.12 23.3
260 6.0 0.98 21.2
240 5.6 0.83 19.0
950 5.6 0.90 20.1
470 7.0 1.05 22.2
410 6.2 1.00 21.6

6.0
640 5.1 1.14 23.6
Av 5.9 1.00 21.4

An example of the variation of Mv and Mh with the
ratio of polymer pyridine unit concentration to pyro-
chlorophyll concentration, (py)/(Chl), is shown in
Figure 1.

Certain calculations in the third part of Results and
Discussion were performed on the Mark | computer via
the General Electric time-sharing service, programmed
in BASIC language.

Results and Discussion

Our goal is to be able to interpret results such as those
of Figure 1so as to construct a mathematical model for
the transfer of energy in the pigment-polymer ag-
gregate. For this we need suitable theories for energy
transfer as a function of pigment concentration and for
the distribution of polymer segments (i.e., of attached
pigment molecules) in space.

But first it is necessary to correct the fluorescence
intensities for the effects of reabsorption of fluorescent
light and the consequent secondary fluorescence.
Pyrochlorophyll reabsorbs its fluorescence appreciably
at the lowest concentrations which are practicable in
this study. The usual expedient of working at very low
concentrations is limited in this system by dissociation
of the aggregate.lb The procedure for making this
correction is rather complicated, and it seems best to
describe it in detail.

The results are therefore presented and analyzed in
three stages: (1) a photometric stage, in which the
yield and polarization of the primary fluorescence are
calculated from M v and M h; (2) a mechanistic stage, in
which the variation of polarization with pigment
density is explained in terms of Forster’'s theory of
energy transfer, but with an unknown scale factor for
distance; and (3) a configurational stage, in which the
introduction of a model for the polymer segment dis-
tribution makes possible the determination of the

(11) W. H. Melhuish, N. Z. 3. Sci., 37.2B, 142 (1955); J. Opt. Soc.
Amer., 52,1256 (1962).

(12) G. R. Seely, J. Phys. Chern., 73,125 (1969).

(13) J. P. Kratohvil, G. DeSelic, M. Kerker, and E. Matijevic, J.
Polym. Sci., 57, 59 (1962).
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Figure 1. Relative intensities of vertically polarized
fluorescence excited with vertically (Mv) and horizontally (Mb)
polarized light (660 nm), as functions of the polymer pyridine
unit to pyrochlorophyll ratio. Ordinate scale in arbitrary units.
Data for polymer fraction CI.

distance parameter ROof Forster’s theory, over which
excitation energy has a 50% chance of being transferred
during the lifetime of the excited state.

Photometric Stage. The rate of absorption (78 of
incident light (70 is proportional to 70pmex7’F, where
Prex is the absorbance (p) at the peak of the band near
666 nm, and T is the integral over the product of the
transmittance T(\) of the 660-nm interference

TX)(1- 10~px)dX

Pmax

4)

and the fraction of light absorbed at each wavelength X
The integral in (4) was evaluated graphically, nor-
malized to 1 at pmex = 0, and plotted as a function of
Prmax-

The rate of primary fluorescence is 7(1) = 0/a, where
4is the quantum yield, whether energy is transferred or
not. The rate of absorption of primary fluorescence is
7,0 = where R, the fraction reabsorbed, is
formally given by the integral

R= J FO)@ - HT~dX (5)

F(X) is the normalized fluorescence spectrum and [3is, in
general, a function of geometry, wavelength, and
concentration. The rate of secondary fluorescence is
then B &, and of this, 4>-1Ji2 is reabsorbed, etc.X
Summed over all orders, the fluorescence that escapes
the cell is €&l —R)/(I —<tRm

Polarization of the incident light introduces a factor
Tp into the expression for light absorbed, and the
fluorescence becomes more anisotropic. The intensities
7v() and 7h() of vertically and horizontally polarized
primary fluorescence, excited by vertically polarized
light, are in general different, but
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™+ 27h(d) = 4>h (6)

Second and higher orders of fluorescence are nearly
unpolarized, so 7M2 = 7h(@ = ViP2 etc. The total
vertically and horizontally polarized fluorescence com-
ponents that escape the cuvette in the direction of the
photomultiplier are therefore proportional to

V==Yl - R+ W M | —R) +
ydZaR2l -R) + ... (7)
7Th= 7Th()(I —R) + 737l + R)+ ... (8)

The photomultiplier readings are related to fluores-
cence intensities by eq 9
h o

Mv = fITp' J|0 VX)) 7>(p,X)$(X) 7, (X)dX 9)

and a similar expression for The instrument
constant O includes the solid angle intercepted by the
photomultiplier but also the effects of refraction and
reflection in the apparatus; Tp' and T"(X) are the
transmittances of the polarizing plate and the 680-nm
interference filter in front of the photomultiplier; <S(X) is
the sensitivity of the photomultiplier (amperes/
einstein), and 7)(p,X) is a dissymmetry factor that
compensates for the circumstance that as more light is
absorbed near the front of the cuvette, more fluores-
cence escapes from the front than from the back. To
proceed further, factors in the integral must be replaced
by average values over the wavelength interval of
fluorescence

Mvh) = QTp'D(p)Sr%w (10)
The quantum yield is found by combining eq 7, 8,
and 10
Mv  2fl7h
« = wTpTp'TioT'sp(p)(l - R)pMad0+ (Mv+ 2w hyr
(11)

To express the extent of polarization, we follow
Jablonski®in using the emission anisotropy r

= (V) - o) + D) (i)

rather than the degree of polarization p = (7v(1) —
7h(1,)/(7v(@) + 7h()), because the denominator of the
former is proportional to the quantum yield of fluores-
cence. Wheneqs, 7, 8, and 10 are combined with eq 12

r= (Mv —Mh/QTpTf' TF7".SD(p)(I - R)pmax70%

(13)

From Figure 1 and from previously published datalb
it is evident that fluorescence is partly quenched at the

(14) The approximations are made that fluorescence of all orders has
the same geometric distribution and that the spectrum of the fluores-
cence that escapes the cell is sensibly independent of concentration.

(15) A. Jablonski, Z. Naturforsch., A, 16, 1 (1961).
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lower (py)/(Chl) values. The quenching mechanism
proposed in the first article of this series was transfer of
excitation energy to a relatively small number of
“quenching centers,” probably consisting of two
pigment molecules adjacent on the chain. If this is
correct, then fluorescence quenched is fluorescence
transferred, and its yield should be included in the de-
nominator of eq 13. For the calculation of r we have
therefore replaced the observed quantum yield $by the
maximum value 4®obtaining at high (py)/(Chl) ratios.
Equation 13 is therefore modified to read

— RpmxT-F0 - (14)

where = QTPTP'T'SIO contains all factors not
strongly dependent on pigment concentration.

Although the reabsorption can, in principle, be cal-
culated,’6 it is more reliable to determine i2r, R, and
D(p){1 — R) experimentally as functions of pmax The
usual method of determining R from a plot of apparent
quantum vyield of fluorescence against pmex is imprac-
ticable for the pyrochlorophyll-polymer aggregate be-
cause of dissociation at very low concentrations1s and
variation of the degree of polarization with variation
of (py)/(Chl). However, the red absorption band of
pyrochlorophyll in dimethyl sulfoxide is in nearly the
same position and has nearly the same half-width as in
sparse aggregates on polymer in nitromethane. 1577
The three quantities were therefore calculated from
fluorescence of pyrochlorophyll at series of concentra-
tions in dimethyl sulfoxide and assumed to be valid for
the pyrochlorophyll-polymer complex.

First, the quantum yield <€a% of fluorescence in di-
methyl sulfoxide was determined, with excitation by
Cd 6438-A light. For these measurements, the polar-
izing plates and the 680-nm interference filter were
omitted, and the 660-nm filter over the incident light
was replaced by a 640-nm filter. As 6438-A light is not
strongly absorbed by pyrochlorophyll, D{p) = 1, and
the expression for the photomultiplier reading becomes

r —{Mv —

Mi = i2fenS(XA( - 10 p) X

1- Rpnvy (1 - wmR) (15

where pis now the absorbance at 6438 X.

The proportionality factor Qwas eliminated by mea-
suring the intensity (Ms) of light scattered from a so-
lution of colloidal silica (Ludox) of turbidity v at
6438 A128

i .
ms = (y4fi (nt N (1 + cos2e.)i0Ox
\nsV 2ns2 — 1/

(1-10- TS(\9 (16)

In these equations, A = 670 nm, As = 644 nm, and 6Sis
determined by the law of refraction sin 45°/sin ds = ns.
The factor containing the refractive indices nj and ns
of the fluorescence and scattering media is a correction
to 0.19
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Extrapolation of values of Mt/ (1 — 10~p) to zero con-
centration of pyrochlorophyll gave $a% = 0.297 and, in
the process, a curve for R as a function of pmex for Cd
light.

Next, values of D(p)(I —R)/{1 —4n%R) were calcu-
lated over a range of pyrochlorophyll concentration
from fluorescence intensities excited by the projector
lamp with the 660-nm filter. Although R for 660-nm
excitation is not the same function of pmax as R for
6438-A excitation, there should be little error in the use
of the latter function in the quantity (1 — %), which
then makes possible the calculation of -D(p)(I — R) re-
quired in eq 11 and 14.

Finally, the value of 0' was calculated from eq 11, as
a function of prrex for pyrochlorophyll in dimethyl sulf-
oxide, with interferences filters and polarizers in place.
With the established values of + +, R, D(p)(: —R), and
s, the calculated value of £ at fixed incident light in-
tensity was constant from prmex = 0.1 to 1.0.

Values of $and r were calculated from Mvand Mhby
eq 11 and 14. In Figure 2 are plotted curves for 4and
r, obtained from the data of Figure 1. The value of 4
becomes quite constant at higher (py)/'(Chl) ratios
and provides the value of 4x used in eq 14. Applica-
tion of the correction for secondary fluorescence in-
creases r as much as 10% over the value of {My —Mh/
{Mv + 2Mh).

Mechanistic Stage. Forster's mechanism,4 in which
the rate of energy transfer depends on the inverse sixth
power of the distance between donor and acceptor, ap-
pears quite well established®for the kind of transfer we
are dealing with. The main difficulty in applying the
theory to depolarization of fluorescence in real systems
is the proper reckoning of the probability of return
transfer to the initially excited (donor) molecule when
there is more than one possible energy acceptor mole-
cule. Forster's original calculations were for systems
with very little or very much transfer; the intermediate
case was left unsolved.4

Ore approached the problem by calculating the prob-
ability that even though an acceptor molecule is the
nearest neighbor of a donor molecule, the donor is not
the nearest neighbor of the acceptor.2l If it is not, the
energy is assumed never to return to the initially ex-
cited molecule, and the relative emission anisotropy
r/rQis given by

(16) A. Budo and I. Ketskeméty, /. Chem. Phys., 25, 595 (1956); W.
H. Melhuish, J. Phys. Chem., 65, 229 (1961).

(17) G. R. Seely and R. G. Jensen, Spectrochim. Acta, 21, 1835
(1965).

(18) G. Weber and F. W. J. Teale, Tram. Faraday Soc., 53, 646
(1957).

(19) E. H. Gilmore, G. E. Gibson, and D. S. McClure, J. Chem. Phys.,
23, 399 (1955).

(20) L. Stryer and R. P. Haugland, Proc. Nat. Acad. Sci., U. S., 58,
719 (1967); G. Gabor, Biopolymers, 67, 809 (1968).

(21) A. Ore, J. Chem. Phys., 31,442 (1959).
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r (*"

ro Jo

g2A*2+ y»)e-td]
(E2+ 722 — 74exp(—11]/16)

In eq 17, fo is the value of r in the absence of energy
transfer, 7 = c/co, £is the average number of molecules
in a sphere of radius R, c is the concentration, and cOis
the critical concentration, defined by Forster as 3000/
iirNJto3 where Nais Avogadro’s number.

In Jablonski’'s theory each initially excited molecule
belongs to a cluster of one or more molecules, all of
which have the same probability of emitting fluores-
cence.2 If light emitted by any molecule but the ini-
tially excited one is polarized randomly, his result can
be simplified to

-=2{y- 1+ O A2 (1s)
U
The parameter vis proportional to c/cQ

In a recent paper,Z Knox has critically compared
these and other theories of fluorescence depolarization
and has presented a new, modified cluster calculation,
the results of which are somewhat closer to Jablonski’s
than to Ore’s.

Kawski tested the equations of Ore and Jablonski
with fluorescence depolarization of solutions of several
dyes and found good agreement with both.24 We
attempted to fit our experimental data to both equa-
tions, and with one exception, found better agreement
with Ore’s than with Jablonski's.

The emission anisotropy values from Figure 2 are
plotted logarithmically in Figure 3, and to them is
matched a segment of a logarithmic plot of eq 17.
Comparison of the ordinate and abscissa scales gives the
value of rO and the value of [(Chl)/(py)]Q at which
C = @ The curve for Jablonski's equation is also
shown, fitted to the experimental points at r = rQ 2; it
deviates imperceptibly from the curve for Ore’s equa-
tion at lesser depolarizations.

Table Il lists the values of 4ocalculated from eq 11,
rQ and [(Chl)/(py)]0 obtained by comparison with

Figure 2. Quantum yield + of fluorescence and emission
anisotropy r calculated from the data of Figure 1by eq 11 and 14.
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Figure 3. Emission anisotropy data of Figure 2 fitted to master
curve of Ore’'s eq 17, the solid line. The long-dashed curve is
Jablonski’s eq 18, which can be made nearly coincident with
Ore’s equation when (Chl)/(py) < 0.005. The short-dashed
curve is Ore’s equation integrated over a Gaussian distribution
of concentration and placed so as to intersect the solid

curve atr = 0.05.

eq 17 as in Figure 3, for each of the polymer fractions of
Table I. In all cases but one (fraction A2), the points
fit the theoretical curve within experimental precision
until 90% of the initial polarization is lost. There is
spectral evidence that solutions of fraction A2 were so
contaminated with water that the pigment may not
have been entirely bound to the polymer at low polymer
concentrations.

Table 11: Parameters Derived from Application of Ore's Eq
14 to Depolarization of Fluorescence of Pyrochlorophyll on
Poly(vinylpyridine)*

Fraction 10 [(Chl)/
no. 10« Mn %) (0] (W)'O
A2 0.44 0.211 0.113 7.65
A3 0.32 0.234 0.105 3.63
A4 1.14 0.227 0.109 4.70
Bl 2.50 0.212 0.110 3.90
B2 0.87 0.212 0.102 4.46
B3 0.50 0.242 0.101 3.45
Cl ~5 0.228 0.102 4.13
Cc2 1.08 0.212 0.104 4.61
D1 0.255 0.106 3.85

Av6 0.228 0.105 4.09

“ $9= maximum quantum yield of fluorescence, r0 = maximum
emission anisotropy, [(Chl)/(py)]0= concentration ratio at which
¢ = of Forster's theory. 6Fraction A2 omitted.

The experimental values of €0 and r0 average 0.228
and 0.105 and show an approximately 10% variation.
With the omission of fraction A2, the average value of

(22) A. Jablonski, Acta Phys. Pol., 14, 295 (1955); 17,481 (1958).
(23) R. S. Knox, Physica, 39, 361 (1968).
(24) A. Kawski, Z. Naturforsch., A, 18, 961 (1963).



Chlorophyll-Poly(vinylpyridine) Complexes

[(ChD/(py)]0is 4.09 X 1 0 with only a +15% var-
iation. There is no consistent dependence of the value
of [(Chl)/(py)]0 on molecular weight or any of the
other configurational properties of the polymer listed
in or inferable from Table I.

The average value of [(Chl)/(py)]0 implies that
energy transfer is 50% efficient when there is one pig-
ment molecule to about 250 pyridine units. If the
polymer chain were straight, this would correspond to
an average separation between pyrochlorophyll mole-
cules of more than 600 A, which would be an entirely
unacceptable value for RO However, the polymer
chain is not straight but coiled, so that transfer is gen-
erally over a much shorter distance, to a pigment mole-
cule which is not necessarily the nearest neighbor as
measured along the chain. Transfer from a pigment
on one polymer molecule to a pigment on another
molecule would be a very rare event at the pyrochloro-
phyll concentration used.

One might have supposed that the higher the molec-
ular weight, the denser would be the distribution of poly-
mer segments, and the larger the value of [(py)/(Chl)]0.
Since experimentally there is no apparent effect of
molecular weight, its influence on the segment distri-
bution at distances of the order of ROmust be small.

Configurational Stage. Although the form of the
concentration dependence of depolarization is satis-
factorily accounted for by Ore’s equation, it is not pos-
sible to relate [(Chl)/(py)]o to cO and RO without an
appropriate function for the spatial distribution of
polymer segments, to which the spatial distribution of
pigment molecules is assumed proportional.

It is a common practice to represent the segment dis-
tribution of a random coil polymer by a Gaussian func-
tion about the center of gravity of the coil. However,
if Ore's equation as a function of 7 is integrated over a
Gaussian distribution of 7, the predicted polarization
declines much too slowly with pigment concentration
(short-dashed curve of Figure 3) to account for the ex-
perimental results. The reason, of course, is that the
Gaussian distribution, by ignoring the connectivity of
the chain segments, predicts polarizations that are
much too large for pigment molecules at long distances
from the center of gravity.

Although a Gaussian distribution cannot be assumed
for the segments of the polymer molecule as a whole, it
is nevertheless valid to retain it as an approximation to
the link-to-link distance distribution of the equivalent
random coil. In the model presented below for the cal-
culation of emission anisotropy, the initially excited
pyrochlorophyll is located half-way along a random
coil, which is equivalent in Kuhn’'s sense to a polymer of
2Mb/a monomer units, where 2M = Z. End effects
are thus assumed to be negligible, which is justified ex-
perimentally and a -posteriori by the results of the cal-
culation. The density distribution function for a chain
element N segments removed from the center is
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(™~ \ /2 -3R‘/2Nb*
\2wNby

and the average segment density at a distance R is
twice the sum W (R)

/ 3 \32
IVR) = (— ) .£ N -/'e-**/2NV (29)

This summation was performed by computer for values
of R/b in units from 1 to 20, and for M from 50 to 1050
in steps of 100.

To calculate the emission anisotropy, the polymer
segments, and consequently the acceptor pigment
molecules, are considered to be concentrated on spherical
shells at distances (R) from the initially excited mole-
cule which are integral multiples of b. An initially ex-
cited molecule is said to be of classj is the smallest shell
which contains an acceptor has radius jb. The prob-
ability that an initially excited molecule belongs to
class j is P(j). If the relative emission anisotropy
(r/?°0) for a molecule of classj, calculated by Ore’s equa-
tion, is Xj, then the observed relative emission aniso-
tropy of the whole sample is

@

r/r0 £ PU)Xj (20)

If this quantity is calculated as a function of (Chi)/
(py) for various values cf Ro/b, comparison with experi-
ment and the known value of b give the value of Wo
which best describes the results.

Since the attachment of one pyrochlorophyll to the
polymer blocks several pyridine units,lb and probabili-
ties P(j) were calculated by a site model which better
provides for attrition of pyridine units available for
binding. The total number of sites on the polymer is
S = 2Mb/sa, where s is the number of pyridine units
per site. The value of s is approximately 6 according
to past experience.lb Variation of s from 4 to 9 was
found to make very little difference in the final result.

The average number of sites on and within the jth
shell is

s, = (8% ) £ pw(fb) @2h
If F = 2M6(Chl)/a(py) is the number of acceptor pig-
ment molecules on the polymer, the probabilities that
the initially excited molecule belongs to classesj are

(S- SiIsB- FN\
P(1) = 1 G- Sl PS\ (22)
S- P\N((S- -
PU) 51 (e — Sj-i — F)\
(S —Si\ \ 23)
(S-S, - P

(25) The division of space made here turns out to be undesirably
coarse; however, a finer division does not seem to be warranted in the

context of Kuhn’s theory.
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fls

Figure 4. Emission anisotropy data for pyrochlorophyll on
polymer fractions Cl (=), A4 (0), and B3 (0) superposed on a
family of curves of relative emission anisotropy (r/ro) vs. pyro-
chlorophyll/site ratio s s . calculated by eq 25 with m
and s = 6.22.

= 1050

On application of Stirling’s approximation, these be-
come

PG) = (1 - F/S)s~f X
1- SAS)*-8~1
@ - SH/S - F/S)s-s-'-F
0O -iW -*- | (24
@ - Si/S - F/S)s-s-f) [

To get proper convergence of the results at high pig-
ment concentration and small values of RO/b, it was
found necessary to consider the consequences of mul-
tiple occupancy by pigment of the first occupied shell.
The probability that there are just n acceptors in the
jth shell is Pn(j)(1 — P(j)), neglecting attrition of sites.
Considering up to n = 5 acceptors in the first occupied
shell, emission anisotropies were calculated by com-
puter from the properly modified Ore’s eq 25, for various
values of Ro/b, s, F/S, and M

- =y y v ~p(mi+ ™~ b
ro n=i t(l + (Ro/ma + n(Rjb)e) -
n(RYjb)n exp(—IISJF/ISS)] |

Figure 4 shows part of a family of curves calculated
for M = 1050 and experimental points for three polymer
samples superimposed on them. The curves are all
similar in shape to the curve for Ore’s equation (Figure
3), but not identical. Similar families were calculated
for other values of M, but only for M < 250 was there
appreciable deviation from the curves shown.

The relationship of the abscissa F/S of Figure 4 to
the abscissa of an experimental plot of r against (Chi)/
(py) is fixed by the value of s, which for these calcula-
tions was 6.22. A larger or smaller value of s affects the
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shape of the curves very little, though of course it alters
the relationship between the abscissas. There is, there-
fore, no latitude in the horizontal placement of the ex-
perimental points, though they may be adjusted verti-
cally to give the best fitting value of rQ.

In Table 111 are listed the values of rOand RO/b ob-

Table I11:  Values of o and r.,» from Curves like Those of
Figure 4 Which Best Fit Experimental Data

Fraction no. 'Vla ro R]/b
A2 250 0.108 1.4
A3 150 0.102 2.2
A4 50 0.098 2.0
Bl 1050 0.102 2.0
B2 1050 0.094 1.8
B3 250 0.089 2.0
Cl 1050 0.101 2.0
Cc2 1050 0.097 1.8
D1 1050 0.091 2.0

Av6 0.097 1.975

° Value of » for set of curves from which best fitting values of rO
and = os» Were taken. Sets of curves for v > 250 are very nearly
coincident. » Fraction A2 omitted.

tained by comparisons such as shown in Figure 4, to-
gether with the value of M for the family of curves with
which comparison was made. This value was chosen
to correspond most nearly to the molecular weight of
the polymer. The best fitting value of Ro/b does not
depend strongly on the value of M. As an extreme
example, experimental points for the lowest molecular
weight fraction A4, which in Figure 4 fit best to the
curve for R/b = 1.8 of the family for M — 1050, fit
best to Ro/b = 2.0when M = 50.

The average value of rOis about 10% lower than the
average determined by fitting to eq 17.

The average value of Ro/b corresponds, with b —
214 A, to avalue of 42 A for Forster’s critical transfer
distance RQ This value appears reasonable, as it is
less than that for some strongly fluorescent dyes.24*
However, higher values of Ro for chlorophyll a have
been defended on theoretical and experimental
grounds.28® Correction of Forster's estimate4of 80 A
to our conditions along lines suggested by DuysensZ
gives an esfimate of 56 A for RO Weber® found a
value of 36 A for RQ but this value has been questioned
on theoretical grounds.

There is little room for variation of ROin the theory
presented in this paper, and if a larger value of ROis in-
deed correct, the source of the discrepancy must be

(26) R. S. Knox, personal communication; it should be noted that
our Rois his Ro.23

(27) L. N. M. Duysens, Progr. Biophys., 14, 1 (1964).

(28) G. Weber in “Comparative Biochemistry of Photoreactive Sys-

tems,” M. B. Allen, Ed., Academic Press, New York, N. Y., 1960, p
395.
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sought first, in failure of the Kuhn statistically equiv-
alent random coil to describe the short-range polymer
segment distribution correctly, and second, in failure of
Ore’s equation to evaluate correctly back transfer to the
initially excited molecule.23
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The magnetophotoselection method has been used to determine the geometry of bicarbazole in a frozen solvent
glass at 77° K. The geometry of bicarbazole is such that the two ring systems are mutually perpendicular and

the two short in-plane axes are collinear.

This arrangement requires that the hybridization of the nitrogen

atoms be sp2 The zero field splitting parameters for bicarbazole are D = 0.1056 cm-1 and E = 0.0075 cm-1, and
the triplet half-life is 5.53 sec. These are quite close to the carbazole values of D = 0.1024 cm-1, E = 0.0066
cm-1,and U, = 5.63 sec. The results require that there be intramolecular energy transfer in bicarbazole from
one ring system to the other, but the data do not differentiate between singlet-singlet or triplet-triplet energy

transfer mechanisms.

Introduction

Studies of the triplet states of aromatic hydrocarbons
and heterocycles have been considerably advanced by
the application of electron spin resonance (esr) spectros-
copy.12 More recently the magnetophotoselection
(mps) method has further increased the range of
questions one may ask about triplet states.3-8 The
principal applications of the mps method to date
have been in three areas. First, the unambiguous
assignment of the correct stationary resonance field
(srf) peaks to the N |\H orientations has aided in the
correct determination of zero field splitting (zfs) param-
eters.4,748 Here N is the molecular axis which is
perpendicular to the molecular plane and H is the
external magnetic field. Second, the mps method
has been used as a corroborative tool in studies of the
polarization of optical transitions.6 Finally, it has
been successfully applied to the study of intermolecular
energy transfer.5

We report herein the results of a unique application
of the mps method to the question of the molecular
geometry of bicarbazole and the hybridization of its
two nitrogen atoms. The results provide strong evi-

dence for intramolecular energy transfer from one
carbazole moiety to the other, although it is not
possible to distinguish unambiguously between singlet-
singlet or triplet-triplet energy transfer mechanisms in
the absence of data on the polarization of luminescence.
The overall pathway for population of the triplet state
can be given as

QD—>S*—uT @)

where SO is the ground singlet state, S* is an excited
singlet state, and T is the lowest triplet state. Results

(1) E. Wasserman, L. Snyder, and W. A. Yager, J. Chem. Phys., 41.
1763 (1964).

(2) J. H. van der Waals and M. S. de Groot, Mol. Phys., 2, 333
(1959); ibid., 3, 190 (1960).

(3) J. M. Lhoste, A. Haug, and M. Ptak, J. Chem. Phys., 44, 648
(1966); ibid., 44, 654 (1966).

(4) M. A. El-Sayed and S. Siegel, ibid., 44, 1416 (1966).

(5) S. Siegel and L. Goldstein, ibid., 44, 2780 (1966).

(6) S. Siegel and H. S. Judeikis, J. Phys. Chem., 70, 2205 (1966).

(7) (a) G. P. Rabold and L. H. Piette, Photochem. Photobiol., 5, 733
(1966); (b) G. P. Rabold and L. H. Piette, Spectrosc. Lett., 1, 211
(1968).

(8) Y. Gondo and A. H. Maki, J. Phys. Chem., 72, 3215 (1968).
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are also presented for carbazole which are in excellent
agreement with those reported earlier by Siegel and
Judeikis,6 who excited with light having a broader
wavelength distribution. In this study, carbazole
serves as a model for bicarbazole.

Experimental Section

Materials. Carbazole was obtained commercially.
Its esr spectrum and triplet state hfetime were in agree-
ment with the corresponding values reported in the
literature.9 There were no peaks in the esr spectrum
which did not arise from carbazole. Bicarbazole
(mp 221-222°) was prepared according to a published
procedure.0 As with carbazole there were no peaks
in the bicarbazole esr spectrum which were attributable
to impurities. The solvents were shown to be free of
interfering impurities.

Methods. The esr spectra were measured with a
Varian V-4502 esr spectrometer operating at a modula-
tion frequency of 100 kHz. A Varian V-4531 rec-
tangular cavity, which operates in the TE 102 mode,
was employed. Samples were made up to ca. 3 X 10~3
M or lessin a 1:1 mixture of ethanol-methanol in 4-mm
0.d. quartz tubes which were stoppered with rubber
serum caps, but not degassed. It was established by
visual observation of the phosphorescence that the
concentrations were such that essentially all of the
light was absorbed by the sample. The standard
quartz Dewar was employed to obtain the low tempera-
ture. No spectra were recorded of samples which had
“cracked” glasses, and the Dewar was kept free of
ice particles. Otherwise, no precautions were taken
to avoid depolarization of the incident light. The
optical arrangement, which uses an Osram 200-W
super pressure mercury lamp in conjunction with a
Bausch and Lomb high intensity grating monochro-
mator, has been described elsewhere.7 A polaroid
plate, PL 105 UV, made by Polacoat Inc., was used in
place of the Glan-Thompson polarizing prism.
Throughout this paper the terms parallel and perpen-
dicular refer to the orientation of the electric vector,
E, of the polarized light with respect to the external
magnetic field, H. The band width of the exciting
light, according to Bausch and Lomb specifications, is
about 42 nm under our experimental conditions.
Figure 1 shows the spectral output of the light source
at several monochromator settings. The microden-
sitometer traces of the photographic plate are plotted
as 100 — % T vs. wavelength, where T is the transmitted
light. Thus, in the context of this paper, the term
excitation wavelength actually refers to a fairly broad
band at the designated monochromator setting.

In this system there was no significant problem with
signal-to-noise optimization, as can be seen from the
relatively low noise levels in the spectra presented.
In the mps experiments only the srf regions of the spec-
tra were recorded in order to minimize photodecompo-
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Figure 1. Densitometer traces of the spectral output of the
light source at several monochromator settings. The ordinate
values are one hundred minus percent transmission. The
monochromator settings are given at the left of each box.

sition, which might otherwise introduce inaccuracies
into the intensity measurements.

The magnetic field was measured directly from the
spectrometer fieldial after initially calibrating it with a
Rawson Lush Type 920 rotating coil gauss meter.
A short program was written to calculate the zfs param-
eters using the method of Wasserman, Snyder, and
Yager.1 Based on the assumption of a nearly isotropic
g tensor, H o was varied by iteration until the differences
between the g values were minimized. Zfs parameters
obtained by this method agreed with literature values
to within 0.3 mK.

Decay times for the triplet states were obtained by
observing the disappearance of the Am = 2 peaks in the
esr spectra. The decays adhered strictly to first-order
kinetics over more than three half-lives.

Esr Spectra

The esr spectra of triplets in a frozen solvent glass
consist of peaks arising from two classes of transitions.
These are the Am = 2 and the Am = 1 transitions,
where m is the strong-field quantum number of the
electron. We concern ourselves here only with the
Am = 1 transitions. These give rise to three pairs of
peaks in the esr spectrum, where each pair arises from
a set of molecules having one of the three molecular
axes parallel to the laboratory magnetic field. A de-
tailed line shape analysis for triplet, states in a frozen
solvent glass has been given in the literature by Wasser-

(9) S. Siegel and H. S. Judeikis, J. Phys. Chem., 70, 2201 (1966).
(10) W. H. Perkin, Jr., and S. H. Tucker, J. Chem. Soc., 216 (1921).
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man, Snyder, and Yager.l1 The Hamiltonian for the
zero field dipolar spin-spin interaction is expressed as

X=D(XR- y&) + - 92 @

where D and E are the zfs parameters and S,2is the
projection of the spin angular momentum along the
ith molecular axis. The magnitudes of D and E afford
a measure of the spatial distribution of the two electrons
over the molecular framework.

Photoselection Studies

The principles underlying photoselection experiments
have been discussed in detail in a review by Albrecht.1l
We present here only the essential features of this
method and refer the reader to the review for more
detail. For 7r,7r* singlet excitation only those mole-
cules will be excited which have an appropriate transi-
tion moment closely parallel to the direction of polariza-
tion of the exciting light. For an idealized aromatic
molecule of suitable symmetry we may assume that two
transition moments lie along the two mutually perpen-
dicular in-plane molecular axes and that the transition
moment perpendicular to the molecular plane is van-
ishingly small. Thus, under the proper conditions, it is
possible to obtain a nearly uniaxially oriented collection
of excited molecules from a randomly oriented ground-
state population. In the cases of broad band excitation
or of overlapping of absorption bands one may obtain
two sets of uniaxially oriented excited states. The
relative population of each set will depend on the
spectral region of excitation and on the spectral dis-
tribution of the exciting light. The combination of
polarized excitation with esr detection has been called
magnetophotoselection.4s2

Results

The esr spectra of the carbazole and bicarbazole
triplet states generated with unpolarized 315-nm light
are shown in Figure 2. The centers of the spectra are
not included, since the signals arise only from free-
radical intermediates resulting from photochemical
reactions. The molecular axes are assigned as L, M,
and N for the long in-plane, short in-plane, and per-
pendicular axes, in conformity with the notation of
Siegel and Judeikis.6 The peaks in the esr spectra are
labeled to correspond to the alignment of the designated
molecular axes parallel to the external magnetic field.
The values of the zfs parameters are D = 0.1024, E =
0.0066 cm-1 for carbazole and D = 0.1056, E = 0.0075
cm-1 for bicarbazole.

Some esr spectra of carbazole, taken under photo-
selection conditions are shown in Figure 3. Only the
low-field peaks are shown since the corresponding
high-field peaks respond to polarized excitation in the
same way. The continuous background between peaks
was not recorded so that the total time of exposure of
the sample to irradiation would be kept as short as

Figure 2. AM = 1 esr spectra of carbazole (upper) and
bicarbazole (lower) and axis assignments.

Figure 3. Esr spectra of carbazole under magnetophotoselec-
tion conditions.

possible. In this manner any effects of photochemical
reactions are minimized. The ratio of the L to the M
peak amplitudes is 0.92 and 1.10 for excitation with 315
full and 280 full (wavelength and polarization) light,
respectively, whereas the ratios are 1.1 and 2 with 315
parallel and 280 parallel excitation, and 0.58 and 0.31
with 315 perpendicular and 280 perpendicular light.
This points out that the relative amplitudes of the srf
peaks8depend both on the wavelength and the direction
of polarization of the exciting light. A complete sum-
mary of the results of the mps experiments on carbazole
is given in Table I. The half-life of the carbazole
triplet state in the 1:1 MeOH/EtOH frozen glass at
77° K, as measured from the decay of the Am = 2 esr
signal, is 5.63 sec.

In Figure 4 are presented the results of some mps
experiments on bicarbazole at three different exciting
wavelengths. It is fairly obvious that the ratios of the
L to the M peak amplitudes are quite low with 315
parallel excitation and are fairly high with 280 parallel

(11) A. C. Albrecht, J. Mol. Spectrosc6, 84 (1961).
(12) P. Kottis and R. Lefebvre, J. Chem. Phys., 41, 3660 (1964).
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Table 1: Summary of the Magnetophotoselection Results for
Carbazole and Bicarbazole"

Excitation Peak intensity—

wavelength, (ll) (A)
nm M L N M L N
350 36.2 10.3 15 9.5 12.8 5.5
340 48 23.6 3.5 22.2 20.8 11
332 48 36.3 4.3 25.8 22.2 12.3
315 48 54.5 6.8 35 21.8 15.8
280 16.5 35 2.5 25 9.5 9
350 58 9.6 3 n 25.8 8.2
335 50 18.5 6 19.5 28.8 9
315 64.5 37.3 12.7 35.5 42 13.4
300 45 32.2 9.8 32 30.8 9.8
290 32 25.4 7.9 24.2 21.3 7.2
280 24 34.6 10.1 34.8 26.3 9.4

“ The top set of data is for carbazole.i the lower set for bicar-
bazole.

Figure 4. Esr spectra of bicarbazole under magnetophotoselec-
tion conditions.

excitation, and that the relative radios are reversed with
perpendicular excitation. What is more interesting for
this molecule, however, is that the ratio of iV]|/iV_L
is the same as L\\VVLt_ at all wavelengths. Thus there
is observed an equivalence between the N and L molec-
ular axes in their responses to excitation with polarized
light. The complete results for the mps experiments
with bicarbazole are summarized in Table | along with
those for carbazole. The half-life of the bicarbazole
triplet state is 5.53 sec.

The uv absorption spectrum of bicarbazole is
similar to that for carbazole in the number, relative
intensity, and spacing of the bands, but is shifted
approximately 10 nm to shorter wavelength. The
carbazole spectrum is in complete agreement with that
presented by Siegel and Judeikis.6

Discussion

We first show how one may predict the features of the
esr spectra for carbazole under photoselection con-
ditions. The rectangles in Figure 5 represent carbazole
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Figure 5. Predicted esr spectra for carbazole under magneto-
photoselection conditions.

molecules, with L and M being the long and short in-
plane molecular axes. The six unique orientations of
the molecule with respect to the external magnetic field
are shown, where the magnetic field is in the plane of
the paper and parallel to the L axis of the uppermost
molecules. To a first approximation only these six
orientations need be considered since they have the
highest probability of esr observation regardless of
which molecules are excited. The mode of excitation is
given as either parallel (direction of polarization of the
exciting fight parallel to the external field) or perpen-
dicular, and as L (the excitation wavelength is suitable
for absorption along the long molecular axis) or M.
Within each box the abscissa is the laboratory magnetic
field with a range of values sufficiently broad to encom-
pass the three low-field peaks of the Am = 1 transitions.
For the first orientation, only L peaks will be observed
in the esr spectrum, and these will arise from parallel
excitation along the L axis and perpendicular excitation
along the M axis. The notation we use is that parallel
excitation gives G\L and perpendicular excitation affords
GnL, where Gt is the probability of excitation along the
zth axis and L is the peak designation. Using this
same notation the second orientation will give Gniv
under parallel excitation and G\M under perpendicular
excitation. For the third and fourth orientations
parallel fight will not be absorbed since the requirement
that there be a nonvanishing transition moment parallel
to the direction of the polarization of the fight is not
fulfilled. The assumption is made here that the transi-
tion moment along the molecular N axis is negligible.
With perpendicular excitation, orientations three and
four give rise to G\N and GnN. The last two orienta-
tions give rise to G\L and GnM with parallel excitation
and no peaks with perpendicular irradiation. We can
now sum up over all six molecular orientations to obtain
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the total predicted spectrum. If light of a wavelength
suitable only for excitation along the L axis is used,
the photoselected esr spectrum will have an L peak with
a statistical weight of 2 under parallel excitation, and an
N and an M peak with statistical weights of 1 under
perpendicular excitation. If excitation is only along
the M molecular axis, then the photoselected esr spec-
trum will have an M peak with a weight of 2 with par-
allel excitation and an N and an L peak with weights of
1 with perpendicular excitation. If, either because
of overlap of absorption bands or because of broad band
excitation, there is excitation involving components of
both molecular axes then the predicted peak intensities
can be expressed as 2GmM + 2G\L for parallel excitation
and G\M + GnL + (Gm + G\)N for perpendicular
excitation. From the above considerations one would
predict the ratio M\\/Mt_ to vary as 2Gn?G\ and the
ratio L\\/L+ to vary as 2G\Gm  Further, given an
experimental value of M\\/Mz+ under a given set of
experimental conditions this treatment predicts a
unique value for L\\/Lt. The agreement between
these predictions and the experimental results is quite
good. It will be noticed that no N peaks are predicted
during parallel excitation, whereas there clearly are N
peaks in the actual parallel spectra of Figure 3. These
are quite small and could arise from the depolarization
of the exciting light, from a small nonvanishing transi-
tion moment along the N axis, or from the noncoinci-
dence of the molecular, optical, and magnetic axes.6
This simple case has been treated in detail since the
same reasoning is used below for the more complex
models of bicarbazole. If satisfactory agreement
between the predictions and the experimental results
could not be obtained for carbazole itself, it would be of
little value to extend the treatment to bicarbazole.1314

The wusual expression for the polarization ratio,
Pt is given as

Pi = (1, A+ L) (3)

where the subscript i refers to a molecular axis assign-
ment (L, M, or N), and || and _L are the fth peak
intensities under conditions of parallel and perpendic-
ular excitation. Siegel and Judeikis6 have derived an
expression for rit the component of polarization along
the ;th axis, which is given as

U= @+ @+ 4fc/3)Pi)/(3 - PI) (4)

where K is a depolarization factor. We have used a
value of kK = 0.1. The trends presented in Figure 6
are relatively unaffected by a value of k up to 0.5.

In Figure 6 we present plots of r, vs. wavelength for
carbazole and bicarbazole. For carbazole rMdecreases
from 0.7 at 350 nm to about 0.25 at 280 nm, rLincreases
from ca. 0.30 at 350 nm to 0.7 at 280 nm, and rNis small
and nearly constant over the entire wavelength range.
Although rMfor bicarbazole is quite like that for car-
bazole, both rL and rN respond in distinctly different

Figure 6. Plots of the polarization components vs.
monochromator setting for carbazole and bicarbazole.

ways in the different molecules. In fact rNand rL are
the same in bicarbazole within experimental error,
indicating that the N and L molecular axes are ap-
parently equivalent. It remains for us therefore to
propose a structure which will enable us to predict this
result.

In the ensuing discussion several assumptions are
made. (1) We assume that the carbazole moieties in
bicarbazole absorb light independently. Thus each
carbazole moiety has the same selection rules for ab-
sorption as does carbazole itself. This is reasonable in
view of the great similarity of the uv absorption
spectra. If the chromophores did interact significantly,
one might expect a bathochromic shift (cf. A99-
bifluorenylidene) rather than the slight blue shift which
is experimentally obtained. (2) There is intramolec-
ular energy transfer such that although the light is
absorbed by a single carbazole moiety, there is an equal
probability that the triplet state will reside on either
half of the molecule.168b While this is stated here as

(13) We are grateful to a referee for bringing to our attention the
importance of considering depopulation of the ground state.11-¥4 In
the limit of very high intensity, the triplet-state molecules lose their
orientation and the polarization phenomenon is not observed.}4 Ir.
our experiments, the highest light intensity is achieved with 315-nm
light. At this wavelength a threefold variation of the intensity leads
to no significant change in the observed polarization ratios, and we
therefore conclude that ground-state depletion is not occurring to a
significant extent.

(14) B. I. Stepanov and V. P. Gribkovskii, Opt. Spectrosc., 8, 114
(1960) (translated from Opt. Spectrosk., 8, 224 (1960)).

(15) (@) P. J. Wagner and G. S. Hammond, “Advances in Photo-
chemistry,” Vol. 5, Interscience Publishers, New York, N. Y., 1968,
p 49; R. A. Keller and L. J. Dolby, J. Amer. Chem. Soc., 91, 1293
(1969). (b) The orientation dependence for triplet-triplet energy
transfer is of widespread current interest.5 Our understanding of
such systems should be substantially aided by additional studies
planned on systems similar to bicarbazole.
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an assumption it in fact results logically from the data.
The energy transfer could be either singlet-singlet or
triplet-triplet, a question which could be readily re-
solved by measurements on the polarization of fluores-
cence. |If it is triplet-triplet energy transfer, its rate
must be significantly faster than the measured triplet
lifetime and slower than Th the lifetime of the magnetic
spin state, which has been estimated as 10“' sec for the
naphthalene triplet state.6 If the rate of triplet-
triplet energy transfer were faster than T\, the zfs param-
eters D and E would not be so nearly equal for carba-
zole and bicarbazole. (3) It is assumed that there is
no depolarization due to intermolecular energy transfer.
This is entirely reasonable for the concentration range
used in this study.6 (4) It is assumed that there is a
close coincidence of the molecular, optical, and magnetic
axes. The molecular symmetry is sufficiently high that
this assumption is quite reasonable. (5) The assump-
tion which has the most bearing on the results is that the
long wavelength transition is predominantly short axis
polarized and the short wavelength transition is pre-
dominantly long axis polarized. We can make this
assumption with confidence on the basis of Huckel
molecular orbital (MO) calculations.’6 The transition
of an electron from the highest filled to the lowest empty
molecular orbital requires the E vector to be parallel
to the short axis of carbazole. The theory behind the
predictions has been well tested in the case of naphtha-
lene,17-19 anthracene, 182021 phenanthrene, 181922 chry-
sene, P perylene,ZB and dibenzofuran, dibenzothiophene,
and carbazole.6 The agreement between theory and
experiment represents a substantial achievement for
MO theory. 24

The four proposed structures are shown in Figure 7.
Structures | and Il are a pair o: rotamers with sp2
hybridization at nitrogen. Structures Ill and IV are
also a pair of rotamers, but with sp3hybridization at the
nitrogen atoms. Both rotamers Il and 111 should
respond in mps experiments like carbazole itself,
whether there is intramolecular energy transfer or not,
since the L, M, and N axes of one carbazole moiety are
parallel to the same axes on the other carbazole moiety.
Since the experimental results clearly show that the esr
spectra of carbazole and bicarbazole respond differently
to polarized excitation, both rotamers Il and I11 can be
eliminated as serious possibilities. 6%

Let us turn now to Figure 8 to see what mps results
are predicted for rotamer I. As was done earlier for
carbazole, we consider what peaks will be observed in
the esr spectrum for each of the six molecular orienta-
tions along the external magnetic field as the direction
of polarization of the exciting light is changed. Again,
the magnetic field is in the plane of the paper and
parallel to the M axes of the uppermost molecule.
Since there are two chromophores, absorption by each
chromophore is considered separately. For the first
orientation parallel light will be absorbed by the
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Figure 7. Rotamer structures for bicarbazole.
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Figure 8. Predicted esr spectra for bicarbazole rotamer |
under magnetophotoselection conditions.

(16) An = 1.0, ken = 0.9. These values may vary over the range
An = 0-1.8 and ken = 1.0-0.5 without affecting the ordering of the
levels. See ref 24, p 117.

(17) D. S. McClure, J. Chem. Phys., 22, 1256 (1954).

(18) D. S. McClure, ibid., 22, 1668 (1954).

(19) M. A. El-Sayed and T. Pavlopoulos, ibid., 39, 834 (1963).
(20) J. W. Sidman, ibid., 25, 115 (1956).

(21) J. W. Sidman, ibid., 25, 122 (1956).

(22) R. M. Hoehstrasser and G. J. Small, ibid., 45, 2270 (1966).

(23) R. M. Hoehstrasser, ibid., 40, 2559 (1964); J. Tanaka, Bull.
Chem. Soc. Jap., 36, 1237 (1963).

(24) A. Streitwieser, Jr., “Molecular Orbital Theory for Organic
Chemists,” John Wiley &Sons, NewYork, N. Y., 1961, p 217.

(25) The nmr spectrum of bicarbazole (6% in THF, 60 and 100
MHZz) shows well-separated multiplets at 6.75 8 (1,8,1',8"), 7.18 5
(2,3,6,7,2',3',6',7"), and 8.10 8 (4,5,4',5'). The set at 8.10 8is shifted
downfield by the ring current in the central ring of carbazole, and
the set at 6.75 8 is shifted upheld by the magnetic anisotropy of an
aromatic ring. Only in rotamers | and Ill would the proton set
(1,8,1',8" be shielded. Rotamers Il and IV may be eliminated from
consideration since they predict a downfield shift for the (1,8,1',8")
set.

(26) J. M. Gaidis and R. West, to be published.
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Figure 9. Comparison of the predicted vs. the experimental
values for the ratios of the parallel and perpendicular
components of the esr spectra.

Figure 10. Comparison of the predicted vs. the experimental
values for » j.

shaded chromophore with a probability Gm Because
of energy transfer esr peaks will be observed for both
the shaded and the open carbazole moieties, each of
which gives rise to an M peak. Thus what «actually
appears in the esr spectrum from this orientation from
excitation of the shaded chromophore is ¥iGnM + I/r
GnM, where the weighting factor y 2is a consequence of
the intramolecular energy transfer. Since there is an
equal probability that the light will be absorbed by the
unshaded half of the molecules, the total esr transition

1 L

GmM +GmN GmN + GmM

H 46,1 26mL

GmM +GmN 2G,N+ 2G,M

r GmM + GmN GmN + GmM
m 4G.L 26mi

GmM +GmN

GmM +8G |L+ 4GmN
ﬁmﬂlG,]M +4GmL+ (2G,, +4 G,)N
Figure 11. Predicted esr spectra for bicarbazole rotamer IV
under magnetophotoselection conditions.

2G,M+2G,N

will be, for parallel excitation, GnM + GnM = 2GnM.
For convenience every entry in the figure has been
multiplied by a factor of 2. For this same orientation,
perpendicular fight will be absorbed only along the L
axis of the unshaded chromophore with a probability
Gi. With intramolecular energy transfer there will be
observed the peaks ¥/iG_ M + VZGiM. Turning to the
second orientation, parallel fight will be absorbed only
along the L axis of the shaded chromophore with a
probability G\ and will give, after energy transfer,
I/iGiL + ViG\N. Perpendicular fight will be absorbed
only along the L axis of the unshaded chromophore and
will also give I/S\L + i/Z5iN. The only remaining
unique orientations are the fourth and fifth under
perpendicular excitation. Similar reasoning leads to
the peaks GnN + GnL for these orientations. Sum-
ming up over all six molecular orientations we obtain
the peak amplitudes 8GnM + 4(?iL + 4:GiN for parallel
excitation and iGIiM + (4Gm + 2G\)L + (4(°m +
2G\)N for perpendicular excitation. From this we can
calculate the predicted ratios of the peaks obtained from

each excitation mode. These are
MA\\/M % = 2Gm/Gi
\VL: = 2GV(2(’m+ <7 (5)
N\W/N+ = 2Gi/(26m T GO

This model thus predicts that the L and N peaks will
appear to be equivalent in mps experiments.

In Figures 9 and 10 the predictions from eq 4 are
compared with the experimental results. The relation
between the abscissas of the two curves is not known,
and therefore the differences in the curvatures are not of
consequence. We are concerned only with the ordinate
values, and it can be seen that the agreement between
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the experimental and the predicted results is excellent.
Thus in Figure 9 we see that the L and N axes are pre-
dicted to be equivalent, and the results agree. The
model predicts the curves will intersect at an ordinate
value of 1, and again the results agree. At agiven ratio
of M\\/Mz= it can be seen that the corresponding
values of L] [/Ax or A]]/Ax are in good agreement
with the predicted ones. The experimental results are
thus in complete accord with the predictions based on
rotamer I. However, it remains to show that rotamer
1V is inconsistent with the experimental results.

The results predicted for an mps experiment on
rotamer IV can be obtained by reference to Figure I1.
The simplifying approximation is made that the di-
hedral angle is 90° rather than the actual angle of about
75°. After going through the same reasoning as was
used with rotamer 1, one finds predicted intensities of
47mM + 8GIiL + 4GnN for parallel excitation and
(2Gm+ 46i)M + 4GnL + (2Gm+ 4(7,)JV for perpendic-
ular excitation. From this one predicts the following

peak ratios
M\\/M+ = 2GnY(Gm+ 2(7,)
L\\V/L+ = 2Gi/Gm (6)
N\\/NL = 2Gn/(Gm+ 2(7,)
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This model predicts the same type of curves as
are shown in Figures 9 and 10 with Gm and (7i inter-
changed. More importantly, it predicts that the M
and the N axes will be equivalent. Based on the validity
of the above-mentioned optical selection rules, this last
prediction is inconsistent with the experimental data,
and therefore rotamer 1V is rejected as a possible struc-
ture. 7

Conclusions

A consideration of the several possible structures of
9,9'-bicarbazole has shown that each one would have a
distinct and identifiable response in mps experiments.
Esr spectra were calculated for the several rotamers
with the aid of well-founded selection rules for deter-
mining the polarization of optical transitions. The
excellent agreement between the experimental results
and those predicted for the twisted structure with sp2
nitrogen (rotamer 1) leads to its selection as the favored
conformer.

(27) Note Added in Proof. Ithascome to our attention that the
low-energy electronic transition in carbazole has been experimentally
demonstrated to be short axis polarized [A. Bree and R. Zwarich,
J. Ckem. Phys., 49, 3355 (1968)]. We had assumed this in the
Discussion section.
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Nuclear Spin-Lattice Relaxation and Chemical Shift Studies of

Fluorocarbon-Hydrocarbon Mixtures
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The concentration dependence of the 1F spin-lattice relaxation times and the proton chemical shifts has been

studied for four hexafluorobenzene-hydrocarbon mixtures.

These physical measurements provide no indica-

tion of the existence of specific fluorocarbon-hydrocarbon interactions in the hexafluorobenzene-cyclohexane
and hexafluorobenzene-benzene systems. The results confirm the existence of a weak interaction in the hexa-
fluorobenzene-mesitylene system. Complex formation is detected in the hexafluorobenzene-dimethylform-

amide system. The experimental results do not offer any evidence for charge-transfer interactions.

A dis-

continuity is observed in the viscosity-corrected Tx plot as a function of fluorocarbon concentration in the
2,2,2-trifluoroethanol-ethanol system indicating strong mixed hydrogen bonding involving the hydroxyl

groups.

Introduction

The properties of perfluorocarbon-hydrocarbon mix-
tures have generated a considerable amount of interest
in the past few years.1 Various thermodynamic and
spectroscopic studies have been conducted, chiefly to
explain the unusual solubility relations encountered.
The chief approach to the analysis of the thermo-
dynamic properties of these systems has been the
solubility parameter theory2first proposed by Scatchard
and Hildebrand. Experimental data accumulated
after the first attempt by Scott3to apply the regular
solution theory to fluorocarbon-hydrocarbon mixtures
were in disagreement with that theory.4-11

Various attempts have been made to explain this
unusual solution behavior. One proposal was that the
hydrocarbon molecules interpenetrated in a special
way,6 2 and Hildebrand suggested that the solubility
parameters for the hydrocarbons should be taken from
the solubility behavior rather than from the heats of
vaporization.13 Attempts have been made to apply the
“corresponding states” treatment of Scott,¥4 but the
geometric mean law fails to predict the correct mag-
nitude of unlike interactions. Reid% proposed a
correction based on the estimated ionization potentials
of the solution constituents, but the most nearly
successful treatment seems to be that of Munn who
used an equation involving directly the interaction
energies as predicted from molecular polarizabilities of
the components.

Recent studies of hexafluorobenzene with various
hydrocarbon solvents indicate the possibility of charge-
transfer complex formation in aromatic perfluorocar-
bon-aromatic hydrocarbon systems.17-19 Most of the
systems form a 1:1 solid complex. X-Ray and wide-
line nuclear magnetic resonance studies indicate that
the solid complexes exist in alternate stacked planes.2021

This stacking arrangement is also thought to prevail to
some extent in the liquid state. Strong n-electron
donors give rise to a new absorption band in the ultra-
violet spectrum when mixed with hexafluorobenzene.
However, no absorption attributed to charge-transfer
complex formation has been reported for 7r-electron
donors.22-24 A slight shift in the absorption tail of the
7r-electron donor was noted by Hammond for some

(1) R. L. Scott, J. Phys. Chem., 62, 136 (1958).

(2) J. H. Hildebrand and R. L. Scott, “Solubility of Nonelectrolytes,”
3rd ed, Reinhold Publishing Corp., New York, N. Y., 1950.

(3) R. L. Scott, J. Amer. Chem. Soc., 70, 4090 (1948).

(4) J. H. Simons and J. W. Mausteller, J. Chem. Phys., 20, 1516
(1952).

(5) J. H. Simons and R. D. Dunlap, ibid., 18, 335 (1950).

(6) J. H. Hildebrand, B. B. Fisher, and H. A. Benesi, J. Amer.
Chem. Soc., 72, 4348 (1950).

(7) G. J. Rotariu, R. J. Hanrahan, and R. E. Fruin, ibid., 76, 3752
(1954).

(8) N. Thorp and R. L. Scott, J. Phys. Chem., 60, 670 (1956).
(9) N. Thorp and R. L. Scott, ibid., 60, 1441 (1956).

(10) I. M. Croll and R. L. Scott, ibid., 62, 954 (1958).

(11) 1. M. Croll and R. L. Scott, ibid., 68, 3853 (1964).

(12) R. D. Dunlap, J. Chem. Phys., 21, 1293 (1953).

(13) J. H. Hildebrand, ibid., 18, 1337 (1950).

(14) R. L. Scott, ibid., 25, 193 (1956).

(15) T. M. Reid, 111, J. Phys. Chem,, 59, 425 (1955).

(16) R. J. Munn, Trans. Faraday Soc., 57, 187 (1961).

(17) D. V. Fenby, I. A. McLure, and R. L. Scott, J. Phys. Chem., 70,
602 (1966).

(18) G. S. Prosser and C. P. Patrick, Nature, 187, 1021 (1960).

(19) W. A. Duncan and F. L. Swinton, Trans. Faraday Soc., 62, 1082
(1966).

(20) J. C. A. Boeyens and F. H. Herbstein, J. Phys. Chem., 69, 2153
(1965)

(21) D. F. R. Gilson and C. A. McDowell, Can. J. Chem., 44, 945
(1966)

(22) R. Foster and C. A. Fyfe, Chem. Commun., 642 (1965).
(23) P. R. Hammond, J. Chem. Soc., A, 145 (1968).
(24) T. G. Beaumont and K. M. C. Dauvis, ibid., B, 1131 (1967).
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hexafluorobenzene-aromatic hydrocarbon systems.23
However, the donor absorption prevents any ob-
servation of a charge-transfer maximum. The
lack of observation of a charge-transfer absorp-
tion may be attributed to the small overlap of the
ir-donor orbitals with the weak acceptor orbitals of
hexafluorobenzene. Preliminary nuclear magnetic re-
sonance investigations of the hexafluorobenzene-hexa-
methylbenzene-carbon tetrachloride system showed a
concentration-independent fluorine chemical shift.2
Phase diagrams, volume changes on mixing, and dipole
moments have been reported by Swinton195 for six
hexafluorobenzene-hydrocarbon systems. He con-
cludes that the existence of a compound in the solid
state does not necessarily imply any specific interaction
in the liquid state. Scott® divides any interactions
which might occur in a system composed of an aromatic
fluorocarbon and a hydrocarbon into three categories:
physical interactions such as dispersion forces, specific
chemical interactions such as charge transfer, and spe-
cific interactions between aromatic rings such as quad-
rapolar-quadrupolar and bond dipolar interactions.

A fluorocarbon-hydrocarbon system in which there
is a known specific chemical interaction is the 2,2,2-
trifluoroethanol-ethanol system. Ethanol and 2,2,2-
trifluoroethanol (TFE) resemble each other in molecular
structure, boiling point, and dielectric constant, but
differ considerably in acidity, basicity, and solvating
ability.Z Since the two liquids are miscible in all
proportions, the TFE-ethanol system is of interest in
studying hydrogen bonding and relative solvating ability
between the two components and in comparing with the
hexafluorobenzene-hydrocarbon systems.

The above hydrocarbon-fluorocarbon mixtures have
been examined by measurement of the concentration
dependence of the 19 spin-lattice relaxation time and
of the proton chemical shift to determine what types
of solute-solvent interactions are occurring. The
Bloembergen, Purcell, and Pound theoryZgives the
dependence of T\ on the temperature and viscosity for
liquids. 1/5Ti, the inverse of the spin-lattice time, is
proportional to the ratio of the viscosity to the absolute
temperature, -o/T, provided the correlation time de-
scribing the motion is much less than the Larmor fre-
quency. For solutions in which molecular association
occurs, the BPP theory does not hold since the correla-
tion time for the motion considered is usually much
longer than for unassociated liquids, and 7\ usually
possesses a minimum. GiulottoB and Murthyd have
both observed minima in T\ where strong association
occurs. Brownstein3dl has studied by spin-lattice re-
laxation various weakly interacting systems which do
not show a chemical shift change with change in con-
centration.

Experimental Section

The 19 spin-lattice relaxation times were measured
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by the method of adiabatic fast passage at 56.4 MHz.
The linear sweep unit of a Varian DP-60 spectrometer
was replaced by a Wavetek function generator which
provided a triangular sweep which was fed directly to
the sweep coils. The sweep was displayed on a Hew-
lett-Packard Model 120B oscilloscope. The field posi-
tion and period were adjusted until there was a null
point on the return trace. At least five independent
measurements were made on each solution. For most
of the measurements, the average deviation was 0.10-
0.15 sec.

The temperature was regulated by the flow rate of
dry nitrogen through a Varian V4340 variable tempera-
ture probe assembly. The temperature was determined
by a copper-constantan thermocouple placed within
the Dewar insert, accurate to 1o. All of the Ti measure-
ments were taken at 30° except for the hexafluoro-
benzene-mesitylene mixtures which were taken at 40°.

The removal of molecular oxygen is very important
since paramagnetic species can provide a dominant
relaxation mechanism.2832 The pump-freeze-thaw
method was used to remove any oxygen present. The
cycle was repeated at least ten times for each sample.

The relative viscosity measurements were made using
an Ostwald viscometer; 4 ml of solution were used in
each case. Each measurement was repeated five times,
using a water bath in which the temperature could be
regulated to 0.1°. Results of the viscosity measure-
ments are given in Table I.

Table I: Relative Viscosities of Mixtures at 30°
CaFa- CeFe— CFaCHj- CFaCHa-
CeFe- CeFe—  CeHa-  HCON- OH- OH-
X, & CHir Gda (CHa)a6  (CHab CaHa  CaHaOH

0.90 0.95 0.97 0.99 0.99 0.80 0.87
0.80 0.89 0.93 1.04 1.00 0.67 0.79
0.70 0.84 0.86 1.07 1.00 0.58 0.73
0.60 0.80 0.82 1.10 1.00 0.50 0.70
0.50 0.78 0.80 1.08 1.00 0.46 0.64
0.40 0.78 0.74 1.04 1.00 0.41 0.61
0.30 0.80 0.70 0.96 0.99 0.39 0.60
0.20 0.82 0.66 0.89 0.96 0.36 0.60
0.10 0.88 0.65 0.83 0.93 0.36 0.59

° x i is the mole fraction of the fluorine-containing component.
6 Measured at 40°.

(25) W. A. Duncan, J. P. Sheridan, and F. L. Swinton, Trans. Fara-
day Soc., 62, 1090 (1966).

(26) D. V. Fenby and R. L. Scott, J. Phys. Chem. 71, 4103
(1967).

(27) L. M. Mukherjee and E. Grunwald, ibid., 62, 1311 (1958).

(28) N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev.,
73,679 (1948).

(29) L. Giulotto, G. Lanzi, and L. Tosca, J. Chem. Phys., 24, 632
(1956).

(30) C. R. K. Murthy and R. D. Spence, ibid., 33, 945 (1960).
(31) S. Brownstein, private communication.

(32) A. Abragam, "The Principles of Nuclear Magnetism,” Oxford
University Press, London, 1961.
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The proton nmr chemical shifts were obtained with
a Varian A-60 spectrometer. Tetramethylsilane was
used as the internal reference.

The fluorocarbons were obtained from Peninsular
ChemResearch, Inc. The best available grades of
hydrocarbons were obtained from various vendors. All
the compounds except ethanol and 2,2,2-trifluoroethanol
were dried and distilled just before using. Ethanol and
2,2,2-trifluoroethanol were used as obtained. The
purity of the compounds was also checked by nmr
spectroscopy.

Results and Discussion

Hexafluorobenzene-cyclohexane mixtures were stud-
ied to provide a reference system. Swinton3 ar-
gues that only physical interactions such as disper-
sion forces should be present. The phase diagram
of this system2 does not show a congruent melting
point but several barely noticeable incongruent melting
points, which may be attributed to solid-state packing
rather than to specific interactions. In the hexafluoro-
benzene-cyclohexane system the unlike interactions are
about 5% weaker than the value predicted by the geo-
metric mean combining rule.3

A plot of the viscosity-corrected 19 spin-lattice
relaxation time as a function of hexafluorobenzene mole
fraction is shown in Figure 1. The value of (v/vo)Ti,
where Tis the solution viscosity and rOis the viscosity
of pure hexafluorobenzene, decreases with decreasing
fluorocarbon concentration, leveling off at about 0.5
mole fraction. This behavior may be interpreted as
the initial breakup, with addition of cyclohexane, of
large, loose fluorocarbon clusters into smaller, more
rigid clusters.2931L Further addition of cyclohexane
beyond 0.5 mole fraction provides a continuous hydro-
carbon phase for the segregated fluorocarbon clusters.
The proton chemical shift of cyclohexane does not
change over the investigated concentration range.

The hexafluorobenzene-benzene system has a con-
gruent melting point at 24° and 1:1 mole ratio.9 A
plot of the viscosity-corrected 19 spin-lattice relaxa-
tion time as a function of fluorocarbon concentration is
also shown in Figure 1 for the hexafluorobenzene-
benzene system. Initially, with addition of benzene,
(v/vo) Ti decreases as the fluorocarbon clusters are
broken up, and then at 0.5 mole fraction the plot levels
off. The experimental results show fairly large scatter
but do not appear to justify drawing other than a smooth
curve. The proton chemical shift of benzene is in-
variant over the investigated concentration range.
Thus the behavior of the benzene system is similar to
that of the cyclohexane system, and any specific hy-
drocarbon-fluorocarbon interaction must be extremely
weak.

The hexafluorobenzene-mesitylene system has a
congruent melting point at 36° and 1:1 mole ratio.
The excess volumes of mixing have been measured for
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Figure 1. The concentration dependence of the viscosity-
adjusted relaxation time in the hexafluorobenzene-cyclohexane
(O) and hexafluorobenzene-benzene (O) systems where x «
represents the hexafluorobenzene mole fraction. The lengths
of the vertical lines represent the ranges of values observed in
replicate measurements.

the benzene-, cyclohexane-, and mesitylene-hexa-
fluorobenzene systems.5 Also, the excess free ener-
giesBP and enthalpiesl~d of mixing have been mea-
sured for the benzene and cyclohexane-hexafluoro-
benzene systems. The presence of a specific interac-
tion, such as formation of a charge-transfer complex,
would have the effect of reducing the magnitude of all
the thermodynamic excess functions from the large,
positive values that are characteristic of perfluorocar-
bon-hydrocarbon systems. For example, in the hexa-
fluorobenzene-cyclohexane system where there is little
possibility of charge-transfer interaction, the excess
free energy, enthalpy, entropy, and volume change of
mixing are all large and positive. The values for the
hexafluorobenzene-benzene system are somewhat lower.
Although only the volume of mixing has been reported
in the literature, Swinton® states that all the thermo-
dynamic excess functions for the hexafluorobenzene-
mesitylene system are negative. A comparison of the
excess free energies of mixing for the hexafluorobenzene-
benzene, -toluene, and -p-xylene systems indicates
that as methyl groups are added to the ring, the ex-
cess free energy of mixing becomes more negative.®

It is also possible that molecular complexes in these
systems may be stabilized by electrostatic interac-
tions.3¥ The most probable interactions of this type
are dipole-quadrupole or dipole-dipole interactions.
Such an interaction should be at a maximum when the
two molecules are lined up face-to-face. This type of
interaction can explain the thermodynamic evidence.
Since methyl groups have a negative inductive effect
and would lower the ionization potential, mesitylene

(33) W. J. Gaw and F. L. Swinton, Trans. Faraday Soc., 64, 637
(1968).
(34) W. J. Gaw and F. L. Swinton, Nature, 212, 283 (1966).

(35) W. J. Gaw and F. L. Swinton, Trans. Faraday Soc., 64, 2023
(1968).
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Figure 2. The concentration dependence of (ij/ #OTi in the
hexafluorobenzene-mesitylene (O) and hexafluorobenzene-
dimethylformamide (O) systems where x « represents the
hexafluorobenzene mole fraction.

should possess a somewhat larger x-quadrupole mo-
ment than benzene.

Figure 2 shows a plot of (i/QTi as a function of
fluorocarbon mole fraction for the hexafluorobenzene-
mesitylene system. All measurements were taken at
40°. Initially, the viscosity-ccrrected relaxation time
decreases with addition of mesitylene due to the breakup
of fluorocarbon clustering. This trend is interrupted
near 0.5 mole fraction, indicative of a weak fluorocar-
bon-hydrocarbon interaction. Finally, as more mesity-
lene is added, the curve falls and begins to level off.

The proton chemical shifts were measured also for
hexafluorobenzene-mesitylene mixtures, and the re-
sults are given in Table Il. The methyl chemical
shift changes with concentration, the peak being far-
thest upheld near 0.5 mole fraction. The aromatic hy-
drogens are farthest downfield in pure mesitylene.
Upon addition of hexafluorobenzene, the aromatic
resonance moves upheld to about 0.5 mole fraction and
then does not change with further addition of fluoro-
carbon. Although it is not entirely clear how the
chemical shifts are to be interpreted, the downfield
value in pure mesitylene would appear to result from
the combination of dispersion forces and molecular
geometry which permits pairs cf molecules to assume
a face-to-face orientation in which their methyl groups
alternate. Dilution with fluorobenzene leads to re-
placement of such clusters by x complexes of a different
geometry, in which both methyl and ring hydrogens
are more shielded, probably because of a lateral dis-
placement of the face-to-face rings of unlike molecules.
Finally, as the fluorobenzene is in excess, edgewise ap-
proach of the fluorobenzene molecules to the mesitylene
unit of the complex is more likely, and the anisotropy
of the fluorobenzene aromatic system leads to unshield-
ing of the projecting methyl hydrogens.

Whether or not these 7r-molecular complexes are held
together primarily by charge-transfer or electrostatic
interactions is not known. The negative inductive
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Table Il : Concentration Dependence of Proton Chemical
Shifts and Viscosity-Adjusted Relaxation Time in the
Hexafluorobenzene-Mesitylene System

Mole fraction

of hexa- Methyl shift,
fluorobenzene Arom atic shift, Hz* Hz° Gi/ijo) T i, sec

0.90 390.3 129.0 17.2
0.80 389.7 127.6 15.8
0.70 390.0 127.0 14.8
0.60 390.7 127.0 141
0.50 389.6 126.0 13.8
0.40 390.7 126.0 13.1
0.30 3925 126.5 12.3
0.20 394.1 127.3 11.3
0.10 396.0 128.0 10.9
0.00 397.8 129.0

“ The chemical shifts are measured downfield from tetramethyl-
silane at an operating frequency of 60 MHz. The uncertainty of
the values is estimated to be +0.3 Hz.

effect of the methyl groups in mesitylene would in-
crease the possibility of both charge-transfer and elec-
trostatic stabilization. Chemical shift data have been
used to argue for charge-transfer complexes in such sys-
tems as 7,7,8,8-tetracyanoquinodimethane with ben-
zene.3 In such complexes the shielding of the electron
acceptor increases with increasing electron donor con-
centration. However, the fluorine resonance in hexa-
fluorobenzene moves to lower field in going from 0.9
mole fraction hexafluorobenzene in mesitylene to 0.1
mole fraction hexafluorobenzene in mesitylene by 2.0
Hz at 56.4-MHz operating frequency. In the absence
of any spectroscopic evidence, electrostatic forces are
the most probable source of interaction.

Beaumont and Davis2t have investigated the ultra-
violet spectra of several hexafluorobenzene systems
with various x- and n-electron donors. No charge-
transfer absorption bands could be obtained for x-elec-
tron donors, but several n-electron donor systems in-
dicate charge-transfer absorption. Symmetry argu-
ments forbid the direct overlap of the x-molecular or-
bitals of the rings in x-electron donor-acceptor systems
such as benzene-hexafluorobenzene. The rings must
be displaced relative to each other for charge transfer
to occur. However, superposition of the ring systems,
as in the solid state, provides the most attractive orien-
tation for dispersion and polarization forces.

The hexafluorobenzene-dimethylformamide (DMF)
system was studied to investigate further any possible
charge-transfer effects. There is a possibility that the
lone pair of electrons on the oxygen or nitrogen atom
could be an n-electron donor with hexafluorobenzene
being the electron acceptor. A plot of the viscosity-
corrected Ti as a function of hexafluorobenzene con-

(36) M. W. Hanna and A. L. Ashbaugh, 5. pnys. cnem

. 68, 811
(1964).
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centration is shown in Figure 2. The trend of the curve
is much like that for hexafluorobenzene-mesitylene,
with an initial breakup of hexafluorobenzene clusters
followed by a region in the middle range of concentration
indicating specific interaction with DMF.

The proton chemical shifts of DMF are given in
Table Il1l. The carbonyl proton shift moves upheld

Table 111: Concentration Dependence of Proton Chemical
Shifts and Viscosity-Adjusted Relaxation Time in the
Hexafluorobenzene-Dimethylformamide System

Mole fraction

of hexa- Carbonyl a-Methyl /3-Methyl (V/vATi
fluorobenzene shift, HzG shift, Hz° shift, Hz° sec
0.90 466.0 178.0 165.0 16.9
0.80 467.2 178.4 164.9 16.5
0.70 468.8 179.0 165.8 16.2
0.60 470.1 177.3 165.2 15.9
0.50 471.5 176.5 165.0 15.2
0.40 473.6 176.5 164.0 15.0
0.30 475.5 177.0 166.0 14.6
0.20 477.2 176.3 166.2 13.9
0.10 478.7 176.2 166.4 13.4
0.00 480.9 176.2 166.7

“ The chemical shifts are measured downfield from tetramethyl-
silane at an operating frequency of 60 MHz.

with increasing fluorocarbon concentration, consistent
with increasing dissociation of DMF. The change of
about 13 Hz from pure DMF to 0.10 mole fraction in
hexafluorobenzene may be compared to a change of
about 8 Hz observed in these laboratories as DMF is
diluted with carbon tetrachloride over the same con-
centration range. The resonances of the a-methyl and
/3-methyl groups move about 2 Hz downfield and 2 Hz
upheld, respectively, on dilution of pure DMF to 0.10
mole fraction in hexafluorobenzene, whereas both move
about 1 Hz downheld when the diluent is carbon tetra-
chloride. In DMF-benzene, Hatton and Richards3¥
pointed out that the DMF molecule is situated such
that the carbonyl group is as far away as possible from
the benzene ring. The a-methyl shift changes appreci-
ably with concentration while the /3-methyl shift is
unchanged. They interpreted these results to mean
that the a-methyl group was positioned over the center
of the ring to retain the planar configuration of the
amide. In the present case, since hexafluorobenzene is a
better electron acceptor than benzene, the carbonyl
group is not repelled as greatly. The carbonyl group
may complex slightly with the hexafluorobenzene,
which would explain the chemical shift results. The
upheld chemical shift of the carbonyl group with
increasing hexafluorobenzene concentration could be
explained as a combination of the self-dissociation of
DMF and interaction with the hexafluorobenzene.
The fact that the methyl shifts change very slightly in
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Figure 3. The concentration dependence of (ri/va)ri in the
2.2.2- trifluoroethanol-benzene (O) and 2,2,2-trifluoroethanol-
ethanol (O) systems where x « represents the

2.2.2- trifluoroethanol mole fraction. The dashed section of
the curve is drawn in the region of the minimum values,

where results are not sufficiently precise to define

the detailed nature of the variation.

hexafluorobenzene and carbon tetrachloride indicates
that the geometry involved in any complex formation is
considerably different from that in the DMF-benzene
system.

Preliminary uv studies of the hexafluorobenzene-
DMF system were carried out. Beaumont and Davis
reported a range of 265-353 m/i for the charge-transfer
band maximum for several amines with hexafluoro-
benzene. No new band or shoulder on the parent
bands was noted in this region although both hexa-
fluorobenzene and DMF absorb at about 255 mu, and
these absorptions might obscure the new band.

Infrared bands in the TFE-ethanol system, cor-
responding to monomer, dimer, and higher complexes,
were assigned by Mukherjee and Grunwald.ZZ Also,
they found TFE to be a better hydrogen-bonding donor
in an inert solvent than ethanol. Rao, et al.,3 showed,
using nmr spectroscopy, that TFE is less associated
than is ethanol in an inert solvent.

In mixtures of TFE and ethanol, a new infrared band
appears with a maximum at 3400 cm“1 This is
attributed to formation of mixed hydrogen-bonded
species, the most important being the TFE-ethanol
dimer. The calculated equilibrium constant, for mixed
dimer formation is about ten times greater than for
ethanol dimer formation.2

A plot of the concentration dependence of (ri/vo)Ti
for TFE in benzene is given in Figure 3. The value of
(@?19Ti decreases with decreasing TFE concentration
indicating the breakup of large complexes. This
breakup is still incomplete, even at 0.1 mole fraction.
TFE shows self-association over the concentration
range studied. Figure 3 also shows a plot of the
concentration dependence of (v/vo)Ti in the TFE-

(37) J. V. Hatton and R. E. Richards, Mol. Phys., 5, 139 (1962).

(38) B. D. N Rao, P. Venkateswarlu, A. S. N. Murthy, and C. N. R.
Rao, Can. J. Chem, 40, 387 (1962).
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ethanol system without solvent. As ethanol is added,
there is a decrease in GA70Q) TV This decrease, however,
is not as great as in benzene, because the formation of
mixed complexes lowers the degree of self-association.
Instead of the TFE breaking into smaller units as it
does in an inert solvent, it is tied up in large hydrogen-
bonded clusters or chains. Mukherjee and GrunwaldZ
postulate that when TFE is in excess, there are hydro-
gen-bonded chains with ethanol being the terminal
acceptor. Also, when TFE is added to ethanol, there
are hydrogen-bonded chains formed with TFE being
the terminal donor. The motion of the perfluoro-
methyl group in TFE seems unaffected from 0.1 to 0.4
mole fraction TFE. This fact indicates that any

W. G. French and J. E. Willard

chains formed are breaking and re-forming faster than
can be detected on the nmr time scale. Also, there is
probably little hydrogen-fluorine hydrogen bonding
present. However, at about 0.42 mole fraction TFE
there is a discontinuity indicating very strong hydrogen
bonding involving the hydroxyl groups.293® Probably
the chief species is the mixed dimer, with higher com-
plexes also present. Mixed hydrogen bonding seems to
be a much stronger interaction than the self-association
of either ethanol or TFE.
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Phosphorescence Yields and Radical Yields from Photolysis

of Tetramethyl-p-phenylenediamine in 3-Methylpentane

Glass Containing Alkyl Halidesla
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The yields of alkyl radicals produced from alkyl halide solutes by dissociative electron capture (RX + e_ =
R + X~) during photoionization of tetramethyl-p-phenylenediamine (TMPD) in 3-methylpentane (3MP)

dlass at 77°K decrease in the order RC1 > RBr > RI.  The analogous radical yields from radiolysis of RX in
3MP are not dependent on the halogen.  Phosphorescence yields and lifetimes indicate that the reductions in
radical yields from the iodides and bromides in the TMPD system result from the fonmation of TMPD-RX

conmplexes in which the lifetime of the TMPD triplet state is reduced.  Shortening of the triplet state lifetime
loners the probability of the two-photon photoionization process.  The phosphorescence vields with and with-
out CH3 present indicate a [TMPD-CH3]/[TMPD] [CH3] ratio inthe glass at 77°K of 760. These data
help to explain earlier observations on the effect of nethyl iodide on the electrical conductivity of solutions of
phaotoionized TMPD in 3MP dlass during warmmup from77°K.  Additional observations include (1) the rate
of production of free radicals in the TMPD system is proportional to the second power of the light intensity, as
expected; (2) CH3- undergoes dissociative electron capture in 3MP at 77°K, although such dissociation with
thermal electrors is endothermic in the gas phiase; and (3) the ratio of yields of CH3 CH5 and’ C3H7from
dissociative electron capture by the corresponding chlorides, using electrors fromthe photoionization of TMPD,
iS1.00:1.25:1.75, rather than decreasing with increasing carboon nunber as reported earlier.

Introduction

The quantum yields of trapped CH 3radicals produced
by dissociative electron capture when N,N,N'N'-tetra-
methyl-p-phenylenediamine (TMPD) is photoionized at
77°K in 3-methylpentane (3MP) glass containing 1 mol
% CH3CL, CH3®Br, or CH3 are in the ratio of 10:3:1.2
The yields of ethyl radicals from the ethyl halides show
a similar decrease from the chloride to the iodide.2 It

The Journal of Physical Chemistry

has been suggested2 that these differences, which are
opposite in trend to that observed for electron capture

(1) (a) This work has been supported in part by U. S. Atomic Energy
Commission Contract AT(11-1)-1715, by the W. F. Vilas Trust of the
University of Wisconsin, and by a Public Health Service Fellowship
(FI-GM-28,853) front the National Institute of General Medical
Sciences; (b) Bell Telephone Laboratories. Murray Hill, N. 3.  07974.

(2) R.F. C. Claridge and J. E. Willard, J. Amer. Chem. Soc., 87, 4992
(1965).
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in liquid aqueous systems3and for dissociative electron
capture in a liquid hydrocarbon,4 may be caused by
differences in complexing of the halides with TMPD.
Consistent with this suggestion, it has subsequently
been shown that (7(RX + e~ R + X-) in the
radiolysis of 3MP glass containing an alkyl halide (but
no TMPD) is independent of whether the halide is a
chloride, bromide, or iodide.6 Evidence from studies of
radical yields as a function of TMPD and alkyl chloride
concentrations are ambiguous with respect to the role of
complexing.6 The optical spectra of unirradiated
solutions of methyl halides and TMPD in 3MP at 77°K
show only the normal spectrum of TMPD (with peaks
at 325 and 265 nm). Following illumination in the
325-nm absorption band of TMPD, the TMPD +
signal (with peaks at 632 and 575 nm) is completely
obscured if 10~2 mole fraction of CH8 is present;
CH®r causes a broad absorption in the 360-nm region;
and CH3CI produces very little change. These effects
have been observed in both earlier work6é and the
present work.

Photoionization of TMPD is believed to occur by a
two-photon process in which the second photon is
adsorbed by the triplet state.7 Any effect which short-
ens the lifetime of this state must decrease the quantum
yield of photoionization, and hence of free-radical
formation by dissociative capture. If TMPD is com-
plexed with an alkyl halide, this might be expected to
guench or change the lifetime of the triplet state. We
have therefore investigated the effects of c H sc1, CHSBr,
and cHa on the yield and lifetime of TMPD phos-
phorescence in 3AMP at 77°K.

We have also (1) determined the effect of light inten-
sity on the rate of radical production by dissociative
electron capture during photoionization of TMPD;
(2) correlated the effects of methyl halides on the phos-
phorescence intensity from TMPD in 3MP glass with
their effects on the warmup electrical conductivity8 of
the system; and (3) revised earlier estimates2 of the
relative yields of methyl, ethyl, propyl, and butyl
radicals formed by dissociative electron capture of the
corresponding halides by electrons from TMPD.

Experimental Section9l

All samples were prepared from purified degassed
reagents. Solute concentrations are given in units of
mole fraction (mf).

Phillips Pure grade 3-methylpentane was purified by
passing through a 0.5-m column of silica gel, freshly
activated at 400°. Eastman White Label CH3J,
CHA, CH®r, and n-CHT were used as received.
Matheson USP grade O2H5CI, High Purity grade
CH3CI, and 99.5% minimum purity CH38r and CHF
were used as received.

Measurements of the decay of TMPD phosphores-
cence were made by recording the output of an IP21
photomultiplier tube which monitored the sample

241

after flash photolysis at 77°K.% The sample consisted
of 4 ml of 10~5mf TMPD in 3MP ina 1lcm X 1cm
fused silica cell. It was mounted under liquid nitrogen
in a dewar with flat Pyrex windows. The dewar was
positioned midway between, and about 5 cm from, the
photomultiplier tube and a Xe-filled fused silica flash
lamp 10 cm long and 1 cm in diameter. The flash
energies were about 700 J, the flash intensity decayed to
1% of its maximum value in about 100 nsec, and
the perturbation of the photomultiplier as a result
of the flash was over in less than 0.1 sec after the flash.
The output of the photomultiplier was recorded on a
Hewlett-Packard 680M strip chart recorder which had
a full-scale response time of 0.1 sec.

A high-intensity Bauseh and Lomb monochromator
with a 200-W high pressure mercury lamp was used in
determining the effect of light intensity on the rate of
radical production. It was set at 315 nm with a 10-
nm band width and focused on the sample held in a
Variant liquid nitrogen dewar in the esr cavity. Cary
wire mesh neutral density filters were used to vary the
intensity.

Electrical conductivity measurements during warm-
up of illuminated 3AMP TMP1) RX glasses were made
as described earlier.8

Determination of absolute yields of trapped radicals
by double integration of the first derivative esr spectrum
and comparison with a standard was not feasible in the
presence of an unknown vyield of TMPD+. The
relative yields of methyl radicals from different methyl
halides, or the relative yields of ethyl radicals from
ethyl halides, could be determined to ca. +20% by
comparing esr peak heights from different samples
exposed to identical illumination in identical sample
tubes. This is possible because the TMPD + esr signal
is sufficiently broad so that its contribution to the
signal height in these samples is less than 10%, and the
contribution of the 3MP radical signal is likewise small.
In order to determine the yield of ethyl and propyl
radicals, from ethyl and propyl chloride, relative to the
yield of methyl radicals from methyl chloride, the ratio
of the line heights of the different kinds of radicals at
equal concentration was determined with samples of
the various alkyl chlorides in 3MP which were y-
irradiated to identical doses. G values for both the

(3) A. Szutka, J. K. Thomas, S. Gordon, and E. J. Hart, J. Phys.
Chem., 69, 289 (1965).

(4) P.it. Geissler and J. E. Willard, ibid., 67, 1675 (1963).
(5) M. Shirom and J. E. Willard, ibid., 72, 1702 (1968).
(6) R. F. C. Claridge and J. E. Willard, unpublished.

(7) (@ G. E. Johnson and A. C. Albrecht, J. Chem. Phys., 44, 3162
(1966); (b) G. E. Johnson and A. C. Albrecht, ibid., 44, 3179 (1966);
(c) K. D. Cadogan and A. C. Albrecht, J. Phys. Chem., 72, 929
(1968).

(8) B. Wiseall and J. E. Willard, J. Chem. Phys., 46, 4387 (1967).

(9) (a) Further details are given in the Ph.D. thesis of W. G. French,
University of Wisconsin, 1969; (b) we are indebted to John R. Miller
of our laboratory for assistance with these measurements.
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3MP radicals (which are independent of the presence of
solute) and for the aIk I drcals from alk Th halide
solutes are known for 3 ? erefore,
by subtractrn? the height of the 3|\/IP radrcaI signal in
thie solute from the apparent line herp t due
to the solute radical when solute was present, valljes or
the concentration of each radical in terms of the hei ogbe
of one of its promrnent Irnes were obtained and coul

sed I con%pann? yields of |tterent radjcal species
resu trn pho oronrzatrono TMPD in the presence
of alkyrhalides. - This method o; comparing the yields
of different radlicals has yielded corrected” valugs for
the relaérve fields of methyl, ethyl, and propyl radicals
reported earlier 2

Results

ferent

Table | Irsts the reIatrve yields of alkyI radicals pro
duced hy dissociative electron capture IXA Seven a
halides following the photoionization of TMPD in 3

lass at 77°K.” All determinations were made wrth
1 X 10-2 mf of the halide and 09 X
TMPD, with a photonsrs time of 5.0 min, using.an
AH4 Tamp with 'a Pyrex fiter. A 5-mn iradition
Broduced a strong enough sr%na for easy measurement
ut was short énough 0 that_the growth rate wes
approxrmately constant (i .e TMPD depletion and
adsorption by TMPD+ were both smaII and onl¥
small correction was neeged for radical eca urrn? he

photolysis period. Each of the values of Table T for

Table 1: Yields of Alkyl Radicals Produced by Dissociative
Electron Capture in 3MP at 77°K“

Relative yields from (2(R) from

Alkyl halide TMPD photolysis 7 irradiation6
CHsCI 1.00 0.8
CH3®r 0.30 0.8
CHsl 0.10 0.8
CHSL 1.25 11
CHSBr 0.75 11
CHSa <0.20 11
chTci 1.75 11

X 10"6mf TMPD, 11 X 10-2mf RX. bReference s.

relative yield from TMPD photolysis is based on at
least three determinations, with the’maximum deviation
from the mean being 10%,  The absolute concentration
of methyI radicals Tollowing the 5-min irradiation . of
CHaCl outrons Was about - mf. The relaérve
yields o O%Cd-IS and CaH71rom the corresponaing
chIondes 11.25:1,7) are to be noted since the
tren S rn the opposite” direction to that reported
earlier2 on the basis of a less valid method for com-
panng such concentratrons

Since the ges lpase dissocjative electron capture
reaction has been reported for alkyl chlorices, bromides,
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and |od|des but dissociative electron capture by ther-
maI eectrons is forbidden by energetic considerations
for al V uondesbrt S especraIIy interesting that the
met y ra |ca vvas observed following the radliolysis of
n_3MP_at 77°K and following the
photoronrzatron of TMPD in 3MP glass contdinin
.. Quantitative_comparison of th
CHsyreIds from CHZ to those of Table | for the other
methyl halides was not possible the solu ntyo
CHZF in 3MP is not known. - When 0.2 ml of 3MP was
frozen in an esr tube of 2-ml volume contarnrng 10
10-2 mf CHF relative to the 3MP, two layers ot
solid were observed, indicating phase separatron N
TMPD photoronrzatron expenments the rpred of CH
radicals from such a glass wes less thari 5% of the
yield from 10 X 1Q-2mf CHsCLin 3MP at 77°K.

Light Intensity Dependence of Quantu

e THE NiA]Tate ofproductron of electrons by
photoronrzatron ¢t TMPD in 3MP at 77°K is_propor-
lonal to the square of the ||ght intensity.7 Figure 1
shows that the rate of production of radicals wfien an
alkyl halide is present in the system also varies &s the
square of the light intensity, as's to be expected if they
result from disSociative eléctron capture
" {When 3MiP contarnrnﬁ 0e miTMPD s

xoosed 10 a flash from the flash lamp, the initial
mtensrt(y of phosphorescence and it rate of decay were
unaffected yt e resence o aClat concentratrons
at Ieast & Nigh 10-3 mf qure
half-ife of 2 % |s consrstent Wrt hat re orte
earlier7 The presence of 15 X 1
oreased the initial ntensity by, 60% Wrthout changrng
the decay rate of the remainder (Figure

presence of 65 X 10-3 mf CHBr decreased the inte-
%rated intensity observed by about 30% and increased
e initial eca rate (Figure 3). The. effect of the
concentration q OH3 on the ratio of injtial phospho-
rescence intensity in the presence of CHJ to thatin its
absence is llustrated.in Table I1.. The effects of CiHSBr
and CH Br_were identical with that flustrated for
Cll-ltBsr in Figure 3, at the same concentrations of
solues.

Discussion

TMPD-RX

Hal de

OOOOOO

ver vioran W |nterpret the reduction of the phos-
phorescence yield caused by CH3 Fr urez to rn cate
hata portion of the TMPD is comp h
and th at the phosphorescence Irfetrme ott e TMPD
triplet in the complex is 0 short that if is not ob-
served in oyr measurements which start afew tenths of
a second after the end of the exciting flash. CH®r
appears to produce similar complexing, with the phos-

(10) (a) V. H. Diebeler and R. M. Reese, J. Res. Nat. Bur. Stand.,
54, 127 (1955) ; (b) J. A. Kerr, Chem. Rev., 66, 464 (1966).
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Table 11: Relative Initial Phosphorescence Following Flash
Photolysis of Solutions of TMPD and CH3 in 3MP at 77°K
1/U (calcdp

> mf X 10 CH,I, mf X 10» 1/Jo (obsd)a

0.95 1.5 0.50 0.47
2.3 1.5 0.47 0.47
2.3 7.5 0.14 0.22
2.3 0.15 0.9 0.91
1.0 8.5 0.10 0.17
° Ratio of initial intensity of phosphorescence with the CHJ
present to that without it present. 6Calculated assuming
[TMPD-CH3I]/[TMPD][CH3I] = 760.

Figure 1. Effect of light intensity on the initial rate of
C2H5formation (arbitrary units) during the photolysis of
TMPD-C2HsClsolutions in 3MP at 77°K: 1 X 10~2mf
C2H6C1, 5 X 10~-3mf TMPD, 315-nm radiation.

phorescence lifetime berng reduced but still being in the
marg |na measurable range, while CHCL either is not
compexe or |f complexed, does not affect the phos-
phorescence lifetime.

Reduction of triplet state lifetimes by spin-orbit
couern with halogen atoms has been teported for
naphthalene in pr Pyl halides at 77°K.n” In these
experiments the lifetime of the phosphorescence Was

2 s8¢ in CH-Cl, 0.14 secin CHABr, and 0.076 secin
C#4, Such data raise the question as to whether
the differences in' phosphorescence lifetimes which we
have observed ma¥ be aue only to the fact that spin-
orbit couolrng of the triplet State with the halogens
decreases from jodine to chlorine and may not involve

complexrn However, the data of Fi ure 2 and Table
seem qeurre compexrngasgrn 3 causes a
concentratron endent” dec In t e yield of

phosRhoresoence wrt out changing the half- Irfe of that
Wwhich remains. At 5 X 10-3 nit CH3 the average
distance of a TMPD molecule from a CH3 moecue |s
two or three molecular diameters. If random F¥
triputed CH3 were interactin wrth triplet TMPD to
reduce the litetime, a plot of thie ogant m of the phos
phorescence . time. would be to ‘show
a decreasing slope with time as a resuIt of the various
proximities™of CH3 molecules to. TMPD molecules,
|t 715 the phosphorescence intensity in the presence of
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Figure 2. Semilog plot of phosphorescence decay after flash
m, 10-5mfTMPD; 4, 10-5mfTMPD + 15
e, 10~6mf TMPD + 15 X 10-3 mf

photolysis of:
10~3mf CH3C1; and
CH3l.

CH3 and 7othat with no addrtrve 7[7oshould represent
the fraction of the TMPD which Is not complexed.
Using the 7/7ovalues of TabIe |, an average vaIue of
the eourlrbrrum constant f or 00 1plexrng K =

CHd];TMPD} L 769 ma becalculated
The values of77ocalc Iated om |s e given in the
last column of Table II.  The equilib rrum constant
determined in this way |s expected to be representative
of some temperature, “higher than 77°K, at which the
equilibrium, Is frozen i and to show some variation
from experrment to experiment, dependent on the rate

of cool g
If 1t IS assumed that the phosphorescence decay for

(11) S. P. McGlynn, M. J. Reynolds, G. W. Daigre, and N. D.
Christodyleas, J. Phys. Chem., 66, 2499 (1962).
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Figure 3. Semilog plot of phosphorescence decay after flash
photolysis of: =, 10-6 mf TMPD; and O, 10-5 mf TMPD +
6.5 X 10“3mf CH®Br. Plots C, A, and D, m, are the
resolution of plot B into two linear plots.

the sample containing CHBr can be resolved into two
first-order decays, oné of uncomplexed TMPD with the
half-ife of 25°sec, and the other of a TMPD-CH®Br
,corggex, as shown in Figure 3, the half-life of the latter
IS lessthan L0 'sec.  Assuming the intercept of the 25-
¢ decay with the zero ordinate represents the initial
Phqsphorescence from uncomplexed TMPD, the equi-
lbrium _ constant, calculated in the same manner &
above for CHd, is ca 400, If the assumption that
the curve is resolvable into two well-defined decays is
not correct, the only alternative to explain the change
in %osphorescence decay characteristics caused Dy
CH3B Is that the decay rafe decreases continuously
with time because of the tandom proximity of the TM-
PD molecules to CHBr molecules able to shorten the
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lifetime of the triplet state b s,oin-orbit, coupling.
This explanation appears improbable, when it is noted
that the phosphoresCence decay rate in the presence of
CHJ was identical with that in its absence, at concen-
trations equivalent to those of Figure 3 for CHE.
A third_explanation for the effect 0f CHaBr, ie., that
all the TMPD molecules are complexed, is ruled out by
the fact that the phosphorescence decay shown by
curve B of Figure 3's not linear.

Cadogan aid Albrechto observed that 5 X 10-zm
,oxygen quenched 50% of the TMPD phosphorescence
in"3MP ‘at 77°Fl but had no effect on the. lifetime.
They atfributed this effect to the formation of a
complex between 02and TMPD .o

Influence of  TMPD-RX Complexing on Radical
vielas. 1Ne Yields of free radicals formed from dif-
ferent alkyl halides bytheRX + e R + X- process
are strongly dependent on whethér X is Cl, Br, or |
when the "electrons are produced by photoionization of

IPD, hut not when the electrons are produced by
7 Imadiation_ (Table Ik. It has been sudgested- that
this effect might result from different equiibrium con-
stants_for complexmg of the different alky| halides
with TMPD, coupled with a higher probability for
dissociative capture on the part of molecules so”com-
plexed.  This model favored the conclusion that com-
plexing of,aIkKI halides with TMPD in 3MP at 77°K
decreaSes in the order RC1> RBr > RI, because the
quantum vields of radicals formed by the photoioniza-
tion of TMPD fall in this order. ,

From the phosphorescence data of T able! | and Figures
2.and 3 we now. conclude that the differences in radical
yields from the iodides, bromides, and chlorides are due
atleastin partto differences in the yields of photoioniza-
tion of the TMPD, these differénces resulting from
reduction of the triplet state lifetime of the TMPD
when it is complexed. Photoionization of TMPD
oceurs through a two-photon process72 The excited
smqlet state” formed Dy the first Photon populates a
triplet state by radiationless transfer, and the second
photon  causes_ jonization from the triplet state in
competition with decay by ﬁhosphorescence. Fora
fixed mud,enthqht intenisity, the rate of photojonization
IS proportional 10 the steady-state concentration of the
triplet state, which is proPornqnaI to the average life-
time of this state.  Thus the yield of electrons and of
radicals produced by dissociative electron capture would
be expected to be decreased by additives which decrease
the phosphorescence Yield or lifetime, as observed,
These considerations suggest that the com&lrexmg of
alkyl halides with TMPL Tn 3MP at 77°K decreasas in
the'ofderRI > RBr>RCL

The conclusion that TMPD is less complexed by
CHaCL than CH3 and CH3r is hased on extrapolation

(12) B. Brocklehurst, W. A. Gibbons, F. T. Land, G. Porter, and M.
|. Savadatti, Trans. Faraday Soc., 62, 1793 (1966).
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| the phosphorescence results for crar and c var.
Coossmlhty that TMPD is highly complexed by

| but that the phosphorescence is nat affected
ause spin-orbit coupling of Clwith the friplet state
1 gfighe) cannot be exclided.  Thusit is not poss-
to 'say whether the high yield of tragped radicals
icr.cilelativeto c v« andcwa IS dug Solely to
ct that it does nqt alter the triplet state lifetime—
150 to some other factor. . Similarly the data leave
Ithe possibility that the increase in radical yields
1ch-c10 c.ntcr 10 c..co May not depend onthe
1 ain of triplet state lifetimes, but is due to dif-
lcesin electron capture probability, ,
ible 111 summarizes the available data on relative
Is of alkane formation by hot radical attack on the
" matrix and of trapped ragicals when TMPD is
oionized in the presence of three different alkyl
1 s The decrease in the yield of alkanes by hot
s reaction as the numpber of carbon atoms in the
al Increases Is plausibly related to the increasing
oer of degrees of freedom in the radical.

illl: Relative Yields of Alkanes and Trapped Radicals
Different Alkyl Halides Activated by Photolysis of
'D in 3MP Glass

CHCL CHxa CHTI
RH/R 3.8 1.7 0.28
R 1.0 1.25 1.75
RH“'6 3.8 2.12 0.56
R + RH*“ 4.8 3.37 2.31

-dative quantum yields, the yield of CH3 being arbitrarily
m as 1. 6Derived from the data of the first two rows:
= R(RH/R).
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Interpretation, of Electrical Conductivi
When either y-irradiated 3MP glass, or 3M
which TMP

Results.
) 0lass, 0] glass in
, has heen photoionized, is warmed from
7°K with an applied potential, an electrical conalc-
tivity peak appears with a maximum at ca 108°K.8
It is"ascribed to the movement of Rosmve and negative
jons. ~ The presence of 10~2mfof the electron scavenger
CH3 does not alter the peak in y-imadiated samples,
indicating that the ions formed from CH3 must have
about the same mobility and move the same distance
under the influence of the field as those present in the
absence of CH4. In contrast to the y-imadiated
system, 10-2mf CH3 greatly recuces the 108°K con-
uct|V|t¥ peak from the photalysis of 10 smf TMPD in
3MP. . From the phosphorescence studies of the present
paper jt may be concluded that at least part of this
reduction results from areduction in the quantum yield
of photoionization, by reduction in the triplet State
ifetime. ~ In a further test of these relationships, it hes
been observed by Bruce Dietrich of qur laboratory
that the ratio of areas of the conductivity peaks for
solutions of 10~amf TMPD in 3MP glass at 77°K and
identical solutions with 10-2 mf of alkyl halide addjtive

S: in 3MP onlg, 1; CHd, 001 CH4Br, 0.07;
CHLL 0.16; CHLCI, 023: CH-CL 0.30.  The ‘qualr-
tative trend is consistent with the. phosphorescence
yields in the presence of methyl iodide, bromide, and
Chloride.. The ﬁuse of the ncrease In areas of the
conauctivity peaks In the sequence from methyl to
eth)(l to propy! chloride in parallel with a decreaSe in
thetotal yield'0f RH + R from dissociative capture and
anincrease in the yield of R is not apparent. |t may
possibly be relatedto differences in the average distance
of charge movement in the direction of the applied field
prior to'neutralization,

—Q
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Introduction

During recent years several important discoveries>4
have made it quite evident that certain solutes can
interfere with the ion-recombination processes which
occur in the radiolysis of pure saturated hydrocarbons
and alter the subsequentc emist hydroPen

S a eaor radroysrs roduct r?/yreld might "wel be
expected to be affected by any charige in the neutraliza-
tion  process. Consrderatron of this subject is, . of

course not new. Since the early 1950's5 radiation
chemists have been concemed thiat fonic reactions
particularly those nvolving electron capture, might
comejnto play when squtes are added to hydrocarbons.
The first ex[oerrmenta attempt to ex rne the possible
e ects of eectron ca ture rn some detail was that of
Williams and thelr study of the radicals
Rroduced in the radrolysrs of solutions of alkyl halides in
ydrocarbons.  They found that at solute’ concenfra-
trons of the order of 1 mol % appreciable yields of alkyl
rad rcas G~ 2-3) were produced from the solute and
sugg[ that these aIkyI radrcals resuted, for the
part, from processes involving gissociative capture
ofeectrons Fol owrn this rtwasfoundb oneof he
gégﬁee(]l uthors tbgtt a number substancgs which
scavengers of electrons
the h drogen reId from c¥clohexane by Sever unrts
when oresent at concentrations of only’~0.1 m
was 3tggested that a large part of the observed reduc
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tion might be due to changes in the neutralization
reactrons The effect of eIectron capture on the
neutra jzation |roroces;ses lead rn to hydrogen formation
was, later ex ored more fully by Dynes In these
earlier studies it wes not compIeter dovious how one
could easlly distinguish between the &ffects produced by
reactions Of hydrogen atoms and those produced by

(1) (a) Supported in part by the TJ. S. Atomic Energy Commission;
(b) Hahn-Meitner Institute, Berlin, Germany; (c) Argonne National
Laboratory, Argonne, 111

(2) G. Scholes and M. Simic, Nature, 202, 895 (1964), found high
yields of nitrogen from solutions of N20 in cyclohexane, e.g., at 0.1
M NaO, G(N2) ~4. Since N20 was known to be a good electron
scavenger in aqueous systems, they suggested that the nitrogen was
produced by electron capture processes.

(3) F. Williams, 3. Amer. Chem. Soc., 86, 3954 (1964), found Q-
(HD) ~0.4 for a 0.07 M ND3solution in cyclohexane. It was pre-
sumed that this HD resulted from proton transfer from the solvent
ion to NDs which was followed by production of D atoms upon
neutralization of the product ND3H +ion. The D atoms would then,
of course, abstract hydrogen from the solvent to form HD.

(4) P. Ausloos, A. A. Seala, and S. G. Lias, ibid., 88, 1583 (1966);
P. Ausloos, A. A. Seala, and S. G. Lias, ibid., 88, 5701 (1966), showed
that irradiation of solutions of perdeuteriocyclopropane in pentane,
isopentane, and other hydrocarbons gave appreciableyields of 1,1,2,2,-
3,3-hexadeuteriopropar.e. This propane was presumed to be pro-
duced by H2 transfer from the solvent ion to the solute by analogy
with reactions observed in the gas phase.

(5) See, for example, J. L. Magee and M. Burton, 3. Amer. Chem.
Soc., 73,523 (1951).

6) R. R. Williams, Jr., and W. H. Hamill, Badiat. Bes., 1, 158
(1954).

(7) R. H. Schuler, 3. Phys. Chem,, 61, 1472 (1957).
(8) P.J. Dyne, Can. 3. Chem,, 43, 1080 (1965).
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reaction of electrons, Certain facts, such &s an in-
creased hydrogen yield from HI™ solutions? SWhrch
would not occur if hidrogen atom scavenging alone was
involved). made it “quite clear that soltiteS could be
involved'in reactions over and above those of thermal
hydrogen atoms, It was, however, not possible to
grve quantitative treatment of the data because a
inetic model was not available from which one could
derive a description of the concentration dependence of
electrion scavenging.  The more recent observations
mentioned above2-4 and also the work of Hamill and
oworkers9on the production of ionic esrno anic
jasses have again focused attention on the iImportance
0f processes involving fonic_ species. In the interim
period, radio-chromafographic, experiments have been
developed which allow” examination of details of the
radratron chemistry of dilute solutions for a number of
the soutes of inferest. In particular, it has heen
Rossr le fo reinvestigate the” dissociation of alkyl
i es in experiments of the tyﬁe originally carried olit
Wiliams and Hamill. - Sucn studies have yielded a
quantrtatrve description for the concentration ge-
pendence of the electron capture process.l) In related
work a similar description has also been found to ke
app rcabIe 0) reactrons involving positive-ion scaven-
ers.2L It is the purpose of the §resent confribution to

o D

ttem t {0 Inte rate thrs description with observations
of the etfects of solutes on the production of molecular
and atomic hydrogen.

Experimental Section

Phillips Research Grage cyclohexane was chroma-
tographed on silica gel prior t0 use and outgassed on a
vacuum line by conventional freeze-pump-thaw meth-

In early"experiments CO2was found to be quite
effective in reducrno the hydrogen yield and sub-
sequentl consrderabe care Was Usedto remove dis-
solved %addrtronal (bumgrn%at foom temperature
Solutes (N Hr,
CHA CDA ccni6 ocon6 and Nb3 wereoutgassed
and distled on the vacuum ine. ~ Mass sPectrometer
analysis showed no significant impurity levels. Solutes
were metered on the vacuym line and added to the
solvent prior to the final distillation procedure, Hy-
drocarbon samPIes were 5 or 10 cc and filled all but a
small portion of the Iradiation vesse| sothat essentially
all of the solute (>95%) was in solution,

Iradiations were made In a 60 y irradiator at a
doserate of 6 X 1OBeV? -Lhr-1. Doseswere0.6-2 X
1019 Vg for cases whefe measurements of hydrogen
production were involved and 5 X 1077eV/q wiiere
eth | radrcas were determrned Absolute ields were
qbtained by comparison of the rate of product forma-
tion with t \at for oxidation of ferrous ion in the Fricke
dosimeter in the standard way. Gas analysis, wes
carried out by toepling the gsroduct volatile at liquid
nitrogen temperature to'a measuring McLeod gauge and

subsequentl an zing an aliquot mass spectromet-
rically adical yields from ethylene solutions
were determrned usrng radioiodine as a scavenger.
The radioethyl iodide product was separated chroma-
tographically In experments essentially identical, with
those previously described. 10228 The Concentration of
jodine used in these experiments was ~5 X 104 m
and should have been sufficient to quantrtatrvely
(i.e. >99%) scavenge the ethyl radicals.2

Results and Discussion

Hydrogen Yield from Pure Cyclohexane. The |n|t|aI
experiments. on cyclohexane aﬁoassed in the normal
waY at liquid nitrogen tempera ure gave a hkrdrog
d of 5.4, Because of the pronounced effec
on the t%/dro%en yield rndrc ted below 1t was soon
rearze that there was probably enough i.e. ~10-4 m)
C02dissolved in the squtrons tor uce the f drogen
leld b asrgnrfrcant amount, For three experments
in which C0Zwas carefullg eliminated from the cyclo-
exane, yields of 5.60, 55 and 565 Were observed at
ses, respectively, 0f 0.6,0.6, and 18 X 108 %
Se (10SES, oIeﬁn sufficient o reduce the rnrtraI dro
enyield by ~0.1 unit will have aready heen urtu
ccordin to the treatment .of the dose depend ence
ven rn #gendrx the initjal yield, c(H2p, shouId
higher rn t se fhree ex errments by, respectrvely,
unrt ceord rnﬁg/ cH2ofor
gure hydrocarbon IS faken as 567 (thé averag eof565
nd 5 75)[ and is believed to be accurate to ~0.1.
To the extent that the hydrogen produced by reactions
of free ions might not be Included in the observed initial
Klelds the vallle of (j(H20may be even slightly higher.
umerous . other rnvestrgators have re orted INitial
hydrogen yields from cyclohexane of 1 ~564
Effect of Electron Scavengers on the Hydrg en Yield
from_ Cyclohexane. Addition _ of CHg:i Br, or
CZ-IEB o cIohexane results in.a ronounced decrease
in the yield" of yrogen &s i inaicated in Figure 1
For squtes other'that CH3Br the yields are plotted at
an effective concentration Sl ere the actuaI con
centration has been multiplied b a actor a
described below.  The present r su It romt
solytions are in agree ent with those o tarne rn the
earlier study mentioned in the Introduction.7 The re-
sults from N2, SF§ and C02solutions obtained in these

'5_"("03_ "<
D

(9) For a summary of this work see Chapter 9 by W. H. Hamill in
“Radical lons,” E. T. Kaiser and L. Kevan, Ed., Interseience Pub-
lishers, New York, N. Y., 1968.

(10) J. M. Warman, K.-1T. Asmus, and R. H. Schuler, J. Phys. Chem.,,
73,931 (1969).

(11) S. J. Rzad, R. H. Schuler, and A. Hummel, J. Chem. Phys., SI,
1369 (1969).

(12) R. H. Schuler and R. R. Kuntz, J. Phys. Chem., 67, 1004
(1963).

(13) J. L. McCrumb and R. H. Schuler, ibid., 71, 1953 (1967).

(14) See, for example, the summary by W. A. Cramer in “Aspects of
Hydrocarbon Radiolysis,” T. Gatlmann and J. Hoigne, Ed., Academic
Press, London,1968, p 154 ff.
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Figure 1. Effect of electron scavengers on H2 production
from G'dohexane. 4], pure cyclohexane. Solutes: =, CHXL,
CHZL (lief. 7); O, CH®Br; B, CHBr; A, SF6, V, ND;

m, C02 Points plotted at effective solute concentration
which is taken as actual concentration times a3acHX&: (as
described in text). Curve calculated fromeq Il withe = 1
and as = acilBr = 16.2 M~1.

laboratories, which are also given in Figure 1, show a
form for the concentration dependence” which IS very-
similar to that given by the halides. These latter re-
sults are, in general, similar to those re?orted,b other
workers21621 though n certain cases slight diférences
exist in the values rg]]we,n for a particular Solute concen-
fration. In fact the literature values are not alwa){s
internally consistent (e g., h droglt\elryelds,from 28210
3.61have been reported?or L mNZ solutionsin cyclo-
hexane). For marm %uerposes such variations in the
rePo,rted values woulld e of little consequence. A cor-
relation of the type being attempted here, however, de-
pends very sensitively on the absolute values of the
yields and'on relatively minor details of gbserved differ-
ences so that it is necessary to have an internally con-
sistent set of data.  The rmeasurements of the present
study were carried out with this in mind. ,

Many solutes in addition to the ones studied here
have been found to depress the hydrogen yield from
cyclohexane to approxmatelé?awhen fesent at a con-
céntration 0.1 M/72:8 Certain of these he.g., the
alkyl iodides, CCh, and benzyl chloride) are, however
alsq expected to react with ydroge,n aioms <0 that
their effect on h;fdrogen prodlction Is certainly com
plex.. Accordlng y, results from these solutes are nof
considered In the present discussion though it is noted
that at ~0.1 wm the yields tend to be abiout one unit
lower than those gbsenved at the same concentr%lﬁn of
GHBr, N&, or SHa This difference IS reasonable In
View (?f the estimate of ~0.95 %Nen below for the ¥|e|d
of hydrogen atoms at electron Scavenger concentrations
of ~0.1°m.  Other solutes such as S02 the perfluoro-
alkanes, N2, SFq and CO2appear likely to react only
with electrons.  In most of these latter ‘cases products
from electron caPtTre have not, as yet, been measureg
and a direct correlation between electron capture an
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the effect on hydrogen production is not possible,  One
exceﬁtlon is astudy of perfluorocyclohexane solutions in
cyclohexane where Sagert©found the yield of CeFnH to
be about equal to that for reduction of hydrogen.
Since it Is not possible to state on a ‘priori rtﬂ[ounds at
each electron captured by asolute will resultin anequiv-
alent decrease in the hydrogen yield (and in fact in
certain cases it is quite ‘obvious that this is not so; see
below), further detalled experimental information is

Necessary.

Studies in which eth}llene was added to the methyl
halide solutions make it clear that hydrogen atoms do
not readily attack the chloride and probably g not at-
tack the oromide to any significant extént D With
these sollites, forms of energy transter other than elec-
tron capture do not seemto comeinto play,dsothat the
observed reduction In the yield of hydro%]en appears to
result entirely from changes in the neutralization pro-
oessss. From the data Of Table | it is seen thaf for
methyl chloride solutions the reduction in the yield of
thr(égSeen IS equal to the yield of methy] radicals. = In
the case of methyl bromide the reduction s slight]
%reater though the difference is small (0.1-0.3 dnit}.

he data of This table imply that there IS, very nearly
at least, a 1:1 correspondence between electron capture
as measured by methyl radical production and the ce-
crease In the yield of hydro&;en. That this should be s
would appear fo. be fortultous since it effec,twelY in-
volves unit efficiency for h dro?en production Trom
electron positive ion” recombination and, in fact, the
work of Robinson and FreemanBwhich will be com-
mented on later shows that there can be a wide varia-
tion in this efficiency.

(15) S. Sato, R. Yugeta, K. Shinsaka, and T. Terao, Bull. Chem. Soc.
Jap., 39,156 (1966).

(16) W. V. Sherman, J. Chem. Soc., A599 (1966).

(17) S. Sato, T. Terao, M. Kono, and S. Shida, Bull. Chem. Soc.
Jap., 40, 1818 (1967).

(18) N. H. Sagert and A. S. Blair, Can. J. Chem.,, 45, 1351 (1967).
(19) N. H. Sagert, ibid., 46, 95 (1968).

(20) N. H. Sagert, ibid., 46, 336 (1968).

(21) C. S. Munday, J. T. Richards, G. Scholes, and M. Simic, “The

Chemistry of lonization and Excitation,” G. R. A. Johnson and G.
Scholes, Ed., Taylor and Francis, London, 1967, p 151.

(22) M. Burton, J. Chang, S. Lipsky, and M. P. Reddy, Radiat. Res.,
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(26) R. J. Hagemann and H. A. Schwarz, J. Phys. Chem., 71, 2694
(1967) .

(27) L. S. Polak, N. Ya. Chernyak, and A. S. Shcherbakova, Khim.
Vys. Energ., 1, 220 (1967); L. S. Polak, N. Ya. Chernyak, and A. S.
Shcherbakova, ibid., 2, 317 (1968).

(28) M. G. Robinson and G. R. Freeman, J. Chem. Phys., 48, 983
(1968) .

(29) J. M. Warman, K.-D. Asmus, and R. H. Schuler, Advances in
Chemistry Series, No. 82, American Chemical Society, Washington,
D. C, 1968, p 25.
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The stoichiometry rnvoIved in h drogen productron
can be described, in ageneral sense, by the scheme

RHTT €-—) RH)* —) e'H . (1)
e-+ S—>S- @
RH+ + S-—) (RH+ S)*—) «"sH i 3)

where ¢ and e are the efficiencies for prodyction of
hydrogen from reactons 1 and 3. The difference
bietween these efficiencies is

G(H2»o - G(H,)

£ % f Gle). 1

where G(ﬁ]srs the yield of electrons scavenged in reac-
tion 2. The efficiéncy difference indicated by the ex-
periments is given in the final column of Table I.” Tn

Table 1 : Hydrogen and Methyl Radical Yields from CH8C1
and CH®Br Solutions in Cyclohexane

G(H2)o -

< + GHy)
G & GeH)* OB GO
0 5.675 5.67
0.099 3.90 1.71 5.61 1.02
0.101 3.95 1.72 5.67 0.99
0.106 4.00 1.74 5.74 0.95
0.302 3.49 2.23 5.76 0.98
0.503 3.13 2.47 5.60 1.02
0.041 3.77 1.81 5.58 1.04
0.097 3.24 2.21 5.45 1.09
0.236 2.74 2.61 5.35 1.11
0.334 2.63 2.76 5.40 1.09

“ Radical yields from solute interpolated from data of ref 10.
b Extrapolated to zero dose; see Appendix.

%eneral one expects that neutralization will not lead to
e formation’ of multiple additional carbon-cartic-n
bonds in more than a small fraction of the cases sothat
« cannot be greatly In excess of unity, The results
show, therefore, that the efficiency of hYdrogen 1br
duction from reaction 3 is z&ro of near
fact does not seemto be completely unreasonable since
electron capture reduces the recombination ener
an amount equal o the electron affinity of the negative
jon and also distributes the remaining available energy
between wo product molecules.
The yields of alky! radicals from alkyl chloride and
bromidé solutions can be described over awide range of
concentrations by

6P) = G} = G+ G, ()T

In quI Gfiisinterpreted asthe |eId of electrons which
are omo eneous! drstnbutedt ughout the solution
and which react as free ions af all re onable solute con-
centrations. Gy represents the yield of electrons which

do not escape from the, coulombic force field of their
geminate partners and therefore react with squtes ab
Rrecrably only when the latter are present at re| atrve
gh concentrations.. The term a5is an empirical Pa
rameter which describes the competition between elec
tron capture by the solute and the iop-recombination
It |s ound to have avalue of 162M-1in the
caseo metg bromide and 541 m~1 In the case of
methyl chloride.D For cy cIohexane both %hfsrcalc{}?ﬁ
and chemical 34$measurements gve G and ex-
frapolation of the radical yields from the alkyl halide so-
lutions_ to |nf|n|te solute” concentration indicates that
<380 Comb rnrn%eql and || andtaking G(H20 =
507 allows oneto writ

G(H) - 567- (0.1+38, { ~ W (I

The solid curve in Frgure 1 was comriuted using thrs
equation with . =_1and as= 1 the Value
ofaforCHfB & The data forsolutes otherthan CHBr
are norma ized by multipl érn th err concentratron b
the relative values adacm

for CH®r being taken from scaven I_%ztudres wrth
these solutesT). ~ This curve fits the data very
well (as can be inferred from Table I). |t also fits the

CH3Br data reasonably well though at hrqh concentra-
trons the observed yields tend to e slightly low. For
t? CHBis ak n as 1.1from com etrtrve studres of
|ts e ect on the re of eIectrons scaveg g
ForN2) 2values of 1 50 wer chosen f0
ive afit of the data at 005 M (in view of the lack of
ther definitive, measurements o o on these two sol-
utes). _ The ratios for SFo N, and C02correspond to
values for as0f 18, 16 and 8M-1, resgectrve
I one Is certain that a particular solute does not
react with hydrogen atoms then one should be able to
determine as by”comparing the hydrogen yield for a
9rven solution with the curve of Figure 1 "as |s ilus-
rated by the treatment of the data for N and C02
While this approach Is valuable where other measure-
ments of as are not available or cannot be regarded as
reliable, it must be reco nized that_small uncertainties
in the yield arema nre greatly Thus the two lttera-
ture vaJues or G(H2 from 0.1°m N2 solutions men-
tioned earlier (2.8 an d 3@ lead to values of a which
drﬁer{b}/afac orof4. I another example, Sato, et/ , b
superintpose their data from C02 SFg and N2 solti-

(30) A. O. Allen and A. Hummel, Discussions Faraday Soc., 36, 95
(1963); A. Hummel, A. O. Allen, and F. H. Watson, Jr., J. Chem.
Phys., 44, 3431 (1966).

(31) G.R. Freeman, ibid., 38, 1022 (1963); G. R. Freeman and J. M.
Fayadh, ibid., 43, 86 (1965).

(32) W. F. Schmidt, Z. Naturforsch., 23b, 126 (1968).

(33) W. F. Schmidt and A. O. Allen, Science, 160, 301 (1968); J.
Phys. Chem., 72, 3730 (1968).

(34) S.J. Rzad and R. H. Schuler, ibid., 72, 228 (1968).
(35) S.J. Rzad and J. M. Warman, J. Chem. Phys., 49, 2861 (1968).
(36) P. P. Infeltaand R. H. Schuler, to be published.
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tions on the same curve.  From this it would seem that
the three solutes scavenge electrons with the efficiency.
However, the present reSults show that it takes approxi-
mately twice e concentration of C02to produce the
same effect as CHBr, N, and SFe  According to the
present results CO2 appears to be only about 50% as
reactive as these other solutes. This”conclusion of a
lower reactivity for C02 corresponds to a difference of
only ~ 0.2 in the comparisons of the hydrogen yields at
coricentrations of ~0.1 m 0 that considerablé error is
possible.

In the initial studies on nitrous oxide solutions it was
assumed that the nrtrog leld gave atrue measure of
the number of electron ture y the solute and that
the somewhat smaller ease in” the hydrogen yield
re resented on Iy a fractional decrease in"the ‘efficiency

hydrogen poductron from the recombrnatron pro
oess More recent}/ It has been qeneray [eco 1gnrze
that secondary reac ons are In pa responsr le fo rt e
gh nitrogen Vields. Sato and.coworkerss pointed out
that the |eId or formation ofnrtrogen IS approximately
tvvrce that forrebeuctron in hydrogen and suggested that
the latter can be taken as a measure of te eectron
scavenging process This suggestion is essentially
wstrfre Ty he results of the present work on cyclo-
exane.  Their numerical conclusion that 2 molecules
of nrtro en.are produced for each electron which reacts
is, however, not similarly bome out The
hydro en yields which they reported for the N2 con-
tarnrng solutions are comparable to those given in
Figuré 1 The yield for the solute-free systemgiven by
thém is, however, only 5.1 Dose effects; which will e
of aconsiderably | rrmportance for the N2 solutions
than for the pure hydrocarhon, appear to come into
pay srnce an |n|t santee'd 05615 reported elsewhere n
work from the laboratories. * The oecreases in
G (SHZ are, therefore, considerabl ﬁreater than those
indicated by Sato, et a1., and the muftiplication factor is
dependent on the N concentration and seems to vary
hetween 1 and 2 as has already been commented on by
the present authors.»

In' cases where other effects contribute. to the reduc-
trpn in h drog?en (e.g., the alky iodides) interpretation

the results terms ofquI IS, Of course, completely
mapprorpnate ang woud Iead to_ermoneous values of a

one ascn st e re duction in Hz produced b

ethy| bromide soeY to electron scavenging, then ore
concludes that ethyl and methyl bromides have about
the same reactrvrtres toward electrons.  Both direct
measurements on these two solutes an com efitive
studies between them indicate that eth bro rde S
only about one-half as reactive as met romr elO

other effect must come into (pa y 1 ex lain the
I%vxsyrelds of hydrogen from the ethyl bromrde solu-

Effect of Electron Scaven
from Other Hydrocarbons.

S('.—._Cﬁ—c

ngers on the Hydrogen Yield
ccording to eq I the [ecip-
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rocal of &s represents the scavenger concentration at
which half of the emrnateIY recombining electrons are
scavenged. For 4) in cyclohexane this concentration
5006'm, In the absence of alarge free ion yield the
decrease in (’?(Ha at a solute concentration” of I/a s
should represent one-half of the total hydrogen yield
resulting from jon recombrnatron provided, Of course,
that nelitralization by the, second asrty negatrve lons pro
duced in the N2 contarnrn emsyields no t¥
drogen. ~ Robinson and Freemanm hav studred the
effect of nitrous oxide on the hydrogen yield from, a
number of saturated hydrocarbons. “If the reactivity
of N is similar n all hydrocarbons, asis indicated I%
the similarity of the obsérved nitrogen yields in the N
concentration range of 0.02—0.1 m, then it is possible
to estrmate the contribution of ion recombination to the
ﬁ/] rogen. productron for each of these hydrocarbons,
ese estimates, taken as twice the decrease observed at
6m N, aregenin Tablell.  The efficiencies of H

Table 1l: Hydrogen Yields from Hydroearbon-N2 Solutions

G(HJo-

G(Hi)o  2A<AH2° 2AG(H2 i'b
3-Methylpentane 3.9 2.3' 1.6 0.6
n-Hexane 5.1c 3.4' 1.7 0.9
n-Heptane 4.7 3.4' 1.3 0.9
Cyclopentane 4.9' 3.2' 1.7 0.8
Methylcyclopentane 4.2a 2.410 1.8 0.6
Cyclohexane 5.6' 4.0' 1.6 1.0
Methylcyclohexane 4.7 3.2' 1.5 0.8
2,2,4-Trimethylpentane 2.4' 1.2* 1.2 0.3

“ Twice the reduction observed at 0.06 M N2D. bcCalculated

assuming an ion-pair yield of 4.0. c¢From M. G. Robinson and
G. R. Freeman, J. Chem. Phys., 48, 983 (1968). From E. D.
Stover and G. R. Freeman, ibid., 48, 3902 (1968). ' S. J. Rzad
and J. M. Warman, unpublished results.

formation from jon recombination caIcuIated on the &s-
sumptron that the io I:parr )(red S 401in a ydrocar
bons are also given. his it appears that the for-
mation of Hzoccurs wrt less than unrt efficiency for the
maj ontp of hydrocarbons and that cyclohexane is a
pronou ced exception In that the effiC encK IS nearly
equal to (but not necessarily identical with) 1
|nterest|n as of the values jn Table [| is that the
consrder e fterences observed in the h){drogen yields
ort e pure hydrocarbons appear to result mainly from
alow e ficiency for formation of hydrogen from the ion-
fecombination process, particufarly “when a highly
branched hydrocarbon 15 involved, The hydragen
yield remaining after subtraction of the above ést-
mate. of the contribution from fon recombination Is
reIatrver constant at avalue within afew tenths of 1 6.
The productron of hydropen from nonionic rocesses,
therefore, seems to be refatively independent of struc-

One
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Figure 2. Effect of ammonia (0), cyclopropane (A), and ethylene
(=) on hydrogen production from cyclopropane. Points plotted
at effective solute concentration 2.16, 0.93 and 1 times the
actual concentrations. Solid flagged points are for total
hydrogen and open flagged points for H2produced from
deuteriocyelopropane and deuterioethylene solutions. Open
circles (O) are for addition of ethylene to 0.34 M cyclopropane
solutions. Data of lower curves are for ethyl radical
produced from ethylene solutions. Curves are calculated as
described in text.

ture while that from ionic processes is strongly depen-
dent on structure.

Effect of Positive lon Scavengers on the Hydrogen
vield. - With the knowledge that  molecule, of Hois
formed. upon neytralization of each positive ion pro-
duced in the, radiolysis of pure cyclohexane, one can
readlly examine the effect of chandes in the identity of
the iohs when positive jon scavenders are added to the
Kstem The work of Wiliams™ on ND3 solutionss

shows that the yield of H2drops but that of total hy-
drogen remains Very nearly constant.  From this latter
observation it would seem that neutralization of the
secondary ions produced in the cyclohexane-ammonia
system résults in_hydrogen. formation with near unit
efficiency. Results"from_similar studies in these lab-
oratories, & while again differing sIrghtIy rn detail with

published values, confrrm the general ioeas and con-
ons of hiswork.  The total hy dro%en \X/elds (which
are slightly higher than those given iliams) are
reported in Figure 2 at an effeCiive concentratron 216
times the actual concentration (aND, = 0 M h
ammonia concentrations Olrvrtheé sarea out02

Q=
2 =
< D
wn

unit less than the value for G(Haogiven above 567
The h¥dro en yrelds from the ammonia syste

stron ly ected by electron scavengersy 50 that the
slight”reduction obServed here could result from trace
rmpuntres In the ammonia, If the decrease Is real, the
ettrcrency of production of hydror%en by neutralization
of the secondary ion formed’f Ha s ~ 20%
less than for the initial fon. In any. event the two
ettrcrencres do not drtfer greatly and srnce the former

?eenhsas aﬁgagy beer?sgc}r?ctnrgtet}(li ?%msche stuhrgs?ntn(teh

eIectron scavenPers) It is noted that in the case of
meth %cyc opentane, Stover and Freemansshave shown
that e total hydrogen increases with added ammonia,
This increase is as Expected since the value of  of 0.6
ven in TabIe || for this hydrocarbon would indicate
at_neutralization of the Secondary ion in the an
monia s tem shoud give more hydrogen than neutrali-
zatrono he original ion.

Change in thé rdentrt%eof the posrtrve jon to another
organic ron mrg ht not ected to have any pro-
nounced effect on hydro en,ooductron However, rt S
known that addrtron of cyciopro ne which is a
POSIIVE 10N scavenger 417ue[ESU S i an dppreclaoie
reduction in the hydrogen yield from cyclohexane. s
There Is no evidence fiom Competitive Studies with
methyl chloride and with ethylene that this solute
reacts either with electrons or with hydrogen atoms and
0 if seene Irker that the reduction in"G(H2 accom
nanies the chan e In the é)osrtrve jon.  The prrnc g
products formed from cyclopropane. are IJoro
propy! cyclohexanez with th sum of their yields berngi
Jesciibable by eq 11 with. aa = 040 M- 111 A direc
comparison of this sum with the depression in hydro%en
production observed in the |oresent tudy showsthath
WO (uantities are essentralgequal s jsillustrated
In Figure 2 where the solid curve throuqh the cyclo-
prcgaane porntswas caculated from eq [T with «'= 1

The good agreement implies, of
COUrse, that neutraIrzatron of the secondary positive
jons formed from the cyclopropane does not. yield
hydrogen. hat this Is S0 has already been indicated
b thé work of Ausloos, etal Where xperiments with
euterroc&/e opropane (wh rch Were, however, from
studlies carried olit in_ the solid at —196°) showed that
the hydrogen had little deuterium content, Experi-
ments at ‘room temperature carried out during’ the
course of the present work gave a similar result and are
re orte in a le (11,1t i5 seenthat the yield of Hzis
gs aﬁht:y ower than that of total hydrogen. ~ Rob-
inson eemanzarn their treatment of the data from
cycIoproPane solutions assumed that the reduction wes
a correct measure of the yield for the positive ion reac-
tions.  This assumption”sems to be rrustn‘red by the
present study in the case of cyclohexane but would
Incorrect for other hydrocarbons where the eff cren%y
Hz production from the original ions is less than unitty.
Ethylene as a Positive lon and Hydrogen Atom Scav-
enger. and Its Effect on Hydrogen Production. Etherne
IS, of course, expected 410 adl & a scavenger for hy-
drogen atoms to give ethyl radicals.

He+ CHa—suCHal )

(37) K.-D. Asmus, to be published.

(38) E. D. Stover and G. R. Freeman, J. Chem. Phys., 48, 983
(1968).

(39) P. Ausloos, A. A. Seala, and S. G. Lias, J. Amer. Chem. Soc., 89,
3677 (1967).
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Table I11: Hydrogen Yields from Deuteriocyclopropane and
Deuterioethylene Solutions

______ [c
Concn, Total

Solute M hydrogen Hj HD D2 H2(calcd)'

c-CdVv  0.102 4.99 4.96 0.033 0.002 4.93
0.311 4.63 454 0.082 0.005 4.58
chD, 0.109 4.04 3.97 0.032 0.041 3.98
0.289 3.54 3.43 0.049 0.057 3.53

“ For cyclopropane calculated from eq 11l and for ethylene
from eq XI1Il with e taken as 1 and the other parameters as
described in the text. bProtium content, 0.74 atom %. c¢ Pro-
tium content, 0.61 atom %.

The yield of ethyl radicals has been measured both b
fitration with | ro Iness and by sam Irn? with 4CHae rad-
ICa|Szo The values obtarned byt e Tormer method are
s own in Fi ure 2. Though compIrcatrons are now
pparent and will be discussed below, both sefs of re-
suts indicate that at accessible eth Iene concentrations

a competiion oceurs between reactron 4 and abstrac-
tion of hydrogen from the solvent.
H- +RH -~H i+ 1t (5)

In these earlier studres estrmates of 0.00348B and
Awere given for ki on the assumptron that a
srm Ie compeltion existed for aconstant leld of t/
drogen atoms. Measurements of the hydrogen yield
from eth lene solufions, vvhrch aere orted INFi ure2
clearly s owthat the reduction in G(H2 s considerably
in excess of the measured ethyl radical yield. The
diference, which is ~1 at 101 m CaHa”could con-
cenvably result from abstractron of hydrogen from the
solvent’by “hot” ethyl radicals formied in reaction 4.
Recent studies with i4CHa In' cyclohexane containing
scavenger jodine showthat this it ot the case.a
. Sincé ethylene Is known to be ascavenlger of positive
jons, from competrtrve studies with cyclopropanea jt
might be expected to a ect the hy dro%en I|oroductron in
much the same manner as does the cyClopropane
competition exPerrments show that etherne S ~ 10%
more reactive than cyclopropane (I' e, al® =
M -1y 9 that fonjc reactons should occur to an im-
ortant extent at the concentratrons under discussion
ere. Experrments with euterroethylene reported n
Table 111 show only a very small deuterium content in
the hydrogen roduced ough in contrast to the fe-
Blts wréh deuterroczrcloRroR %a small e of D21s
observed, Thesee err owthat Ifttle hydrogen
s d rrved [om ne] tr lization of the solute ion and &
cordingly (7(H2 should be calculable from eq I11 1, In
addrtron one subtracts the ield attrrbutable 0 reac-
tion 4. The observed g fogen yields are, In fact,
reproduced qurtewell If the ethy IradrcaI yiekIs gven by
the lower curve of Figure 2 are taken asamealsure o
reaction 4. However; since ionic reactions are likely to
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contribute to ethyl radical formation such, an interpre-
tation seens to e somewhat of an oversimplification.
It is quite clear though, that the h drogen jeld from
the so utions contarnrng ethylene is depressed from that
of the pure hydrocarbon both as a result of hydrocgen
atom scavengrng and also as a result gf changes in the
neutralization process. This latter effect vitiates any
attempt to_use measurements of hydro en de ression in
determinations of hyarogen aom'yields from pure hy-
drocarbons and makes Tt difficult to determrne addi-
tion-absraction rate constant ratigs.

To a large extent one can avoid the problems indi-
cated rn the above ara raph if one adds small amounts
of efhylene to a s utron Iready containing an appre-
crable concentration of a posrtrve jlon scavenger that
does not react with hydrogen atoms.  Then thie effect
of ethylene on the ioriic processes can be treated as an
rncremental situation and will be far less pronounced
than for th e pure hYdrocarbon Results from experi-
ments in which eth newasa e t0a0.34 m cyclo-
propane so utron are re%orte In Fiqure 2. Ovef the
range studied (0-0.2 m CH4 the h drogen atom yield
should be essentrally constant and the molecular’ hy-
drogen is expected o decrease by only 02 unit. If the
decrease in hydrogen oroduced Upon adding ethylene to
the cyclopropane containing system is corrected for the
latter effect 1t should be pdssitle to treat the resultant
decrease as a simple competitive situation.  When this
IS done the hydrogen atom yield fcr 0.3-0.5 m ethylene
solutions s estinated to be 13 and the ratio of rate
constants for abstraction and scaveng rno 0004. The
values of the yields predicted by the slightly higher rate
constant _ratio grven below aie given™hy thé dashed
curve in Figure

The Ethyl Radical Yield from Ethylene Solutions.
Unfortunately, since neither the hydrogen atom yield
nor kezh I known with confidence, one cannot calcjate
the contrrbutron of reaction 4 fo the ethyl radical

an while previous investigations “have at-

m pted to use measurements of (7(CH to determrne
these quantities, it sees evident from the ahove ob-
servations on hydrogen roductron that S 2] IS_not
constant but deéen nt on the ethylene co tratron
From the fact that propyl radicals are produced from
tr/co fopane via ionic intermediates, it also seems likely

! ronrc reacfions may very well contrrbute to eth I
radical formation, - Experiments in which IXco}p
ane has, been added to the ethylene Solutions have
carried out in an attempt to sort out contributions
from these possible complicating effects and the results

(40) R. A. Holroyd, J. Phys. Chem., 70, 1341 (1966).

(41) G. W. Klein, private communication. An ethane-14C yield of
0.2 was observed from a 0.1 M 14C2H4 solution in cyclohexane contain-
ing 10~3M h. This yield increased to 0.4 upon the addition of 0.1
M CCls as expected if the ethane was produced mostly from reactions
of positive ions (see ref 11). In any event the ethane produced is
not sufficient to account for the difference observed in (7(H2).

(42) S. J. Rzad, to be published.
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Table IV: Ethyl Radical Yields from Ethylene-Cyclopropane
Solutions in Cyclohexane

G (C2H*)
IC,Ht] [CaH] G(H)s®  ion Q Gobs Gealcde
0.263 0 122 o0.095 0905 1.21d 1.14
0.205 0 1.24 0.087 0922 1.08 1.11
0.108 0 1.28 0.070 0 947 O-oe* 0.98
0.107 0 1.28 0.069 0 946 0.98 0.98
0.100 0 1.29 1.068 0948 0.96 0.96
0.0506 0 1.33 0.053 0 976 0.75 0.76
0.0338 0 1.34 0.046 098 0.68d 0.63
0.0252 0 1.36  0.041 1004 0.55 0.53
0.0139 0 1.37 0.034 1033 o-ss* 0.36
0.0092 0 1.39 0.029 1052 0.30 0.27
0.0061 0O 1.39 0.026 looo 0.21* o0.20
0.0024 0 1.41 0.020 1232 0.09* 0.09
0.0012 0 1.42  0.017 1439 0.05d 0.05
0.104 0213 121 0.034 0860 0.86 0.88
0.304 0.305 1.15 0.064 0832 1.10 1.06
0.205 0.301 1.16 0.049 0 837 1.01 1.01
0.102 0.303 1.18 0.029 0841 o081 0.86
0.100 0.301 1.19 0.028 o0 840 0.85 0.85
0.075 0.307 1.19 0022 o 840 0.76 0.77
0.0506  0.301 1.20 o0.016 0841 0.64 0.66
0.0290 0.307 1.20 0.009 o0 839 0.51 0.49
0.0252  0.301 121 0.008 o0 841 0.44 0.45
0.0104 0.306 121 0003 0838 0.26 0.23

“ Hydrogen atom yield for cyclohexane containing ethylene
and cyclopropane at the indicated concentrations as calculated

from eq IV. 6Yield of ethyl radicals from secondary ionic reac-

tions, calculated from eq VI. <c Total yield of ethyl radicals cal-
culated from eq VII. dData from ref 13. ah'c Parameters
used in calculations: (?(H)0= 1.46,/(H),eut = 0.23,/(C2H5)3c =
0.09, ad = 0.43 M~\ aS = 0.40 M~\ G, = 0.1, Gei = 3.8,
kt/ki = 0.00475, [RH] = 9.3 M.

are reported in Table IV. It is found that the addition
0f 0.3 m cyclopropane causes a reduction of ~10% in
the ethyl radical yrlel,d athoth 0.1 and 0.01 m ethylene
concentrations. This reduction a ga,rentleledoes not
result from a simple chemical competition between the
fwo solutes. Complications due to intervention of
jonic processes seem clearly to be involved. |t is also
noted in Figure 3 that there is a considerable difference
in both the mterce(;Jts and slopes for the usual compet-
tion plots of the data with and without aqded ¢yclo-
propane. The data can be treated quantitatively If one
Introduces two terms into the detaled scheme: /-
(Hyneut, We fraction of neuytralization pn In-
vo1vmg the initial ions which gve rise 'to hydrogen
atom prodyction, and /(c 2+ 5« the, fraction” of Sec-
ondary positive ion reactions which ultimately result in
ethyl radical formation. - As a result of the Tirst term
the hydrogen atom yield from the pure solvent, o ¢ o
should be Teaucedto

G(H)s,st= G(H),

VvV  0iisl + <@s2 (lV)

1+ V7aiSi + <52

/(H ) neut GII+ Ggl

Dashed line through the ethylene points corresponds to
dependence expected for simple competition between reactions
4 and 5 if G(H) were 1.28 and kt/ki = 0.0036 and is used for
interpolation in the comparisons of Table V. The difference
between the two curves, however, demonstrates that
complexities over and above a simple competitive situation
are present. The solid curves are calculated from Equation
VIl on the assumption that 23% of the neutralization processes
involving the initial ions give hydrogen atoms and that 9%

of the positive ion reactions with ethylene give ethyl radicals
(see text).

when ethylene and cyclopropane are added at concen-

trations si and sz The ethyl radical yield Produce_d by

aeaé:rt{%n of these H atoms with the” ethylene will be
ven by

G(CHGhdm= G(H)IS -— (V)
i ib
h Si
The ethyl  radical yield produced b% positive ion
reactions with the etfiylene will be given by
G (C2H 5ion = /(C 2H Hsec X
- Vaisi | am2 ang

oM %94 Vlaisi + a2 aisi - az2
If these are the sole sources of ethyl radicals then the
total yield will be

GH)0- f(H)mt ca -

(vn

G'(C2H 6) =
1
s/aiSi aXxk2 .
ol 4 o e MRH] e e
y/aiSi T aXxs L* s
vi'crjiSi -(- a2 aisi

(Vi)

Gat ce 1 4 v'aisi F azmz ™S - am2
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The values of the ,narameters Gn, Gd, ai, and aZarein-
dependently availa bIe from other experiments and
si, s2 and [RH] are, of course, experimental quan-
tities. * The numencat values of the'four parameters
G(HRQ i, BH)neU and/([CZ-IQmemarn to be defined
by tHe available experimental information

|t welook only at the decrease ofthe,ethyl radicals pro-

uced by addrngz cyclopropane at a 8|ven ethrrlene oon-
centratron thenthé parameter G'(H)0can be €liminated,

ie.

c(CHYS - G(CHGs s = |
Icats B
tn v Gti y/aiSi + a2s X

1+ \/aiSi + aX2

"o At I Hrete X

aid -r oiiOi

Gi t+ G

[ yras\t aisi \ | yraisi |\
\l + y<aisi + aisi)y \l + yraisi)
Ny @[RH] (VIIT)
h Si

The experrmentalh; observed drfferences are given in
column’6 of Table V. Asit tums out, for any given set

Sl et it o

w ich from th e over stu s 1S certarngve near to
0.004. This leaves gnly grat and / 3

determined to describe th hserved drtferences By
fixing the value of either of these quantities and then
varying the other in order to minimize the deviajons
beteen the calculated and ohserved differences onefinds
optimum agreement when the values are interrelated by

I(H)mt+ L3(CHIE=*035 ()

Within this refationship examination of the deviations
hetween the observed and caIcuIated drfferences Ves
little reference to the c ice of any one set of vi ues
over ?t er. Th e ] erence easurements

ever do ace upper |m|ts of .35 on the ractron of
positive ion-electron recombination processes which can
ve H atoms and %f?ZG on the]fractron ofthe| |on (c Cp
gessesrnvovrn(rr ethylene which can give ethyl ra

The actual frac onsarecom lementary,

|f one rearranges eqV 11 into the form

) %H neut .
1 L1 ). (&(0n))] |
G(CHY (C Hb)8o aidi ;
L1 (6(, 0n)) «lS, + «*]
1 h [RH]

QHO . ki [CHY
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where Crfion) = cat ciq "SI + a2
and sefs

. /(GH(HFJ (G(ion)

- (GEH et o

then asrmgle linear reIatronshrp of the normal competi-
tron type between Q/6(CHY ‘and 1/CHA4is expected.
The uantrty ﬁcanbeconsrdered to beacorrection factor
whrch both” allows the data to be presented as a com-
petition reIatronshrE) and also serves to supenm 0se the
curves obtained with and without added cycloprop ane
While. ¢ contains the quantity G(H Ort |s not ros

sensitive to it and one can ap roac he pro em of o

taining, values for G(H)0and ke 8s one of successive
approximations.  Infact, with any reasonable initial

(XI)

Q =

axx

Table V: Comparison of Ethyl Radical Yields from
Ethylene and Ethylene-Cyclopropane Solutions

|l——"Diffe

[cmg [C.Hal  OCCUR)A GCCaHsp*  Caledl Ob a

0.104
0.304
0.205
0.102
0.100
0.075
0.0506
0.0290
0.0252
0.0104

0.213
0.305
0.301
0.303
0.301
0.307
0.301
0.307
0.301
0.306

0.855
1.100
1.011
0.810
0.846
0.760
0.642
0.510

(0.968)
(1.154)
1.079
(0.965)
0.960
(0.886)
0.760
(0.598)
0.547
(0.303)

0.090
0.089
0.099
0.110
0.110
0.111
0.105
0.093
0.087
0.060

0.113
0.054
0.068
0.155
0.114
0.126
0.118
0.088
0.111
0.043

0.436
0.260

“ Ethyl radical yield in the absence of cyclopropane. Quanti-
ties in parentheses interpolated using dashed line of Figure 3.
6 Calcd from eq VIII.

choice of GS oonl¥asrnﬁ/urteratron S 1e urred For
any given choice of / tne appro-
Pnate values of G(H and Ka/kx erea I de}ermrned
rom the |ntercep d slope 0 got f
The |neant of such ar Iatronshrp s, indli-
cated in Frgure fo r/{H%ﬁt = e =
09 wh (‘[(I an k2/kx = 0. A
companson orthe results from the varrous experrments
with' the vaIues calcu ate rom usrng ese
parameters (and en = R/
ai = (. 40) | sgrven |n TabIe Exc for
the expenmentat02 M CH4 the agreement s seento
be exceIIent Srmrlar agreement is, however, obtained
wrth ot er chices 0 \he parameters consistent with eq
d one must rely on further arguments (as ais-
cussed below) for the particular set 0 ,narameters used
in compiling” Table 1V, - Unfortunately, the value of
the hydrogen atom yield determined by the above ap-
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on the chorce of /-

proach depends very sensitivel
= Oand [-

H)res and With [
H nat 03 0|s167 = 0 and
t It is 1.01 hese vaIues ep resent the
Pper and Iovver Irmrts for the possible yield of hydrogen
atoms consonantwith these experimens.
ata onthe effect of eIectron scavengers on the ethyl
radical yield should provide the information_necessary
to fix the arameters Q'l rat and /(C /g H58p hecause
electron scavengers are expected to increase the impor-
tance, of positive-ion reactions while decreasing the
contribution from reacfions of atomic  hydrogen.
Carbon tetrachloride has, in fact, beenfound to’ingréase
the grt]hane and ethylcr(clohexane yreIds from |od|ne
solufions df ethylene in cyclohexane. 4
on thege ect ot SFANA) yand CH ﬁon the ethyl racf1
ical ?/red are given |n Fr ure Swhere it IS seen thaf these
Solutes depress the yiel Oghtly B A quantiative de-
scription “of the  expecte ndence on electron
scavenger concentratron can be given by reference to
the treatment of the effects observed with cyclopro-
pane solutions.lL In that case the data can’ be ex-
plained if one assumes that the ifetime of the positive
entity increases by a factor rDwhen the electron is con-
verted into a largé negative jon. By analogy the ethyl
radical yield should begiven in the present case by

G(CHESSI = j(?(H)0 - /(H)neut&'( +
VaiSi + az2
1+ 'sfiSi+ am2 1+ ke,

T Si

+. -ITVS: =
u_+VaiAVd |+\/ a8 + a2 X

aZs:
am2+ apSi(l —! )}} et
where si and s2 are, respectively, the concentrations
of ethylene and electron scavenger.  The first term on
the right side of eq X I1 accounts for the decreasern the
Kre ld of eth¥l radicals which resufs from the
ro%en atom yield upon adaition of an e ectron
stavenger and thé second term accounts for the increase
in the fonic contribution  to ethyl radical which results
from the increased ion-pair ifetimie. — For various solutes
|n cIohexane this increased lifetime has been found to
of the order ofafactorof 20.1L  This secondterm isal-
YS posrtrve 0 that If /(H)nat is 0, the ethyl radical
d ‘should increase upon’ the addtion of eIectron
scaven er. If/(CH se:rsOthﬁn the ¥|ed should ce-

crease In a very fr])ron unced fashion.  The rmrtrn%]
haviors of the ethyl radical yield corresgé)ndrng to hese
two conditions are given by the dashed curves in the

H] 30 40

Competition plot of Q/G(Olm) \S. 1/[CH4: -,
ethylene only; A, ethylene plus 0.3 M cyclopropane; &,

Figure 4.

ethylene plus 0.2 M cyclopropane. Linear relationship
corresponds to (7(H)o = 1.46 and kZZki = 0.00475.

figure. If the results from the N2) and SF6conta|n|n%
solutions are taken &s typical as.those for eectr
scavengers then the data can be fit very well |
sm- 0.09.and/ H} =, 0.23 gs indjcated by the
sor cun/e Thrstea ment |s partrcularly sengftive t0
th e ch orce of/ $)an the.data cannot be fit by a
value 0 /(C SE)W ich deviates significant from
vve acceBt these parameters then (r
d These values are, r
fively, 10and 40% hi her than those obtained I,v
srdenng the concentr fion dependence for ethy| Adical
formation soe |n terms of a competition betvveen
reactions 4 As pointed out previously,B the
magnitude of the rate constant ratio ‘leads to an est-
mage of the ahsol ute rae con nt for th drtron of
nydrogen atoms I liquid exane Wi |c IS quite
comparable to that measure |n gas:phase experiments,
An overall comparison of the avar ilable data can now
be made with a common set of the various parameters.

(43) The addition of methyl bromide to 0.1 M solutions of CoHs in
cyclohexane depresses the ethyl radical yield considerably more than
does that of other electron scavengers. The mixed system CoH:-
CHSsBr is at the moment considered to be anomalous since the methyl
radical yield is greater than from solutions containing only methyl
bromide (see ref 10). It may be that at the higher methyl bromide
concentrations some hydrogen atom attack on the bromide does occur.
However, if this is so some additional complication must also be
present to cause an increase in the methyl radical yield upon the
addition of ethylene.

(44) It is interesting to note in Table 1V that the values of Q for the
solutions containing 0.3 M cyclopropane are nearly independent of
ethylene concentration. If Q is, in fact, constant it follows that a
plot of 1/G(CH3Y vs. 1/ (CoHa) should be linear and have an intercept
1/<2Cr(H)o and a slope (I/QG(H)o)(fc2/fci). That such a plot is linear
is seen in Figure 3 where the data for the cyclopropane-containing
solutions appear to obey a simple competition relation but where, ac-
cording to the present treatment, the intercept cannot be interpreted
simply in terms of a hydrogen atom yield. The ratio of slope to inter-
cept, however, does give the ratio of rate constants which should be
reasonably accurate. From the data of the figure this ratio is 0.0045.
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1 1 1 1

06 ’ of 02 03 04
[S.t

Effect of electron scavengers on the ethyl radical

o5

Figure 5.
yield from 0.1 M ethylene solutions: C, ethylene only; =,
added SF6; A, added N2 ; V, added CH3C1. Solid curve
calculated from eq X 11 with the parameters given in the text.
Limiting situations for/(H )neut = 0 and/(C2H45) = 0 are given
respectively by the upper and lower dashed curves (with the
other parameters determined for best overall fit of data from
ethylene and ethylene-cyclopropane solutions).

For ethyl radical formation such has been done in
Tables IV and V, in Figure 3where the solid curves are
those calculated from &q V1T and'in Figure 5 where the
calculation is from eq X'll with ro= 17, The minima
in the curves of Figure 3 perhaps seem peculiar. . In
fact they corresponid to maxima in the ethyl radical
yield curves which result from an increase in the effi
ciency of scaven |n|%; which is superimposed on a de-
orease in yield or Rydrogen, atom production as. the
ethxle,ne concentration 15 increased.  For solutions
0 tam,mP ethlylen,e In the range 0.3-0.5 m a hydrogen
atom yield ~1.2 is calculated from eq |V (s Table
I\V/). “This value may be compared with the value ~1.3
inferred from the experiments mentioned above in
which ethylene was adoed to a 0.34 m cyclopropane
solution.5 Some additional measure of check on the
querall details is obtained from the_solid curve through
the et%ene points of F|gure 2. This curve is calcl-
lated assuming that the réduction in hydrogen is equal
to the sum of the yields for ionic réactions and for
addition of hydrogenatoms to ethyleng, i.e.

fr(HAIGH] = 567 — /Gf +

VericUL
¢ G(H)O -

) /(H ) neut(&'fi +
Ggi 1 + vMCYER]] _[.

ataviv: I hl[mq (X1l
h

with € taken as 10. |t is seen that the observed
dirogen, lelds are predicted verX wellby the proposed
heme with the values of the parameters independently
determined in other experiments.
With/(H)ret = 0.23 and/(CHM= 009, for pure
cyclohexane the total hydrogen atom yield is 146 and
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that from the peutralization process is #0.23)$3.9) =
0.89 leaving a difference of 0.57 to come from processes
which are ot affected by changes in the neutralization
reactions and which seém likély not to involve ionic
intermediates.4 This split leads to the estimates
givenin Table V1 for the various sources of H2

Table vI: Estimates of the Source of the H2Yield from
Pure Cyclohexane
Molecular* Atomic Total
lonic 3.01 0.89 3.90
Nonionic 1.20 0.57 1.77
Total 4.21 1.46 5.67
“ Includes any H2produced by hot hydrogen atom abstraction
of hydrogen from the solvent.
Appendix

Dependence of H2 Yield on Doge. [N the |rrad|at|on, of
hydrocarbons, the reduction in_the H2 yield which
results from the buildup of olefin at the finite. doses
required for hydrogen measurements makes it difficult
to determine the correctinitial yield. ~ This problem has
heen ?en_eralh( recognized and jn many cases doses have
been Timited 1o levéls where the expected effect is not
ﬁreat. Dyne and Stone 4 for example, show that the
ydro,gen yield from cyclohexane |s decreased by about
Tunit at’a dose of ~107rads buf that at of
several 100,000 rads it is not appreciably different from
the apparent initial yield.. The presentwork, however
paints to small effects which because of the square root
relationship between the depression of the yield of H2
nd olefin concentration (eq I11) can stjll bé present at
0ses ~105rads where the levels of radjolysis products
are 10°4to 108 m. This fact makes determination of
sH2o flom “initial” dopes difficult. A better ap-
proach, would seem to involve an estimation of the
correction to the observed yields for the depression due
to ionic reactions and for ‘scavenging of the hydrogen
atoms b¥ the products of the rad,|o,I¥S|s. In. cyClo-
hexane, for example, CYCIohexene Initially builds up
with a ¢ of 32747 At a dose of 100,000 rads this
corresponds fo a terminal concentration of 2.7 X 104
m. At this leve| the depression due to ionic reactions is
expected to be directly proportional to the square root

[e»Xab)

(45) The hydrogen atom yield should be considerably lower at com-
parable concentrations of electron scavengers; for example, with the
parameters given here according to eq IV for 0.1 M CH3Br ii(ll) will
be reduced to 0.95.

(46) The upper limit to the number of hydrogen atoms which can
come from ion neutralization is 35% of 3.9 or 1.36. This would occur
if /(C Hs)aec were 0 and /(H)reut = 0.35. Under this assumption the
data indicate Cr(H)o to be 1.67. By difference the minimum yield of
hydrogen atoms which can come from nonionic processes is 0.31 (and
the maximum if 1.01 as indicated in the text). At least some hydro-
gen atoms must come from a nonionic source and the intermediate
values indicated in Table VI seem very reasonable.

(47) P.J.Dyne and J. A. Stone, Can. J. Chem., 39, 2381 (1961).
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Table VII: Estimated Corrections for Dose Dependence of
the Hydrogen Yield from Cyclohexane

Correction Correction” Total
for ionic  for H atom estimated
Dose, rads reaction addition  depression (?(H2)obsb G(H,)0<
10,000
30,000
100,000
300,000
1,000,000
3,000,000
10,000,000

0.016
0.029
0.050
0.087
0.16
0.25
0.49

0.0004
0.0012
0.004
0.012
0.041
0.12
0.27

0.01
0.03
0.05
0.10
0.20
0.37
0.76

5.50
5.45
5.32
5.13
4.80

5.55
5.55
5.52
5.50
5.56

“ Ki/Zkj is assumed to be 0.005.
Stone, Can. J. Chern., 39, 2381
columns 4 and 5.

bFrom the data of Dyne and
(1961). cFrom the sum of
The yields reported by Dyne and Stone are
about 2% lower than those given in the present study.

of the dose and that due to hydrogen atom addrtron
reactions to be drrectz roportional to the dose.
Averaged over the expériment, the first correction Is
ven by 233, 82e V7<<Elefrnéf where !lolefrn]f s the
lefin concentration at the end of the Iradiation and a
is the appropriate parameter for the olefin. ~ Similarly,
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the correction for H atom addition to the olefin is
approxrmately given {olefrn] (ﬁH)o (2yi[RH]).
cohexane rfa[gler‘rnxf1 or the cyclohexene’ produced
rs estimated as, 3 (9 per rad from the latter's
competrtrve effect .on the cyclopropane reaction.3t
The ‘corrections estrmated for Various dose levels are
ivenin Table V[ and added to the yields reported by
ne and Stone4’to correct their values to zero cose,

This sum can be compared to their reported initial
yield of 555, From the oonstancrf of the values in the
rnaI column the form for the total correction seems to
e good and the values of the corrections reasonable at
doses MO 6rads. At lower doses the corrections should
be quite accurate.

Two comments should be made on the dose effect.
First, the depression of h drogen production by in-
terference with the onic réacions appears to be more
Important than effects involving H' atom Scavenging.
From this it follows that dose effects should be muchiless
Important In solutions containing lon scavengers than

or the pure soivent. Secondly, the interpretation of
G(HZ)ors ambiguous to the extent that the “free jong”
are apotential Source of hydrogen which is not realizable
In any real experiment

Kinetics of the Dimerization of the CaH6+ lon in Gaseous Benzenel

by S Wexler and L. G. Pobo

Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60489 (Received June 27, 1969)

of the reactron of the
ometry.
over Ifou -0roer

Ay
6&9 ac Vglon

: er&nd'r(e)d]r' eoaan%ZZzaonm%r

Proau

A. Introduction

Within a recent short period of time, three publica-
tions have appeared descriging almost simulianeous
studies, with. * high-pressure” Spectrometers, of
the dimerization 0f the C&H6t ion with"a benzene mole-
culeto form a CiHi+species. 24 There was agreement
between Wexler and low and_Giardini-Guidoni and
Zocchi that dimerization of the CoHbt ion was a prom-
inent and effrcren lonic reaction in henzene,
and consequently this process was of gréat importance in

n(ﬁm berg%}%gcon 0 b}éthe BS1S
ES rrd re?@emgtré%g entr%fgssdar%ﬁ% ord rngﬁeranary
ok .orar%%r%ge%ann@%a%

the radiation chemistry of gaseous and possibly liquid
benzene, _ These conclusions were at variance with
those of Field, Hamlet, and Libby, who found in their

(1) Based on work performed under the auspices of the U. S. Atomic
Energy Commission.

(2) F.H. Field, P. Hamlet, and W. F. Libby, J. Amer. Chem. Soc., 89,
6035 (1967).

(3) S. Wexler and R. P. Clow, ibid., 90, 3940 (1968).

(4) A. Giardini-Guidoni and F. Zocchi, Trans. Faraday Soc., 64,
2342 (1968).
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mass spectrometer only low and pressure- mdependent
yields of CiHiz in benzene. Although a plausible
explanation of the cause of the difference could not be
offered in our orrornal paper,3it has since occurred to us
that perhaps the Temperatures of the gases in the source
chambeys of the respective instryments may have been
quite different, and'if the stability of the dimeric ion
Were ve temberature sensitive, great fluctuations In
the yiel es might e expected. The
S femperature in our experiment was measured as
122 £2°, “and the ion source of Giardini-Guidoni and
Zocchi was presumably a room temberature (~23°).
Though the temperature in the spectrometer used
Field, et at, was %r,\j/[%ré & 210°, a'later puplication5of
rgsults with the source gave 236° for this pa-

Obvrously, a detailed kinetic study of the ionic di-
merization |n benzene IS required tQ resolve the dis-
crepancy, and such an mvestrgatron IS reported |n this
paper. Moreover it |s destrable to study this phenom-
enon in greater detal, because dimerization appears
to Pe a general characteristic of the lons of aromafc
moIeouIe b and as a conseguence. the process should
be of great importance in, the radrolysrs of these com-
pounds.  The Idea for this type of ‘Stud ¥| has appar-
ently accurred simuttaneousty to Field, Hamlet, and
Libby67and to Tieman and BhattacharyaSin addition
to s, and a comparnison of the observations of these
related but not identical mass spectromeiric investiga-
tions is certainly worthwhile.

B. Experimental Section

A detalled description of the proton beam hrgl
pressure mass Spectrometer, |n wh |o th e fim g
|on|zat|on IS rovoke b)(/a well colimated

protons from a an de Graaft eectrostatrc
ﬁenerat r and of the novel sourc chamber that s
eated by circulating mineral oll has been gven in

earlier communroatrons from this aborato Zone
refined benzene of very purity use&
Hinton Co,, Valparaiso, F wrthout further

purffication but afterthorourg] outoassrn
The yields of the C8H6+ ion and s dimer CiHi2+were
measured in_benzene vapor at Several pressures in the
ran e from 0.025 to 100 Torr, at several temperatures
e range from 22 to 96°, and at several repeller
feld strengths from 108to 540 Viem, Al the data
have been'corrected for naturally occurring C]S

C. Results and Discussion

1. Kinetic Order of Dependence of C||Hn+/CJIeJ+
Abundance, Ratio on Benzene Concentration. ra hs of
ratios of CiH12+/C 616+ abundance?]asfunot ns of the
pressure of benzene in the source chamb er 0 our 1159
Spectrometer are Rresented on |og-log scales in
lqures 1-5.  Eac ﬁPure contain$ the array of
curves for a fixed repeller field, an individual Curve
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Figure 1. Dependence of CizHi2+/CeH8+ abundance ratio on
benzene pressure in the source chamber of the high-pressure
mass spectrometer; Elep = 10.8 V/cm.

representing the data for the indicated temperature.
Study of the figures reveals that, in general, the curves
remaln linear gver variations of the abundance ratios
amounting to three to four orders of magnitude. The
linearity “usually extends from the Iowest benzene
Bressure g)025 orr) up to approximatel 040 Torr
efore the Tatio reaches a maximum and then often
decreases.  Note that for each repeller field the Irnear
portions of the curves extend to progressrve hi Og
source pressures with nsrn temperaturg, and af 9
cun/esaremostystrarg tevenat L00Torr, AcomPar
ison of the plots of data taken at the same temperature
shows that often the linearity reaches to higher source
pressures as the repeller field is increased. ™ Thus, the

(5) F. H. Field, P. Hamlet, and W. F. Libby, ./. Amer. Chem. Soc.,
91, 2839 (1969).

(6) S. Wexler and L. G. Pobo, ibid., 91, 7233 (1969).

(7) F. H. Field, P. Hamlet, and W. F. Libby, Abstracts, 157th
National Meeting, of the American Chemical Society Minneapolis,
Minn., April 13-18, 1969.

(8) T. O. Tiernan and A. K. Bhattacharya, Abstracts, 157th National
Meeting, of the American Chemical Society Minneapolis, Minn., April
13-18, 1969.

(9) S. Wexler, A. Lifshitz, and A. Quattroehi in ‘Ton-Molecule
Reactions in the Gas Phase,” P. Ausloos, Ed., Advances in Chemistry
Series, No. 58, American Chemical Society, Washington, D. C., 1966,
p 193.
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PRESSURE (torr)

Figure 2. Dependence of CiZHi2+/C 684 6+ abundance ratio on
benzene pressure in the source chamber of the high-pressure
mass spectrometer; E,ep = 21.6 V/icm.

plots are still inear at 1.00 Torr when the field sfrengths
are equal to_or greater than 432 Vicm and the tem-
perature is 73°,"but exceptions to this behavior are
observed (e.q., the contrary behavior of the curves for
432 and54.0V/cm at56°). ,

. From the slope of the linear portion of each curve the
kinetic order dependence of the jonic ratio on benzene
concentration may be determined. These are col
lected in Table |, Thou%h the slopes of the log-log
plots increase from 10t 1.7 asthe Source temperature
IS rajsed when the repeller field is 108 Vicm, the de-

naence of the intensity ratio on benzene concentration
mes invariant with_both field stren%h and tem-
perature at and above 216 VVicm.  The'kinetic_order
determined for the latter field strengths is 28 + 0.2,
The third-order dependence of thie ionic ratio on ges
concentration may be accounted for by the following
mechanism for the dimerization

(CaHer* + CHBJIV (CHEH* + CHE (1)

(CoHoH* + Ca6;, 1 (CuHu+)* 2
CHH) + cth6 chx+ C8IE (3
The ionic parent species (CaH6t)* produced by proton
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PRESSURE (torr)

Figure 3. Dependence of C12T2VCsHe4'abundance ratio on
benzene pressure in the source chamber of the high-pressure
mass spectrometer; J5tep = 32.4 V/cm.

Table I: Kinetic Order Dependence of CiHi2+/C 6H 6+
Yield Ratio on Benzene Concentration

Source

temp., e Repeller field strength, V/em-

c 10.8 21.3 32.4 43.2 54.0
22 1.0 2.9 3.0 2.6 2.8
39 1.2 3.1 3.1 3.1 3.1
56 1.3 2.1 2.8 2.5 2.5
73 1.5 2.7 2.5 2.7 2.9
96 1.7 2.4 2.5 2.7 2.8

jonization is considered to exchange charge with a ben-
zene molecule ? 9|ve a $CG,-IG+, * jon in alower state of
excitation angl/or” lower kinetic energy than the pri-
mary ion, and the former then concenises with anotner
henzene to give the excited dimer (CiHi+)*. The
dimer may ®ither dissociate t0_ the ‘monomer or be
stabilized Ty collision with a third benzene molecule.
Strong evioence that the charge exchange of the first
step (Bq 1) s aprominent reaction in benzene vapor has
already been presented by several workers,2-48 but
the mechanismt hen presuP Ses a preequilibrium (reac-
tion |2=) followed hy"a rate-determining step Igreacnon
3). For such a sequence of events, oné may show that

Volume » Number 2 Januar y 22, 1970
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PRESSURE (torr)

Figure 4. Dependence of CiZHi2+/C 8lie~ abundance ratio on
benzene pressure in the source chamber of the high-pressure
mass spectrometer; Elev = 43.2 V/cm.

the dimer ion current 7(CiHi2t) should be approxi-

mately given by
7(CUHU+ klkjé:'(sll( C26+-|Ggéce-|6m

This equation is derived when one hegins with the
appropriate rate equations for reactions 3 and 2

dCPI2Y) = CHBY*CH)  5)

and
dCHI¥)* = Q= fc2(CoHoH*(CoHE

fc_2(Ci2H 12+)* - /B(CI12H 12+)*(C6H 6  (6)
Combination of eq 5and 6 gives
d(CHHi) = f&3Ca6t)*(CeH8
dt « 2t f3(ce 9 %)

If we now make the reasonable assu IEt|on that the
(ﬂtﬁe r?zfaﬁgﬁarge exchange I faster than the rate of

dfCelW A *1(CaH6+)*(CIH,) ®)
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PRESSURE (torr)

Figure 5. Dependence of CiHi2+/C 646+ abundance ratio on
benzene pressure in the source chamber of the high-pressure
mass spectrometer; Erep = 54.0 V/cm.

and thus taking the average concentration of pri-
mary ions

dCIHDY) _ kkmcach*(CatiH 9
d ke fCeH) ©

where 1 is the drift time for an ion from the plane of
jonization in the source chamber che position of the
proton beam) to the exit slit. Integration gives the
approximate expression

feafc2fc3(C 6 H 5 +)-(

(CaHn+) 2c 2+ HCM]-Q) (10)

Under the cond|t|ons of the experiment, 7(CiHiZ) is
proPornonaI to the Integrated concentrat|on of dimer,

I(CeHed)* i rogorhona to.the average con-
8ﬁgtrta|1t|on of pnmar@ ns. Equation 4 thenfollows
Shbc2 (4086 andfe2= it 2

7EC|2H %

7C6‘|6‘|')2 hKM C & yt2~ feaPp(CeH§32 (11)

where the ks are the respective rate constants for the

reactions cited above and k 2is the equilibrium constant

f%r the folrmanon of the excited intermediate bimolec-
ular complex
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Note that the mechanism and rate equations pro-
take into account the steady-staje conditions in
e source chamber where gradierits of ion concentra-
trons exist etween the plané of primary ionization and
theion exit. It should also be noted that we have as
sumed that the intensities of the transients EC(H GR
and (CiHzt)* actuaIIY measured at the detector of t
mess spectrometer will be small relative to the intensi-
ties of the primary and collision stabilized product
species, respectively. 1t is probable that these excited
jonic Species will dissociate In flight after leaving the
lon source and they therefore will not be detected.

Effect of Temperature on Dimer Formation.

Another outstandrng feature of the data presented. in
t| urest 515th etvery sttron mverse effect of | |nc+rea€|ng
rature on the ratjo 0 abur-
rfanc%s Note that for fixed repeIIer fre(td and henzene
rl)essure the ratio may decrease more than a factor of
when the temperature is raised from 22 to 96°,
Arrhenius plots of the data were made on the basis of
the rate expression given in eq 1L In calculating
benzene concentrations from the pressure measurements
the corresponding source temperature wes taken into
account. - Atthough the data from most of the experi-
ments, gave linear pIots overt e ran% e of temperatures
investigated, several of the cun/es ended t0 have a
concave downward curvature. - Anillustrative curve for
each torm of behavror S shovm rn Frgures 6a and b,
respectrv All the_curves of O%e (b
absolute t m perature), .it should noted exh ited
aposrtrve so rndrcatr Zdthat the over-all process of
forming the dimer CiHiZ+ jon possessed a “negative”
activafion energy. The values of the apparent acfiva-
tion energles dletermined from the_slopes of these
curves arg assembled in Table 11, One ‘sees that the
data are in reasonable agreement jn the pressure range
from 0.10 to 0.60 Torr and that they suggest that trie
apparent activation energy for the chain”of lonic reac-
tions is approximately —10 kcal/mol.  Lower values
were measired undercongitions of lower pressure and
hrgher treId strengths and at higher pressures. . Quite
probal ?/ th e mech anrsm of thé dimerization is, then
altere rom that of eq When the pressure S 00
low and the treId stre dgth 00 hrgh equilibrium (eq 2)
may not be estaplished; and when the benzene concer-
trafion istoo hr h, side reactrons may alter the observed
temp erature C aractenstrcs .f the”dimerization, An
rndrcatron that equilib rrum S berntTr approached is the
extended |near ag/ of the log ratio-log pressure cun/es
(Figures 1 the temperature 1S raised,
te erature o t e (@s Increases, the pree urlrbrrum of
S facr itated arid thus becomes more influential in
te mechanism.  Curvature of the Arrhenius. plots,
which often oceurs for the daa collected” under the
extreme conditions (see Table I1), IS further evidence
that_ other reactions may then”be complicating the
mechanism proposed for the formation of CiHi2+
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Figure 6. Representative log ftapp vs. I/T plots of data from
studies of effect of temperature on formation of dimeric Ci2Hi2+
species in gaseous benzene: a, a normal linear Arrhenius

plot with negative activation energy, the data taken from an
experiment with a repeller field strength of 32.4 V/cm and a
benzene pressure of 0.20 Torr; b, an illustrative curve showing
the curvature in an Arrhenius plot of data taken under extreme
conditions of field and/or pressure (the data are for 10.8 V/cm
and 0.20 Torr).

Table I'l: Apparent Activation Energy” for Formation of
CiHi2+ in Gaseous Benzene

Benzene
pres-

sure, immemmesnen s Repeller field strength, V/cm -------mememeeeeeen

Torr 10.8 21.6 32.4 43.2 54.0
0.025 -9.4 8.2 -4.1 b 2.7
0.050 15.1 - 8.8 b b -4.5
0.10 b 10.5 7.7 7.5 -6.3
0.20 b - 10.8 -9.0 -9.3 -11.3
0.40 b - 10.0 -10.0 - 101 - 10.0
0.60 b -7.3 - 6 2 b b
0.80 4.1 -4.3 b b
1.00 -2.7 0 6 b -2.3

bCurve exhibits too great a
curvature for accurate estimation of its slope.

“ Units of kilocalories per mole.

The formulation of the mode of reaction cited above
1-3) accounts for the negative activation ener?z
ound for the dimerization, . Since the apparent ra
constant for the sequence of ionic reactions Is the prod
uct of two bimolecular rate constants and an erﬁuu
fum constant (k = hKch) the apparent enerr;y
actjvation F ap be shown to be the sum of the
actrvtatrorzt energies for reactions 1and 3 and the heat of
reaction

EaPP = Ei + AHI Es

(12)
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The associative equilibrium step will be_exothermic,
making Maneoatrve while reactions Land 3should have
positve activation energies. If AH2> g + E2 a
condition likely to exist'in these sequential reactions,
the apparent ener of activation should be observed o
be negative. It IS of interest to recall that, similarly,
negative actrvatron energies have been obsenveq for'a
larde number of termolecular reactions. These include
the recombination of halogen atoms1013 and the reac-
trons of nitric oxide with 024 and with halogen mole-
cules,b. In all these neutral neutral reactions a pre-
e%unbnum wes followed by a rate -(Jetermining step,
he mechanism consrderedt appy being analogous to
Sequence p roPose In g
T e ap Esaren actrvatron ener measured in our
experimen —10 keal/mal, Should be the lower
imit of the binding energy of the CiHi2+ dimer iqn,
and if would be the'true va ue if the activation energies
for charge exchange (eq 1) and collisional stabilizafion
eq 3) \iere zero Our value Is somewhat Iower than
kca mol reported bly Field Hamet an
n¥ Srtor the assocratron enefgy of this dimer. Sy
claimed that under the condjtions of their hig h pre
sure-mass spectrometric studies only the equn num
conditions_of eq 2 prevailed in their source chamber
above 0.10 Torr pressure, since their k2 = (Cidi+)/
(CaH6H(CoHG then remaned constant. Our exper-
lence, on the contrary, wasthat equilibrium, asdeﬁned
by constancy of the” above relation, was not the
varIrng condition in the present experiments. V ues
o Ki caIcuIated varred as much as two orders of
agnitude over th e ran of benzene concentrations
in our work. her, the third-order de ncence
of the (CiHi 2/(C6—|6t ‘abunoance rafio )
would preclude the occurrence of a simple equrlrbrrum
in these studies.

The kinetic order of 3 for the dependence of the
dimer to monomer jon ratio_on CoHb concentration
leads to the conclusion that C|24]2t IS formed by an
over-all fourth-order process, third order in berizene
concentration and first order in primary CeHe4' ion

U
-(D

The Journal of Physical Chemistry

S. Wexler and L. G. Pobo

abundance. Thrs S one higher than that concludedb
Tiernan and Bhattacharya,8who proposed that C
|s formed by erther reac ons 1and O reactions 2 and
3. But sinCe they found from their experiments with a
tandem mass spe trometer that excited CaH Gt produced
by charge exchange between primary CéH6t fons and
benzene molecules is the rrnc al reactant that grves
the CiHiz+ species, charge exchange followed
merization must have béen the mode of reactron rn
their high-pressure experiments.  This is in agreement
with the mechanism proposed bY us, but the higher
kinetic order and negative activation energy measired
In this study would réquire a yate-determininig step that
follows the preequiliria of reaction 2. Colisional
stabilization of the excited CiHi2+ product s aplausible
reaction, for Such reactions are quite common in con-
secuiive ion-molecule reactions.9 However, t is of
interest to note that lower kinetic orders are observed
Table 1) at the lowest field strength (108 V/cm) and
that the order appears to be approach rn% & the
temperature of the source is raised. T ese Ulata a gﬁ
o ben agreementwith the resufts of Tiernan and
tacharya,” whose order determination wes made at a
field s rength of 10 V/em and a temperature of ahout
.|t Is reasonable to conclude that the efficient
conversion of reactant ion translational energy info
internal energy of the ion-neutral complex would' make
the dimer joh" more energetic and thus would require
that it undergo an addifional colisional stabilization
to be observed at our hrgher field strengths.
Acknowledgment.. The authors wish to thank Dr,
J. C. Sullvan for informative discussions on the theo
retical aspects of this kinetic stuay.
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Kinetics of the Reaction NOz+ CO — NO + CO02

Single-Pulse Shock Tube Studiesil
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I. Introduction

The reaction N02+ CO— C02+ NO is a typical
atom transfer reaction in which both the reactants and
products, are stable molecules. Its kinetics can be
studred in a shock tube without the need for micro-

nd resolution technigues.  The reaction was Stud-
ty onventronal techniques by three groups of
mves gésrtors coverrn the temr%erature anges
40-127°K .2 and 666-746°K3 In One
stud 2the carbon 13 rsotope effect was reported

There were two reasons why it was found desirable to
extend the Kingtic study of this reaction to the shack-
tube regron This elementary reactron S expected 0
o 3 anArr enius gspe temperature ( epen ence.  As
th e r temperatur prevarl In the srngn pulse shock
tub e e dwe times ‘available are of e or er of a
milisecond. Bimolecular rate constants  higher by
many orders of magnitude than those obtained at the
low-femperajure range are therefore expected. A com-
parison “of the low- and high-temperature rate con-
stants by a Ion? Arthenius Plot may provide a check
for the reliability of the data obtained by the single-
Pulse shock-tube technigue and at the same time verify
he validity of the Arrhenius tem erature de ndence
B\ergrawrde temperat Je rart e lot hes
t N 430 far reporte for unr ecu [eac-
lons.

Anqther reason for performing this study is related to
the effect of the argon diluent on the reaction rate, ob-
served in a number of bimolecular exchan?e reactions
which were studied in the single-pulse shock tube at high
dilution in argon.6:10 When the rate of exchange was
expressedin terms of a power rate law, it wes necessary
o' incorporate the argon concentrafion in the power
rate expression.  In terms of a reaction orger, the or-
der with respect to argon varied between 0.4 and 10
depending on the partiCular reaction studied.68

ccm " 15¢-1. . This valuef
e reactionis

theextr lated Arrhenius
viad reecen r atomic displace-

Isa(%tétég

The mechanism Whlcmecﬂ?m ted to account for
these ohservations eactrons {0 occur In
two steps. - The first ar e is the vibrational excitation
of one of the moleculesto. a hrgh critical vibrational
state, and the second step is the chemical change.  In
diatomic_ molecules such as N2 and D2 where fhe effi-
clency of franslation vitration energy exchange is low
the vibrational excitation step is not necessarly a fast
step,  Since argon wes, the arn constituent |n these
studies, ItS incorporation in the rate e% uation Was
atiributed 1o its function in exciting the reacting mole-
cules In a step slower than the chemical change:

In the CO'+ NO2-= C02+ NO reaction it is ex-
Pected that | rn order to transfer an qxygen atom to, CO,
he NO2 molecule must be preexcitéd to hrgih vibra-
tional states before it can react. . Since as aJriatomic
molecule the vibrational relaxation fime of NO2 is
extremel short, ]1the excitation step,is expected to be
Q’ fast compared fo the afom drsP]Iacement step.

hére should be no effect of argon on the reaction rate

(1) (@ In partial fulfillment rf the requirements for a Ph.D. thesis,
submitted to the Senate of the Hebrew University by A. Burcat. (b)
R. H. Crist and F. B. Brown, J. Chem. Phys., 9, 840 (1941).

(2) H. S. Johnston, W. A. Bonner, and D. J. Wilson, ibid., 26, 1002
(1957).

(3) J. H. Thomas and G. R. Woodman, Trans. Faraday Soc., 63,
2728 (1967).

(4) W. Tsang, J. Chem. Phys,, 41, 2487, (1964), and related papers.

(5) A. Lifshitz, S. H. Bauer and E. L. Resler, Jr., ibid., 38, 2056
(1963); A. Lifshitz, H. F. Carroll, and S. H. Bauer, ibid., 39, 1661

(1963).
(6) A. Bar-Nun and A. Lifshi;z, ibid., 47, 2878, (1967).
(7) A. Bar-Nunand A. Lifshi;z, ibid., 51, 1826 (1969).

(8) A. Burcat, A. Lifshitz, D. Lewis, and S. H. Bauer, ibid., 49,
1449, (1969).

(9) A. Burcat and A. Lifshitz ibid., 47, 3079, (1967).
(10) D. Lewis and S. H. Bauer, J. Amer. Chem. Soc., 90, 5390, (1968).

(11) S. H. Bauer and M. -i. Gustavson, Discussions Faraday Soc.,
17, 69 (1954).
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accordrng o the suggested “vibrational excrtatron
mechanism.”  One of The purposes In studying this
reactron 5 1o check the effect of argon on the reaction
rate

Il. Experimental Section

Apparatus, and Technique. THE reaction Was
studred N a 2-n. id single-pulse shock tube. The
driven section was 13 ft long, made of double touqh
Pyrex tubing. The driver Was 9 ft long, and its
length could be varied in small steps rn order o achreve
the best tunin condr ons. . Th %s ock tube and rts
operatron ave Iready ndescrr ed in detail in earlier
publications.56 Before each shock, the tube was
oumped down to better than_ 10~4Torr and had aleak
(or degassing) rate of =Lumin,  Incident shock
Were recorded in_order to evaluate the reflected Shack
tem eratures.  These _could be determined  with

.[% accuracy, which corresponded to ~£25° K
in the reflected shack temperature.

Dwell times could be read from the pressure records
to within +10%. These were later corrected {

by space averaging and by accounting for the
contrrbutron to chemical reaction from the coolrn
phase.  These corrections are similar {0 the ones
readly discussed in detail in an earlier publication.6

B. Materials and Preparation of the Reaction Mix-
wres.  1Ne Materials used rn thrs stud were from the
Matheson Gas Co. (9 were
listed as 99.5% pure and the ar on as 99:998% pure.
Driver ges used was pure grade helium.

The pfe paration of the feaction mixtures invalves
some dr iculty owing to the N-Oa 2NO2 equilibrium.
In order to prepare a reaction mixture sufficient for a
consiclerable number of shacks, the partial pressure of
the nrtrogen dioxide in the argon must be of the order
of one-third of an atmosphere. At that, pressures the
equilibriym quantties of Ni)4and NOzin the gas, are
comparable. * We have cacu lated these two quantities
from the Noz}gsz partial pressure in the storage
cylinder and the known equr brium constant of the
réaction at the partr ular” room  temperafure, We
assumed no_effect of tetota a on ensity on the
degree of drssocratron of hen runnrng the
Shock, the partial ressureof he nitr %en droxrde rnt e
shock tibe was never i ert an afew Torr.

ressure dose o 100% of the ges is present as N02

rncg % 2N02e rrbrrum rs reached ve
rapidly, by the time the rea tron mixture IS fransfere
to the’ shack tuhe the new equilibrium is reached,

In the following Six reaction mixtures prepared, the
Irsted 2(péercentage s that of a pure NO2 gas contaming

297% NO + 5% CO ()
0.473% N0O2+ 125% CO ()
455% NO2+ 51% CO (3)
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1.14% NO2+ 128% CO (4
1% N02+ 4% CO (5)
1% N02+ 1%CO (6)

All mrxtures were diluted in argon.  Mixture 2 was
prepared b a fou oId dilution of mixture 1, and 4 by
fourfod ilution of 3
This was done in order to obtain an exact 4:1 ratios
independent of any 2N02" N0a equiliorium calcula-
tions.  Mixtures 5 and e were prepared at the same
time to ensure exacfly the same gercentaqe of nrtrodq
dioxide in both. . The storage stainless Steel cylinders
were seasoned with, NO2 fo a few days before being
pumped downto a hrgh vacuum,
Analysis, Ohocked samples were taken from
the end bIock of the driven sectro and were in ected 10
a er in-Elmer 8 gas chromatograph
%ea Was very unrepr ucrbe and erefore onI the
peak Wes recor ed or the purpose of analysis.
The concentratron of the CO2in the gas was calculated
from the area under its peak together with the known
%uantrt y of ges injected into the chromatograph
0 avoid enars resultrng from possible variation'in the
sensitivity of the macfine during the day, a samp
contarnrngaknown percentage of C02n argon d 0.1%)
WeS an P/ze after each analysis of a shocked sample I
The “call ratron analysis” was run at exactly the
essure gs that of tfie shocked sample. - The concen-
ratron of the C02due to the chemical reaction was
alwi art]/s caIcuIated relative to the calibration sample
ave found this method of analysis very satisfac-
tory The column used

for these analyses was 2-m
sllica gel column, run at 50°,

Since only one component was analyzed, it was neces-
sary 10 enstre that there was no mixing of the shocked
gas with the driver helium. This_might cause a ge-
trease in the CO2 concentration. To Check this phe-
nomenon, we have shocked samples of 0.1% C02in
ard srmulatrng the conditions under which the
acual shocks were run.  There was no difference in the
C02 concentratron between shocked and unshocked

n r%atrn that no mrxrn? took place in the

re n romw e samples were taken.

nother source of eyror whrch needed checking is the
possible absorption of N020n the metal partsof the
driven section. A calibration curve of OD vs NO2
(N4 pressure in the mm region was prepared with
a Cary 14 spectrophotometer” around e
reaction mixture after “sitting” in the shock tube for a
few minutes was analyzed in the Cary. Within the
imits of experimental error the OD af 4000 A of the
reaction mixture wes identical with its value on the
calibration cuve, indicating that no absorption of
the N 02took place.

I1l. Temperature Calculations

The reflected shock temperature wes calculated from
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Tablel: Summary of the Experimental Conditions of the Nine Groups of Shocks

No. of ; ----Composition %-
Series shocks NO, co Ar pi, mm Ti, °K

1(A) 11 2.97 5.0 92.03 66 1095-1300
1(B) 11 0.743 1.25 98.01 270 1137-1304
1(C) 10 4.55 5.1 90.35 39 1080-1262
1(D) 17 1.137 1.28 97.59 158 1115-1342
2(A) 16 4.55 5.1 90.35 38 1075-1585
2(B) 10 4.55 5.1 90.35 227 1008-1215
2(C) 8 2.97 5.0 92.03 265 1103-1287
3(A) 17 1.0 4.0 95. 120 1070-1255
3(B) 13 1.0 1.0 98. 120 1095-1262

Table Il: Five Representative Shocks of Each Group

ci X 105 Dwell reo<i Rate X 10« kb X 10-*
Shock jmmmmmmeeen -Composition %- Pi mol time, ' X 10» mol cc mol"l
Series no. NO, CcoO Ar Ton* Ts, °K cc" msec (N020 cc-lsec"l sec-l
1A i 2.97 5 92.03 64 1172 1.86 2.27 8.9 19.49 21.14
66 1107 1.85 2.27 5.9 11.95 13.19
4 68 1190 1.99 2.27 10.7 25.55 24.20
10 70 1100 1.96 2.27 4.2 8.23 8.06
11 68 1199 2.00 2.27 10.3 24.59 23.01
1B 15 0.743 1.25 98.01 270 1141 6.97 2.14 5.7 11.30 11.26
16 267 1148 6.91 2.14 7.4 15.36 15.55
19 276 1175 7.26 2.14 10.0 22.81 20.94
20 286 1170 7.51 2.14 9.7 22.77 19.54
21 279 1140 7.18 2.14 8.5 18.59 17.46
1C 23 4.55 5.1 90.35 39 1277 1.22 1.75 7.6 21.20 38.64
27 40 1141 1.16 2.14 3.4 5.89 11.85
28 41 1084 1.15 2.14 2.6 3.96 8.19
29 39 1092 1.10 2.14 2.5 3.41 7.70
30 37 1113 1.05 2.14 3.0 4.45 10.85
ID 33 1.137 1.28 97.68 160 1282 4.51 1.75 8.8 23.03 39.20
34 161 1162 4.26 2.14 4.4 7.64 14.63
35 161 1218 4.39 2.14 7.1 14.22 25.60
36 159 1116 4.09 2.14 3.6 5.72 11.89
37 154 1157 4.05 2.14 4.8 8.10 17.09
2A 50 4.55 5.1 90.35 42 1077 1.17 2.08 1.6 2.09 4.11
51 38 1106 1.08 2.08 1.6 1.97 4.56
52 39 1124 1.12 2.08 1.9 2.74 5.90
53 42 1109 1.20 2.08 1.8 2.60 4.90
54 36 1176 1.07 2.08 3.6 6.51 15.38
2B 66 4.55 5.1 90.35 227 1007 6.00 2.27 2.7 22.75 1.71
67 228 1082 6.34 2.21 6.2 70.85 4.78
70 228 1147 6.53 2.21 10.9 138.17 8.80
71 229 1113 6.45 2.21 8.4 102.59 6.68
74 219 1149 6.27 2.21 10.9 131.92 9.10
2C 76 2.97 5 92.03 275 1225 8.28 2.01 26.1 318.46 17.45
78 269 1119 7.49 2.08 13.5 138.26 9.26
79 257 1211 7.42 2.08 25.4 268.50 18.32
80 265 1164 7.50 2.08 20.9 220.29 14.74
81 263 1180 7.48 2.08 22.3 235.35 15.80
3A 84 1 4 95 122 1141 3.24 2.40 15.6 20.01 20.15
93 119 1167 3.21 2.01 14.1 21.29 21.78
97 120 1136 3.17 1.95 13.6 20.95 21.95
98 120 1072 3.26 1.82 5.8 8.99 8.91
99 120 1135 3.18 1.82 11.5 18.76 19.61
3B 101 1 1 98 116 1212 3.14 2.40 4.4 4.72 24.03
102 122 1219 3.31 2.40 4.3 4.79 21.96
103 114 1138 2.96 2.40 2.8 2.43 13.94
112 120 1253 3.32 2.01 6.6 9.57 43.68
113 120 1181 3.19 1.95 3.2 3.87 19.07
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1C O <15 NO0251 % CO J3- 39torr

ID v 1.14%N02 1.28% CO [3~158 torr

Figure 1. (A) A plotoflog A[CO2/tvs. I/T for the four
groups of series 1. Points with equal concentrations of the
reactants fall on a single line although there is a 4-fold difference
in their argon density, indicating no effect of argon on the
reaction rate. (B) A plotoflog kbvs. I/T for the four groups
appearing in (A). The points coincide to a single line.

the measyred incident shock veloctties using the three
conservation equations and the, ideal gas equation of
state, assuming that all the nitrogen“dioxide in the
reacfion mixtue was present as NQz  The tempera-
ture rncrease due to the exothermrcr of the reaction
6 kcalimol)2was not taken intg account
at that (fta% It was later c%rre terg adding to the
reflected” shock temperature e temperature
Increase (aTi) dueto the chemical reaction, where

Al = %CO2X av(100X Q) ()

ATi ranged from a few degrees to several tens de-
pending off the extent of the Chemical reaction.  This
rocedure IS similiar to the one descrbed in an earlier
ublication.tb
A second, although mjnor, correction takes into

account. the' fact that only around 97% of nrtrouen

dioxide is present in the shock tube as noz, and g Tew
per cent Is still present @ neos.  ThIS npoa diSSO-
cratesb the incident shock wave resulting in a slight

Flecrease n temperature (AT2, fanging” between” a
raction ofadegreeto 5°
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Figure 2. (A)
of series 2. The distance between the two parallel lines drawn
indicates an overall reaction order of 2. (B) A plot of log

kb vs. I/T for the three groups in series 2. All points coincide

A plot of log A[CO>]/tvs. I/T for two groups

to a single line.

Owing to the exothermicity of the reaction there is
also a decrease in density behind the reflected shock
durrng the chemical réaction. The concentration

of & com onent was therefore corrected ac-
cordrngto e relation

>
~ 5«; (corrected) = ~ x Tw GE}

J 5(i) (corrected)

Where
Acorrected) = T3 — AT2 T Y/ZATI 3)

IV Results and Discussion

The rat§ rgroduction of C02can be represented in

the generalfo
d[C02/di = f[COJ*[NOZ [Aryc (4)

where o v, and ¢ are the reaction orders with respect
to the CO N0Z and arlgon respectively. - The equlib-
fium constant of the reaction'is very high (16 X

(12) B. J. McBride, S. Heimel, J. G. Ehlers, and S. Gordon, “Ther-
modynamic Properties to 6000°K for 210 Substances Involving the
First 18 Elements,” NASA SP-3001 (1963).



Single-Pulse Shock Tube Studies

ioV ts' k-’
3A O r/.N02 4% CO 95%Ar p~120torr
3B m 1%N02 1% QO 98V.Ar f>-120torr

Figure 3. (A) A plot oflog A[COi]/tvs. I/T for the two groups
in series 3. The distance between the parallel lines indicates
a reaction order of 1.13 with respect to CO. (B) A plot

of log fchvs. I/T for the two groups of series 3. The two
lines in (A) coincide to asingle line.

109 so that there is bractrcally no pack reaction, To

evaluate the parameters ., » and ¢, three senes of

experiments_divided info nine groups, of runs were car-
ned out Table | summarized™ the expermental
conditions of the nine groups of runs.  In Table 11 details
of five representative Shocks from eachgroup are given.
In order to evaluate the,effect of argon on the"reac-
tion rate in terms of areaction order, we have compared
the rate of Productron of CO2 EgACOrt Jf, where ¢ IS the
dwell trme ngroups 1A'and B and in groups 1C and
ID. f these two pairs the_ conc entratrons of
the reactants are equaJ but there_is a fourtold dif-
ference | rn the argon ensr In Frgure 1Athe loga-
rrthm o ACO?/t ISH vs. 177 for the four grolips
D. It canrea rPr seenthat the points Of each
parr taII on as gl Ine indjcatin verP/ little or no
effect of an on o the reaction rae n Figure 2A
we have plotted log (acozt) vs 177 for groy s2Aand
2B In order to obtain the overall reactionorder,  From
the distance between the parallel Ines drawn in Figure
2A one can calculate the total reaction order

o Co
(-,EZT

267

Alog (ACOZ 155
log [P?ZI(?J)/P(ZA)Q\ 0.77 20 (9

In Figure 3A, log AC0Z1 is plotted vs. 1/ for groups
3A and"3B in order fo_ evaluate the reaction order with
respect to CO. This is again calculated from the dis-
tance between the two parallel Irnes drawn in Figure
3A. The value obtained for nco is 113

The power, rate expression obtained from these three
sets of experiments and which best fits all the data is

rate = 1b[NCZ",,[COJus[A rfl (6)

In Frgures 1B-3B, & gcc mol-1 sec-1) is plotted vs.
I/T for'the three sets of experiments. ~ The separate
lines in Figures 1A-3A co:ncide to asingle line in these
trgureas]OI confirming the correctness of ‘the values of
a, b, C.

Figure 4. A plot of log kt, vs. I/T for three series of experiments
as a comparison with the low-temperature rate constants.

There is a S n%]ht difference between the values of
obtained fron the th:ee sets of experments. _ This
be seen in Figure 4 where the fines drawn in Figure
1B venas g comparison to the low-fempera-
ture data hese differences are considerably higher
than w at Qne may nbect owing to uncertarn in'the
shock speed measCrement.. As Tt has been méntioned
before, an error ot £0.7% in the shock speed measure
ment causesab 5°K uncertarntg In the temperaure
but a negligiole error in the d nsrty determination,
With anactivation energy of ~28 kcalimol at ~1200°K
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this reflects a +27% uncertainty in the ?osmon of the
rate constants on a log kbvs. 1/ plot. 1t seems, how-
ever, that the differences of the values of b of the
various series are_not due to the experimental in-
ablllte)/ of determining L\ more accurately.

We cannot %we al the moment a satisfactory ex-
lanation for these differences in kh  We can nierely
tate that this phenomenon was also observed in_our

recent studies of the 115 + DBand NH3+ D2Bex-
change. reactions. |t clearly indicates that this be-
havior is typical of the technique rather than the spe-
cific reaction Studied.

When the high- and the low-temperature rate con-
stants are conipared on the basis of an Arrheniys
extrapolation, the agreement obtained is very satis-
factory considering the long extrapolation.

The' most encOuraging “result” obtaned from these
dafa is the net‘;h ible” effect of ar?on. As mentioned
before, no effect ot argon on the rate of this reaction is
expected according “to the “vibrational - excitation
mechanism.”  Since translation = vibration energy ex-
change in NOzis very efficient, the atom transfer step

G. S. Darbari and S. Pétrucci

%%d be rate controlling, and this is what is being

The 0.1 order with respect to the arz%m might result
from some slight error in the N20a -~ ZN02equilibriym
calculations, Which might cause a slight error in the
composiion. ,

Ano}her source for the s,h%ht tarﬁon dependence may
result from some contrioution of tfie reactions

Ar+ N02—> Ar+ NO+ 0
Ar+ CO+ 0—> Ar+ C02

aIthou?h extraPolation of the dissociafion rate of NO2
to the Temperatyre range covered in this study shows a
Pﬁ%"%ble contribution” of the latter to the “observed

The reason for obtaininq areaction order higher than
unity for CO is unclear. 1t should be mentioned how-
ever that Thomas and Woodman have also reported

nco = L051in their low-temperature data.3

(13) P. Scheehner, A. Burcat, and A. L ifshitz,Chem. Phys., in press.
(14) H. Hiroyuki and R. Hardwick, ibid., 39, 2361 (1963).

Ultrasonic Relaxation of Some Tetraalkylammonium Salts in Acetone at 25°

by G S Darbari and S Petrucci

Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York 11201 (Received April 9, 1969)

Ultrasonic absorption measurements of 0.1 M solutions of MefNPi, Et<NPi, BudN Pi,and BUAN N O 3and of solu-
tions of AnnNBr, BujNBr, and BIANCI in the concentration range 0.05-0.20 M at 25° in acetone are re-

ported.

(Pi = picrate, Me = methyl, Et = ethyl, Bu = butyl, Am = amyl).
C-C isomeric relaxation, the results are interpreted by the hypothesis of ionic association.
that the forward rate constant is diffusion controlled but the reverse rate constant is not.

After evaluation of possible
The conclusion is
This conclusion

is corroborated by analysis of previous conductance results indicating the presence of two types of ion pairs for

similar systems.

Introduction

. Classical mess transport experiments and  theories
like electrical conductancelhave been extensively ap-
plied to alkylammonium salts in aqueous and’non-
agueous solvents.2  These systems were onﬁlnall
chosen s s t0 have the closest resemblance to the fea-
tures of the assumeg modelL (jons taken as spheresin a
continyum, lack of ion solvent interactions and Stokes
hydro ynamlcsg. Sug)nsm ly “enough, very often
even these s¥st ms oftered eftects that could not be ex-
plained by the classical theories. . They were rather
rationalized in terms of a *posteriori INVOKEd ion-solvent
Interactions.3 The reliability of such effects has been

The Journal of Physical Chemistry

proven by independent tools4 on the same systems,
denying any claims of calculation ambiguities”of the
condugtancé theory but rather confirming the presence
of real effects. On the other hand, ion-Solvent inter-
actions In_these systems should represent the weakest
form possible out of other comparable interactions that

(1) R. M. Fuosa and F. Accaseina, “Electrolytic Conductance,”
Interscience Publishers, New York, N. Y., 1959.

(2) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
2nd ed, rev., Butterworth and Co., Ltd., London, 1959 p, 550.

(3) H. Sadek, E. Hirsch, and R. M. Fuoss in “Electrolytes,” B.
Pesce, Ed., Pergammon Press Ltd., London, 1962.

(4) S. Petrucci and M. Battistini, J. Phys. Chem., 71, 1181 (1967);
S. Petrucci and F. Fittipaldi, ibid., 71, 3087 (1967).



Ultrasonic Relaxation of Some Tetraalkylammonium Salts

Table 1°:

Sound Absorption Coefficients at Different Frequencies for the Various Systems Investigated

MeiNPi,c = 0.10 M

EMNTPi, ¢ = 0.10 m

/, MHz a, cm'l /, MHz
15 0.0870 25
21 0.159 35
25 0.231 45
27 0.254 55
33 0.367 65
35 0.426 85
45 0.671 105
55 1.006 115
65 1.337 125
75 1.768 155
85 2.198
105 3.309
Bu«NPi,c = 010 M Bu.NNOj, ¢ =
/, MHz a, cm'l /, MHz
15 0.072 15
25 0.213 25
35 0.403 35
45 0.670 45
55 0.969 55
85 2.37 65
90 2.63 20
105 3.61 95
115 4.34 110
125 4.99 115
135 6.19 125
150 7.55 130
190 12.25 150
210 13.63 170
AmaNBr,
c=020m ¢ >010M c -
/, MHz a cm"l /, MHz & cm-l f, MHz
10 0.0633 10 0.0480 10
30 0.547 30 0.417 30
50 1.485 50 1.162 50
70 2.763 70 2.199 70
20 4.317 85 3.273 20
110  6.620 95  4.079 110
130 8.635 105 4,714 130
150 11.51 110 5276 150
170 14.39 130 7.023 170
190 17.50 170 11.40 190
210 20,03 190 1452 210
210 17.10 230
230 19.57
250 23.03
BuiNI,
c = 020M c=010m c =
/, MHz a, em-1 /, MHz a, em-1 /, MHz
10 0.0461 10 0.0410 10
30 0.403 15 0.0892 30
50 1.140 25 0.249 50
70 2.187 30 0.345 70
90 3.569 35 0.4605 90
110 5.296 45 0.794 110

“ At least one figure in excess with respect to the sensitivity of ‘he method is reported for the absorption coefficient a.

a, cm'l

0.225
0.449
0.702
111
1.39
2.44
3.57
4.20
5.24
7.83

0.10 M
a, cm'"l

0.093
0.249
0.507
0.802
122
1.73
3.27
3.74
4.84
541
6.23
6.85
9.06
120

0.05 M
a, cm-l

0.0421
0.380
0.979
1.888
3.016
4.605
6.102
8.347
10.25
12.44
15.02
17.46

0.05 M
"
a cm"l

0.0353
0.322
0.852
l 669
2.832
4.029

BmNI

c=020M

I/, MHz; a, cm-l

130 5.756
150 7.483
170 9.440
190 11.51
210 13.82
BuiNBr,
cC—020M
, MHz a, cm“l
15 0.1235
25 0.328
30 0.4835
35 0.6505
50 1.266
55 1.612
65 2.257
70 2.533
75 2.798
85 3.569
95 4.398
105 5.484
115 6.102
125 7.276
145 9.556
155 10.36
185 14.05
195 14.97
205 16.58
Bu.NClI,
c=1020M
, MHz a, cm-l
10 0.0691
30 0.581
50 1.589
70 2.878
90 4.835
110 6.965
130 9.786
150 12.43
170 15.43
190 18.305
210 21.41
230  25.10
250 28.21

269
C—o.10Mm C=0.05M
/,MHz a, em-1 /, MHz a, em-l
50 0.952 130 7.023
55 1.174 150 9.671
65 1.586 170 12.09
70 1.796 190 14.97
75 2.072 210 16.81
85 2.697 230 20.26
95 3.399
105 4.202
110 4.375
115 4.778
130 5.987
150 8.289
170 9.556
190 12.43
c =010 M cC=005M
/, MHz a, em"l f, MHz a, cm”
15 0.108 15 0.0892
25 0.282 21 0.176
35 0.530 27 0.282
45 0.9095 33 0.4145
50 1.082 39 0.587
70 2.026 45 0.800
75 2.360 57 1.220
85 2.878 69 1.727
95 3.534 75 1.946
105 4.202 81 2.234
115 4.778 87 2.556
125 5.641 95 3.051
99 3.316
c = 010 M c=005M
/, MHz a, em”l /, MHz a, em®l
10 0.0653 10 0.0437
25 0.372 15 0.0921
30 0.535 25 0.265
35 0.698 30 0.368
55 1.700 35 0.501
65 2.266 45 0.840
75 2.856 50 1.013
85 3.626 55 1.186
95 4.433 70 1.957
130 7.555 75 2.164
135 7.977 85 2.648
145 9.337 90 3.051
150 9.745 105 3.851
155 10.20 110 4.087
170 11.90 150 7.483
190 13.94
230 19.83

done in order to avoid rounding off errors during possible calculations from these data by others.
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are rather well understood for the intermediate cases
of transition metalsb and for the extreme cases- of
the solution_chemistry of square planar PtEII) and
octahedral Co(lIl) complexeso From a kinelic” point
of. view, (consrderrnP the solvent molecules associated
with the jons in solution s Ir%ands) the solvent sub-
stitution by the assocratrn? jofic partner should occur
in these systems with a rate comparable to the rate of
attack by'the rncomrnd jon, namely with rates compar-
able o diffusion-controlled reactions.
|t has been with these preambles in.mind and in an

effort to understand the mechanism of jonic assqciation
in nonaqueous S0 vents that It was decided in this labora-
torv {0 "stud gf with a modem kinetic. tool a senes of
systems alreddy investigated by electrical conductance,

raus, et al. 7rn a series of oapers reported the electrical
conductance of several alkylammonilim halides, nitrates,

and rcrates In acetone at 25° “These excellent data

ave recen(t)y been reana yzedh the 1959 version of
the Fuoss-Onsager con uctance heory for associated
electro yteslorovrdrng Useful parameters such as asso-
ciation "conslants and minimum  approach distance
between free ions.

Experimental Section

Materials. Acetone (Baker reagent grad
drstrIIed over anhydrous CuSCh In” a 3 rreux
a -P rexdrstrIIatron assembly. Only the mrddIe ortron

was Col ect AII the salts were Eastman Kodak lea-
ent grade.  They were dried at 40-50° under vacuum
tl mupto co stancyofwerght(+1m before use.
This proved to be rm ortant”esp ecratg or Bud\Cl
which'is extremely. hygroscopic. The outrons \Were
Prepared by dissolving Weighed amounts of dry salts in
reshly purified acetone and diluting to volunie in vol-
umetric flasks.

Equipment. A Matee 560 Ultrasonic PuIser Re-
cerverwas used n conlr)unctron with a531 A oscllosco

Hew et ackard Standard Signal Gener-
ator The cell assembly and the method fmeasure
ments have aJready been described.9 Many runs were
repe%te foc angrn? th prezoelectrrc cr[vstal from 310

(fundamen reque cy) and scan-
ning the sound ansorption in all the frequiency ranges
observable in order to ensure reproducrbrlr after sev-
eral days with the_ same solytion.  The values of the
measured frequencies were checked b
brated . frequency stand ar mperature was
maintained within £ 0.05° urrn teme urements by
means of a Forma Junior refrigerated bath.

a crystal cali-

Results

In Table | the absorption coefficients a (nepers cm-1)
and the corresponaing requencies/ (MHz) for the var-
jous electrolytes inveStigated are reported.  In Fr ures
1and 2, representative plots of the quantity (a/
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iAlky)™ N Picrates in
acetone ot 25°C

Figure 1. Plot of (a//2) vs.f for Me<NPi and BmNPi in
acetone at 25°.

| are presented.  The data in Frdures 1and 2 are ana-
lyzed'using afunction for asingleTelaxationD

a A

? rB

1+ (t/74¢rvy

(1)

(5) T. R. Stengle and C. H. Langford, Coordination Chem. Rev., 2,
349 (1967).

(6) C.H. Langford and H. B. Gray, “Ligand Substitution Processes,”
W. A. Benjamin, New York, N. Y., 1965.

(7) M. B. Reynolds and C. A. Kraus, J. Amer. Chem. Soc., 70, 1709
(1948) ; M. J. McDowell and C. A. Kraus, ibid., 73, 3293 (1951).

(8) D. F. Evans, C. Zawoyski, and R. L. Kay, J. Phys. Chem., 69,
3878(1965).

(9) S. Pétrucci, ibid., 71, 1174 (1967).

(10) J. Lamb in “Physical Acoustics,” Vol. II, part A, Ed.,, W. P.
Mason, Academie Press, New York, N. Y., 1965.
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where A is & constant at each concentration and tem-
perature, £is the relaxation frequency, and s is so-
vent absorption which at 25° was found to be ctoll2 =
30 £ 2) 10_n cm* 1sec2in the range of frequency 10-
10 MHz, The individual determinations at thé fre-
quencies investigated are reported in Table 1. No
evidence of solvent relaxation 1s visible in this fre-
8uencel range.  Additional measurements down to —5°
Qnot'show any relaxation in the samefrequency range.
All the systems showing a relaxation could e inter-
preted by the single relaxation functjon Q)' The
values of’a and/r for the electrolyte solutions nvest-
ated are reported in Table |1]. ~ The parameters A
nd/r are precise to about £ 10%. . The System 0.1 m
BuNBr in acetone already investigatedd) gave a re-
laxation frequency of /r = 66 MHz." These"data com-
bined with the ones of the present work (Figure 2) give
amorereliable value of/r = 90 + 15MHz. “The redson
of the Jower (previously) calculated_relaxation fre-
quency is que to apoint'at 15 MHz (Figure 2) that is
clearly too high.

Table I« Sound Absorption Coefficient a and Ratio (a//2) for

Acetone at 25°
/P x 10,
/, MHz a, em™ em-1 sec?
30 0.273 30.4
50 0.702 28.1
70 1.50 30,6
90 2.39 29.5
110 3.80 31.4
150 7.02 31.2
170 8.23 28.5
190 12.1 33.5
210 12.8 29.0

In this regard one should notice that the overall ex-
0ess ahsorptions (a//2— aoll?) with respect to, the sok-
vent are rather small. ~Because of the sensitivity of the
method (£2%) and of the small excess absorption, a
complete analysis bg/ the excess function aacX ws. [ is
not feasible with thé present data. - Indeed the scatter
of the Individual points is too high especially for the
more dilute solutions. , ,

For MeNPI, measurements at higher concentration
than 0.1 M_are not possible becausé of solubility lim-
tations,  (For MeANBr the solubility is solow that it is
impractical to_make any attempt to"measure its sound
absorption),  Therefore, for the picrates this study has
been Imited to the single concentration 0.1 m I Order
to allow for a qualitative comparison between different
alkylammonium picrates; 0.1 m BUANCs has also

n studied to demonstrate the effect of an anion
t(c(;trt]1er than halides or picrate) on the ultrasonic ahsorp-
lon.

Table I11:
Systems Investigated

Parameters from Equation 1 for the Various

A X 1017,

Salt c, M cm-1 sec2 /, MHz

MedNPi 0.10 9 35+ 5
EtANPi 0.10 7 85 + 10
BudNPi 0.10 Relaxation fre-
BUtNNOs 0.10 10.5 quency above the
range of measured
frequencies if
present,
AmANBr 0.20 32 210 + 20
0.10 18 180 + 20
0.05 1 160 = 20
BudN I 0.20 17 240 £ 25
0.10 9.5 180 = 20
0.05 6.0 150 + 15
BuMNBr 0.20 26 150 + 15
0.10 19 90 + 15
0.05 10 80 + 10
BudNC1 0.20 38 190 + 20
0.10 31 130 + 15
0.05 13 95 + 10
Discussion

The Hypothesis of Isomeric Relaxation. Symons et
al.n measured the ultrasonic relaxation of pure 33
diethlypentane and of its solutions in n-hexane.  These
authors attributed the_observed relaxation to an in-
ternal rotation about a C-C bond. ,

They also suggested that all or part of the ultrasonic
absorption of ‘alkylammonium ions in solutionX is

by a coniparable rotational isomensm, The
present alithors, although finding this hypothesis very
Interesting, do not sharé with thiS view & ﬁo[r)]hciable t0
the present data. . The following considerations lead to
the above conclusion.

Inspection of Figure 1and Table |11 shows that a re-
laxation process js present for MeNP1 where no internal
rotation Is possible.  EtANP still shows a relaxafion at
higher fre_quen_cY_ than MeANPI. For Bu\Pi if a re-
laxation is existing (in view of A heing staﬂsﬂcallgf
larger than &) It Ts above the range_of our measur
ments. SeeFigure 1and Table I11.” The trend in the
uItréasomc absom,n%n &pmg from MeNPi to EtNPi
and to BudNPi might e due to the decreasing associa-
tion constants the Values being k (a) = - £ 1,45 4
2,and 17 + 5 resggw)ectw

[

quB .

Further, on comparing the observed relaxation effects
for BulNNO3 BuNPi,"BuN|, BuNBr, and BuNC,
one may conclude that the relaxation frequency is de-
pendent on the anion for the same cation (Table Il

and Figure 3).

(11) M. J. Blandamer, M. J. Foster, N. J. Hidden, and M. C. R.
Symons, J. Phys. Chem., 72, 2238 (1968).

(12) S. Petrueci and G. Atkinson, ibid., 70, 2550 (1966).
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Figure 3. Plot of (a//2) vs.f for 0.1 M Bu(NCI, Bu4aNBr,
BudNIl, BuANNO3 and BtuNPi in acetone at 25°.

Finally, for the same electrolyte, the relaxation fre-
uenc rs concentration oependent (Table [1T, Figure

) indi catrn%; a bimolecular (or more complex) process
but not afirst-order isomeric transformation.

The above rules out rotational i rsomerrsm to he the
only SOUFCe Of expess sound absorption. |t remains o
drscuss the possibility of & contribution t0 the sound al-
sorption due to jsomeric relaxation,

his cannot be ruled out In principle; however, our
interest IS focused on the observed relaxation regjon
and, in particular, on the relaxation frequency of the
Rrocess observed. Apart from the unlikelihood of
aving two, Kinetic processes of drfferent order and na-
ture dccurring with the same relaxation time, the data
show a single Telaxation process varyrr1r% with the nature
of the anion for the same cation.” Theref ore even if
for a particular eIectronte the overlag ing of the two
ﬂrocesse? exists, the s rgrn of the fr uenc wrth the
ature of the anron shoul reveal the overiapp

Further, the atacanbernterpretedwrth thevalueof
B equal to he s% und, absorption ?f the s%vent
means therefore, that if Isomeric re axation has an oo-
servable relaxation, this shquid show u,o at equencres

below t e rnvestr ted regron Frnay rt should be
rememb ere th at e eectro es are not heavily assp-
clated. ~Therefore, most of the lons are free.” This
eIrmrnates the most unlikely possibility, namely of the

anron beng associated to the cation’ and rnﬂuencrng
gvt;to utlt?: xrmrty and nature the internal rotatio

The Hypothesrs of lonic Association. The hYpOthBSIS
is aovanced, therefore, that the. observed relaxation
processes are due to ionic association.  According 10
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Figure 4. Plot of r_1vs
halides investigated in acetone at 25°.

. 9 for the tetraalkylammonium

Figen,Bthe relaxation time r = [271f (] 1is correlated to
the forward and reverse rate constants fa and iR of the
chemical equilibrium by the relation

t 1 = kid + fat )

where the quantity eis atunctron of the concentration3
of the electrolyte of the type

HE( Hi)

with athe degree of ionization, cthe stoichiometric con-
centration, and v the fonic mean activity coefficient,
The quantity e fas been estimated by combining the

expression for the association constant as determined

by eIectrrcaI conductance and the_Deby e Hrrckel ex-
Pressron for y1 retarnrn the quantity rom conaluc-
ance resuts & the mrnrmum approach distance be-
tween the free ons.

NG @
2<SfVar
-|Og 112 1 J Acti\/rca (5)

Combinaion of expressions 4 and 5 gives < and y2
and therefore qfrom expression 3,

Plots of r~1 s & e shown in Figure 4. The
restlts for fa and fal are reported. in Table [V. In the
same table the Tates of a diffusion-controlled process

(13) M. Eigen and L. DeMayer in “Investigation of Rates and
Mechanisms of Reactions,” Vol. VIII, part 2, Ed., A. Weissberger,
John Wiley and Sons, New York, N. Y., 1963.
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Table IV :

Association Constants, aj Parameters, Fuoss Association Constants, Calculated Forward and Reverse

Diffusion-Controlled Rate Constants, and Experimental Forward and Reverse Rates for the

Tetraalkylammonium Halides Investigated in Acetone

Electrolyte A (A), M~x aj X 10scm Afe M-1
Am(NBr 220 + 20 7+ 1 38
BudN | 143 + 6 6.1 + 0.3 42
BmNBr 264 + 5 54+ 0.2 64
BmNCI 430 + 56 5.7 + 0.D 55

“ The values of aj from the conductance calculations have been used for the present calculations.

kD x 10-M«, k-D x 10-9* k{ x 10-m,
M~ sec-1 sec-1 M~ sec-1 kn X 10-~9, sec-1
8.5 2.2 7+ 5 05 0.5
9.7 2.3 11 + 3 0.25 + 0.25
11.1 1.7 10 £+ 2 Not
10.3 1.9 13+ 2 measurable

6The authors are indebted to

Dr. Fennell Evans of Case Western Reserve University, Cleveland, Ohio, for having furnished these data as a private communication.

of ionic recombination «o and ion pair dissociation fc D
are also reported.  These quantities have been calct-
lated by means of therelations of Smoluchowski-Debye 4
for koand Eigenbfor fc D, respectively, modified by the
use of the Stokes-Finstein equiation

BNKT
D—300:{ et o ©)
AT b Vb M-k2
m/a3v 1- &’ aDKT (7

where « is the Boltzmann constant, 1 the absolute tem-
perature, N AVogagio's number, v the vrscosr of the
soIvent and 6 the Bjerrum parameter n Set
equal to 5. One can e from Tabe IV that the ﬁx
enmenteljkt and «o are comparable.  Considering
dragtrc aPLProxrmatrons involved (e.q, ﬁl) the the
kel expression for the acly ty coefficients at

the present concentratrons in the calcylation of 6 iZ)
the Use of the Debye-Huickel potential in the calcu
tion ofthe electrostdtic factor i eq 6 and 7 (—u/e~b— ),
and (—6/1—e’{ (3) the use of the Stokes-Einstein equa-
tion to calculate the diffusion coeﬁrcrents of the 1ons
through the viscosity of the soIvent and frnat( (4) the
unknown effects of the_use of the static actiyi coeffr
clents for the dynamical process in question where
the rate of ionic recombrnatron 5 comparable to the
rate of rearrangement of the ionic atmos hereg the
agreement rso enough to conclude that the for-
ward PIOCeSS of ionic recombrnatron to form an jon pair
is diffusion controlled or at least close to diffusion con-
trolled.  The same cannot be said, however, for the
reverse rate constant wn. Inspectron of Table |
shows that kn S smaller than d by about one order of
magnitude. FOr e.avca and BudNBr, «n cannot be
even read on ar“1ws. 6 plot, the intercept beng about
zero (Figured).

wordS, must be spent on the reliapility of the
above conclusions in view of the approximations in-
volved. It rs clear from Figure 4 that the intercept of
thef 1w 6pots cannot ever Ve ahi = & dsrnce this
would imply an ordinate larger'than the observedr 1a
the highest concentration S udred Therefore, even if

the calculated o values are compIeter unreliable, the
conclusion k-u > hi remansva

In regard to the accuracy of 6 the use of the Dehye-

Hiickel"theory to calculate y=2 1S one of the mdjor
sources of error. In order to try to get an assessment
on the reliability of the above conclusions (kn } ~h)a
calculation has been performed usrnlg only the data at
the lowest concentration 0.05 m.  For these systems,
the | ronrc strength IS around 002 003, that is stllin a
range where eq> may apply with soneaccurac¥

rom eq 2 considenng K(A) = nskrthe Tollowing

expression for n is derive

kt = (8)

In Tahle V, the calculated n values are reported to-
ether wrth the values of 6 used for this concentration.
r¥ seen that the values of t are rather lower
thanin Table |V (having rmﬁosedthe condition (kf/k(A)
= k) put still close eriough to the calculated diffusion-
controlled rates kn not to nvalidate the above conclu-
SionS (ko ~ k).

Independent Support.  THe TEVEISE rate constants not
being diffusion controlled corresponds to saying that the
assaciation process cannof be expressed thiough a con-
tinuum model, or in mathematrcal terms through the

Table V: Calculated Forward Rate Constant kt

from the Relation

ifi +
T-x X 10-*,
sec*1 M

k(A)) X
fcf X 10-10,
e x 101, m M~I sec-1

Electrolyte

AnnNBr 0.72 10 + 1 1.17 9+ 1
BmNI 0.69 9.4 + 1 1.39 7+ 1
BmNBr 0.57 5.0 £+ 0.7 0.95 5+ 1
ButNClI 0.57 6.0 £+ 0.6 0.80 8+ 1

(14) M. Von Smoluehowski, Physik. Z., 17, 557 (1916), P. Debye,
Trans. Electrochem. Soc., 82, 265 (1942).

(15) M. Eigen, Z. Phys. Chem., (Frankfurt am Main), 1, 176 (1954).
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Fuoss expression of ionic association,l6 that is the ratio
between eq 6 and 7

41N a3 _ 4 wNas /|5_J]ZJE‘2\

“T 3000 PP 5000 @ \apkr) @
This, on the other hand, was self-evident from the con-
ductance results themselves. Indeed in Table 1V, the
association constants k (A) obtained through conduc-
tance and the parameters aj are reported. The value
of k + from eq 9 using aj are also reported. It can be
seen that k + = 38-64 m -~ 1 while the experimental data
for k (A) vary between 140 and 430. [Since fo ~ ku
this corresponds to saying that kn < fc D].

Notice also that in order to force the Fuoss function
to reproduce k (a) one should impose a value of a in
formula 9 much smaller than the parameters oj. One
could speculate therefore from conductance alone that
two minimum approach distances can be calculated
from conductance data, a collision diameter between
free ions aj and a minimum distance between the same
ions from k {A) much smaller than aj. Indeed for
BudNI, Sears, et al.,I7 have calculated the association
constant from conductance data from —55 to °f
one plots the log k (A) vs. (DT)_1 e%ccording to eq 9 one
obtains a straight line up to —OU while the last two
points at and —OU are somewhat below. From
the slope of the straight line one can calculate the pa-
rameter a = 2.2 A much smaller again thanaj = 6.1 *
03 A at 25° Also, Adams and Laidler8in a series of
recent papers on association and mass transport of al-
kylammonium salts in acetone have rationalized the
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data with the assumption of at least two species of ion
pairs, “solvent-separated” and *“solvent-shared” ion
pairs. The presence of contact ion pairs was postulated
at lower dielectric constant than 20. Also, Taylor and
Kuntz19 in a study of ionic association by nmr of [Me-
(Bu)3] N-B(C@He4 in several solvents have concluded
from limiting shifts that a large fraction of ion pairs in
acetone must be solvent-separated ion pairs.

Conclusions

The systems investigated seem to represent a case
where rates of diffusion-controlled approach between
ions and rates of desolvation are almost comparable.
For the reverse rate constants, however, a substantial
difference exists between the diffusion-controlled rates
of separation of the less “tight” ion pairs and the rates
of separation of the more “tight” ion pairs, having as-
sumed their existence on the basis of independent evi-
dences.1819

The authors wish to express their
thanks to machinist Richard Parla and his apprentice,
Marvin Charles, for having constructed the ultrasonic
cell used in this work.
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Ultrasonic Absorption

in Aqueous Salts of the Lanthanides. 1l. Acetates

by Victor L. Garzaland Neil Purdie2

Oklahoma State University, Stillwater, Oklahoma 74-074 (Received January 29, 1969)

The acetate salts of lanthanum, cerium, samarium, and dysprosium have been studied at 25° using the pulse
technique of sound absorption over the frequency range 5-75 MHz. For samarium, the sound absorption
spectrum was examined as a function of pH, ionic strength, and varying ratios of metal to ligand. Relaxations
were observed at 6 + 0.5 MHz and 35-65 MHz for all salts and for samarium acetate under all conditions. The
high-frequency absorption was identified as the acetate desolvation step in the multistep mechanism by com-
parison with the sound absorption spectra of copper and nickel acetates. Unlike a number of other rare earth
systems the low-frequency relaxation was independent of the cation. This relaxation is still associated with the
rate-controlling step of substitution into the cation and a kinetic interpretation is introduced to explain the

unusual behavior.

An explanation is proposed to account for the faster rates of complex formation when sul-

fate is the ligand, which suggests that the loss of successive water molecules from the coordination sphere of
the cation, on chelation, proceeds at a progressively decreasing rate.

Introduction

Relaxation methods have been applied over the last
few years to a study of the rates of formation of com-
plexes of the trivalent rare earth cations.3-9 In the
cases where the entering ligand is murexide,3sulfate,47'8
anthranilate,56 and oxalate9 a sufficient number of the
metal ions in the series have been studied for an anal-
ysis of the dependence of the specific rate constants on
cation radius to be made. The dependence is similar in
all four cases showing a maximum rate of complex for-
mation for the ions around the middle of the series.

Because of the analogous complex trends with in-
verse cation radius of such thermodynamic parameters
as free energy and enthalpy of complex formation,10 the
same interpretation, that is a change in cation coor-
dination number somewhere around Sm-Eu, has been
invoked to account for the nonuniform trend in specific
rate constants.

The rates, however, differ in another respect. If the
mechanism is dissociative, so that the transition state is
formed with a reduced coordination number, and the
controlling step in the mechanism is the loss of a water
molecule bound to the cation, the rate of complex for-
mation should approximate to the rate of water ex-
change and be almost independent of the nature of the
entering ligand. A comparison of the rates of forma-
tion shows that the values for the monosulfate com-
plexes478 are, in some cases, an order of magnitude
greater. The comparison is not this straightforward,
however, because of the experimental conditions used
which differ in temperature and ionic strength between
sound absorption and temperature jump or pressure
jump methods. To remove the possibility that the
measured rate constants are related to the experimental
conditions or to the method of study, the same system
should be studied by more than one technique under
similar experimental conditions conducive to that

method or not. Such a study is at present in progress
with the rare earth anthranilates. Nevertheless
different experimental conditions may be insufficient
justification for the observed discrepancy in specific
rate constants for a particular cation and instead the
dissociative mechanism may be oversimplified. Per-
tinent to this argument is the fact that the ligands, other
than sulfate, are chelating ligands in which case the rate-
controlling step in the mechanism may be the removal
of a water molecule other than the first. For example,
as the coordination number of the ligand increases in
going from IDA to NTA to EDTA, the rate of forma-
tion of the sodium complex was observed to decrease.ll
Marianelli,2 by using the oxygen-17 nmr line broad-
ening technique has shown that for a coordination
number of 9 the rate of water exchange in Gd(lll) in
perchlorate media (9 + 2 X 10ssec-1) is approximately
equal to the rate of formation of the gadolinium mono-
sulfate (6.7 X 108sec-1)8complex. On the other hand,

(1) NSF Summer Research Participant, Pan American College,
Edinburg, Texas.

(2) To whom communications should be directed.
©) G. Geier, Bx. Brreages Fys Grem 69, 617 (1965).

4 N. Purdie and C. A. Vincent, Tfas Farahy Sx, 63 2745
(1967).

(5) H. B. Silber and J. H. Swinehart, 3. Fhys GeEm 71, 4344
(1967) .

(6) H. B. Silber, R. D. Farina, and J. H. Swinehart, Inorg Gam s,
819 (1969).

(7) J. 3. Grecsek, M.S. Thesis, University of Maryland, 1966.

(8 D. P. Fay, D. Litchinsky, and N. Purdie, 3. Fnys Gem, 73 544
(1969).

©) A. J. Graffeo and J. L. Bear, 5. InQ nuct. GEM 30, 1577
(1968) .

(10) G. H. Nancollas, “Interactions in Electrolyte Solutions,”
Elsevier Publishing Co. Inc., New York, N. Y., 1966, pp 109, 161.

(11) M. Eigen and G. Maass, Z. Fh& dem (Frankfurt am Main),
49, 163 (1966).

(12) R. Marianelli, Ph.D. Thesis, University of California, Berkeley,
1966.
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from preliminary 170 relaxation studies in acetate media
Reuben and Fiatl3 calculated the rate constant of water
exchange to be 6.3 X 107sec-1 for Dy(I1l). This com-
pares favorably with the results for the rates of forma-
tion of the murexide,3 anthranilate,66 and oxalate9com-
plexes and may indeed be the value for the exchange of
the second water molecule from the metal hydration
sphere. In other words, the information on water ex-
change from nmr studies is consistent with observations
on complex formation and the dissociative mechanism
may be correct with the modification that successive
water molecules are exchanged at progressively slower
rates.

In this work we have attempted to measure the rates
of formation of some of the rare earth acetate complexes
and have compared the results with other systems and
with the rate of water exchange on Dy(I11).

Experimental Section

Measurements of the absorption of ultrasonic energy
were made at selected frequencies between 5 and 75
MHz using the pulse method.l4 The system is similar
to that described previously4 for the low-frequency
range. The fundamental frequency of the transducer
was measured directly and the remaining frequencies
checked by calculating the wavelength from the mea-
sured velocity of sound in water at 25°. Values were
reproducible to +0.1 MHz over a long period of time.
A temperature of 25 + 0.05° was maintained for all mea-
surements reported.

Solutions

Rare earth acetates and perchlorates with a purity of
99.9% were obtained from the American Potash and
Chemical Corporation and used without further purifi-
cation. Stock solutions of the acetates were prepared
with deionized water and analyzed for cation concentra-
tion by the titration with standard sodium hydroxide of
the acetic acid produced by ion exchange on Dowex
50W-X8, 20-50 mesh resin. The solutions had a pH
between 6 and 7. For measurements at pH 4.5, the pH
was adjusted in a back titration with standard per-
chloric acid.

Solutions in which the metal to acetate concentra-
tion ratio was changed were prepared by adding the rare
earth perchlorate to a standard solution of acetic acid
with an appropriate dilution with deionized water.
The rare earth perchlorates were previously analyzed
for water of crystallization by cation exchange and ti-
tration with standard sodium hydroxide. The pH of
these solutions was adjusted to 4.5 or 6.5 by titration
with standard sodium hydroxide. Precipitation of the
rare earth hydroxide was a problem only in cerium so-
lutions and measurements were made only at the lower
pH. The supporting electrolyte at high ionic strength
was sodium perchlorate.
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Results

The attenuation of a plane progressive sound wave
traversing a solution is given by the expression

I = 70exp(—2ax) ()

where 1 = sound intensity at distance x, 70= sound in-
tensity at distance zero, and a = absorption coefficient
for the solution. The assumption is made that the
total experimentally measured absorption coefficient is
the sum of the contributions from the chemical relaxa-
tion and from the classical solvent absorption as

a — Odem“b D6 (2)

Solvent absorption becomes critical when the overall
absorption is small. In these cases, the vagaries of the
instrument must be considered. In making these mea-
surements, the solution and solvent were exchanged in
quick succession in the reaction vessel at each frequency
without readjusting the parallelism and tuning in the
interim, thereby minimizing any contingent variation
in as.

Before attempting to assign the relaxation due to per-
turbation of the complex formation equilibria, all other
relaxations must be identified and, if possible, elim-
inated. Two interfering relaxations are possible in this
study from (1) the dimerization of acetic acidi6and (2)
the perturbation of the hydrolysis equilibria.

Ln3+ + yOH- Ln(OH)/3«+ ®3)

A small relaxation was observed in dilute solutions of
acetic acid around 5-10 kHz but was absent in acetic
acid-sodium acetate mixtures at pH 4.5 and 6.5, al-
though a relaxation has previously been reported at
lower frequenciesl6 around 20 kHz. No relaxation
was observed in rare earth perchlorate solutions ad-
justed to pH 6.5 with standard sodium hydroxide
and the possible interference from hydrolysis reactions
was assumed to be absent. A further complicating
feature in the application of eq 2 stems from the ob-
served fact that the sound absorption in concentrated
sodium perchlorate solutions is less than that in pure
water.l7 For measurements at 2 m conditions the term
asin eq 2 was therefore substituted by the measured
adq at all frequencies and the additivity of terms still
assumed. A complete listing of experimental data has
been deposited as Document No. 00617 with the
ASIS National Auxiliary Publications Service.

The relaxation spectra of the aqueous acetates of
La(lll), Ce(lll), Sm(lll), and Dy(lIl) are shown in

(13) J. Reuben and D. Fiat, GEMIGIMMN, 729 (1967).

(14) M. Eigen and L. DeMaeyer, “Technique of Organic Chem-
istry,” Vol. VIII, Part 2, Interscience Publishers, New York, N. Y.,
Chapter 18.

(15) R. O. Davies and J. Lamb, QA RV, (London), 11, 134 (1957).

(16) T. Yasunaga, H. Inove, and M. Miura, J O’B’HPQB, 43, 2141
(1965).

@7) w. Retfer, AN FhyaIK, 41, 301 (1942).
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Figure 1. Excess sound absorption vs. frequency for (a) 0.03 F

cerium acetate, pH 4.5, -j - calculated double relaxation;
(b) 0.01 F dysprosium acetate, pH 6.5; (c) 0.03 F samarium
acetate, pH 6.5, -j- calculated double relaxation; (d) 0.01 F

lanthanum acetate, pH 6.5.

Figure 1. The solid lines in both figures are calculated
single relaxation curves. Unlike the corresponding sul-
fates,4 where the relaxation frequency varies with the
cation, all of the spectra show a relaxation at 6 + 0.5
MHz and a second relaxation which in some cases ap-
pears only as a shoulder on the low relaxation curve, in
the frequency range 35-65 MHz. For the more dilute
solutions the data can almost be fitted to a single relaxa-
tion within experimental error but for the more con-
centrated solutions there is real evidence for a double
relaxation. In Figure 1, the experimental curve for
samarium acetate at 0.03 r can be fitted to a theoretical
double relaxation with the parameters vm = 6 MHz,
aXm = 165 X 10-4db and vn = 65 MHz, aXn = 30 X
10“ 4db in the equation

2gXui(r/mi 2a\u(v/
oden 29 (“)+ a\u(v/w) “
1+ (Vl'iu)2 1+ (vivuy
where the subscripts 111 and Il refer to the low and

high relaxations, respectively. There is apparently
little coupling between the relaxations since m X> mx
and since the terms in eq 4 are additive. A single re-
laxation fit for the dilute solutions does not obviate the
existence of a high-frequency relaxation ; on the contrary,
it means that the contribution is within the limits of
experimental accuracy. In Figure 2, the double relaxa-
tion fit is shown for copper acetate at 0.035 F.

Figure 2. Excess sound absorption vs. frequency for (a) 0.035

F copper acetate, -j- calculated double relaxation; viii =

13.2 MHz, aXm = 150 X 10-4 db; vu = 55 MHz, aXu = 60
X 10-4 db; (b) 0.35 F copper acetate, in 2 M NaClO,. (c)
0.015 F copper acetate; (d) 0.03 F nickel acetate; (e) 0.023 F
nickel acetate; (/) 0.015 F nickel acetate.

Comparing the amplitude and position of the higher
relaxation with the corresponding nitrates,8this relaxa-
tion may safely be associated with acetate desolvation
or the combined step of diffusion-controlled encounter
and anion desolvation. Further credence is given to this
assignment from the analogous relaxations in copper
and nickel acetates, Figure 2, and more recently from a
similar absorption which has been observed in magne-
sium and calcium acetates.l8 The disturbing feature of
the sound absorption spectra is that the low-frequency
relaxation is cation independent. Since a 1:1 complex
is not formed exclusively,9the possibility exists that the
low-frequency maximum is due to desolvation of a
second acetate ion in forming a higher outer-sphere
complex. However, it is apparent from the copper and
nickel acetate systems that the low-frequency relaxa-
tion is very definitely dependent upon the cation. We
have therefore proceeded on the assumption that the 6-
MHz relaxation should be assigned to a cation desolva-
tion step.

From the kinetic derivation4 the relationship be-
tween the relaxation time m , or frequency vv, and the
rate constants for the slow step, cation desolvation, is

rxj-1 = 2irrxj = kn + f[Q(C)]ka (5)

The function 0(C) is introduced because the ion en-
counter reaction, which includes the equilibrium con-
stants for the preceding steps, is bimolecular, and the
form of the function changes depending upon which step

(18) N. Purdie, unpublished results.
(19) A. Sonesson, Acta chem. Scand., 12, 165, 1937 (1958).
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Table I: Analysis of Samarium Acetate Solutions in 2 M NaC104 Media

Ki = 103;° Kt = 17.5¢

Total metal Total ligand SmAc2+, SmAcj+, Sm>+, Ac-,

(102 M~1) Clo2m _1) pH 102M -> 10> M -1 1021U -1 102M - /10(0, M-* axlIll, 104db
3.0 9.0 6.5 1.67 1.07 0.26 6.22 0.77 173
2.0 6.0 6.5 1.27 0.44 0.29 4.25 0.72 80
1.0 3.0 6.5 0.60 0.14 0.26 2.24 0.49 45
5.4 2.68 4.0 1.61 0.09 3.97 0.35 0.71 48
0.9 2.68 4.5 0.53 0.12 0.25 1.29 0.51 60

“ Values taken from ref 19.

in the mechanism is the slow step. Rate constants are
customarily obtained from the linear plot of 27rrij vs.
<i[0(G)J over a range of solution concentrations.
The concentration variable was changed in a number of
ways: by changing the pH of salt solutions; by adding
metal perchlorates to solutions of acetic acid in appro-
priate proportions to change the ratio of the analytical
concentrations of metal to acid, also studied as a func-
tion of pH; and by changing the ionic strength of the so-
lution to 2 m in sodium perchlorate.

The systems could not be analyzed for concentrations
of complex species in every case since the stability con-
stants in the absence of supporting electrolyte are not
known. For those samarium systems9at 2 m NaClOi
the results of the analysis are given in Table I. Al-
though fA\AQ{C)] is changed by almost a factor of 2,
the lower relaxation frequency maximum is unchanged
at6 = 0.5 MHz. This is clearly illustrated by the par-
allel lines in Figure 3, where the slope is equal to —1/
vaux in a plot of achem/2vs. Qhem according to the ex-
pression

achem/rd —  (uichein/rIl) T A (6)

readily obtained by rearranging the equation for a single
relaxation.4 In this equation A = 2a\m cvm, where ¢
is the velocity of sound, and in every case the intercept
on the ordinate gives a value of A consistent with the
experimental aXni- One would conclude therefore that
k-i » "*[0(C)] «ij and therefore that kji = 2irva oOr
3.7 £+ 0.3 X 107sec-1. The magnitude of the second
term in eq 5 might therefore be decisive in assigning a
mechanism to the substitution reaction. In other
words, the calculated n, must net be too large that the
relationship ka X>  [0(C) ]n, no longer holds.

The results are unusual when compared to the other
rare earth systems studied but are precisely what
Maassd observed for zinc acetate. One might con-
clude that the role of acetate in complex formation is
kinetically unique, except for the fact that in copper
and cadmium acetate solutionsd the relaxation fre-
guency was observed to change with concentration.
This dependence, however, was not observed for copper
acetate in this work, Figure 2, and a possible explanation
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a,,/v2 db secZcm.

Figure 3. Graphical solution of the equation athem /r2 =

—(achem/i'hn) + A for (a) 0.03 F SmAc3 pH 6.5 mi = 6
MHz; (b) 1.8 X 10-2 F Sm(CIC>4)s and 2.7 X 10 '2F acetate,
pH 6.5, ym = 6 MHz; (c) 0.03 F SmAc3in 2 M NaC10<, pH
6.5, mi = 59MHz; (d) 0.02F SmAc3 pH 6.5 mi = 5.6 MHz.
(e) 5.4 X 10-2F Sm(C104)s and 2.7 X 10~2F acetate, pH 4,
kiii = 5.8 MHz. (f) 0.01 F SmAc3 pH 6.5 mi = 59 MHz.

is that, as the concentration of salt was increased, the
two relaxations converged into one. The relaxation
would therefore appear to move to higher frequencies.
That a similar situation did not occur for the rare earths
and for zinc is apparent since the low-frequency maxi-
mum is further removed from the anion desolvation re-
laxation than it is for either copper or cadmium.

Discussion

Acetate in complexing with Nd(lIl) forms some
inner-sphere complex,2L it is likely that all rare earths

(20) G. Maass, Z. Phys. Chem. (Frankfurt am Main), 60, 138 (1968).

(21) G. Choppin, D. E. Henrie, and K. Buijs, Inorg. Chem., 5, 1743
(1966).
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behave similarly toward acetate, but the bonding is un-
certain. A number of possibilities have been de-
scribed® for various cations, including chelation. The
ligand has been described as unidentate by Sonessoni9
and GrentheZin thermodynamic studies. However, it
must be pointed out that this was conceived prior to the
studies and the fact that the acetate complexes are
formed with an endothermic heat and a positive en-
tropy which is large compared to the bidentate glycolate
ligandZ3still leaves open the possibility that acetate is a
bidenate ligand. Manning2 has argued in favor of a
bidentate interaction but in his model he considers the
interaction to be that of an ion pair leaving the hydra-
tion sphere of the cation intact. Infrared spectroscopy
cannot be used to determine the coordination of acetate
because of the low symmetry of the anion. Moreover,
the complexing process is complicated by the existance
of higher complexesl9 with up to three acetates per
cation. In our consideration of the origin of this low-
frequency relaxation, the function ./[0(C)] in eq 5,
which involves the sum of the equilibrium free ion
concentrations, is of little consequence, since it does not
contribute to a large variation in vm as the ratio of the
concentrations of the complexed species is changed.
However, the amplitude of the absorption, which is
virtually unchanged when the ratio of [SmAc2+] to
[SmAc2+] is changed from 4:1 to 18:1, Table I, would
suggest that higher complexation equilibria are not
involved. This interpretation is not completely con-
vincing principally because of the insensitivity of m i to
./[0(C)] and Swinehart’s6 suggestion that the forma-
tion of the bisacetatolanthanide is observed may be
true.

An overall multistep mechanism, which includes
chelation, has been discussed by Kustin, Pasternack,
and WeinstockZBand for the present case may be
written

kis
M3+ + Ac- @ WMWiAc2+ )
&3
W2MWi A c2+ WM - Ac2+ D))
Iz
&
WM - Ac2+ MAc2+ (HD

where step | involves diffusion-controlled ion encounter
and desolvation of the acetate ion, and Wi and W2 are
the cation-coordinated water molecules which are
successively substituted by the ligand. Either steps I1
and Il are synchronous in which case the 6-MHz
relaxation is not representative of a single relaxation, or
(@) the first substitution is rate-controlling or (b) ring
closure is rate-controlling.

Let us restrict our attention to the last two alterna-
tives; the assumption is made that step | is very rapid
compared to subsequent steps. For case (a) since «2s is
independent of ./[0(C)],® /= is calculated from the

relationships k T = kn(1 + A2 and Kk B8 = k2/ki2,
where Kt is the overall association constant.9 The
overall second-order forward rate constant k — K uk2s3.
K 12, the equilibrium constant for the first step, is not
known from experiment but can be calculated? at zero
ionic strength. A value of 34 is typical of 1:3 electro-
lytes but at higher ionic strength the value would be
much less than this. A dilemma now arises in the
treatment of the results in that k « values are not known
at zero ionic strength and k u values cannot be calcu-
lated at high ionic strength. We have chosen the less
speculative route and estimated the value of k i2 at
higher ionic strength. The results at 2 m conditions
are given in Table Il for a AR value of 10. Both

Table Il1: Rate Constants for the First Substitution Mechanism
Kn = 10; & = 3.7 X 107sec-1
lon At Kn kn, sec-1 k, M~ sec-1
La 36 2.6 9.6 X 107 9.6 X 108
Ce 46 3.6 1.3 X 10s 1.3 X 10»
Sm 103 9.3 3.5 X 10s 3.5 X 10»
Dy 47 3.7 1.4 X 108 1.4 X 10®

forward rate constants from this mechanism are in-
consistent with experiment: k23 values are too large to
satisfy the kinetic requirement that k= » Jk [0(G) ]*
kB—the range in jk [0(G)J for samarium acetate is 0.5
to 0.8, and k for dysprosium acetate is an order of
magnitude greater than the preliminary value for the
overall rate of 9.2 X 107m ~1sec-1 measured by temper-
ature jump6at 12.5° and 0.2 m» NaClOt. The calcula-
tion gives a better correlation with experiment only
when k n is chosen to be greater than 10, for example
whenkn = 34, fB3= 14 X 107sec-1,andk = 4.7 X 10s
M ~xsec-1. Such avalue for k n is perhaps unrealistic
at high ionic strength.

In case (b) an absolute solution cannot be obtained
since the unknown parameter « 2 is introduced. How-
ever, for the purposes of a comparison with the first
mechanism the same value of ku = 10 can be used.
This leaves only k 23 as an adjustable parameter. In
the example illustrated in Table Ill, the three-step
mechanism is more consistent with experiment. /Siis
calculated from At = Kk 20 + K 8+ KnkKu)and ku =
k3izki3, and k from k = k 1x 2s3i. The variation in kai
and k with k z is shown in Table Il for dysprosium

(22) S. P. Sinha, “Complexes of the Rare Earths,” Pergamon Press,
New York, N. Y., 1966, p 36.

(23) 1. Grenthe, Acta Chem. Scand., 18, 283 (1964).
(24) P. G. Manning, Can. J. Chem., 43, 3476 (1965).

(25) K. Kustin, R. F. Pasternack, and E. M. Weinstock, J. Amer.
Chem. Soc., 88, 4610 (1966).

(26) For the expansion of this function see ref 4.

(27) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 2nd
ed, Butterworth and Co., London, 1959, p 392.
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Table 111:  Variation in k3i and k with X 2Zfor the Second
Substitution Mechanism for Dysprosium Acetate at2 M

Kt = 47, Ka = 10; ka = 3.7 X 107sec"1

Kn Ku ku sec 1 k, M~I sec“1
2.7 1.0 X 10s 1.0 X 109

2 0.85 3.1 X 107 6.2 X 10s

3 0.23 8.5 X 106 2.5 X 108
acetate. For a kn value of 3, good agreement

obtained with the temperature-jump result6éconsidering
the temperature difference in the two methods and the
kinetic requirement of a relaxation time insensitive to
the concentration variable is satisfied. Once again a
better correspondence between k values results if a
value of k u greater than 10 is used. A value of 3 is
compatible with kn = 1 obtained by Maass2 for zinc

acetate. The results for all of the salts are given in
Table 1V. Because of the extra stability of the
Table I1V: Rate Constants for the Second

Substitution Mechanism

Kn = 10; k&= 3.7 X 107sec 1
lon K-r Kn Ku ku, sec-1 k, M~1sec“1
La 36 2.3 0.13 4.8 X 106 1.4 X 108
Ce 46 3.0 0.20 7.4 X 106 2.2 X 10s
Sm 103 7.5 0.24 8.9 X 10« 2.7 X 108
Dy 47 3.0 0.23 8.5 X 10« 2.5 X 10s

samarium acetate complex, a larger k n has to be used
and as such is consistent with the k n values calculated
in the first mechanism.

Kinetically, there is good reason to believe that ring
closure is the slow step in the formation of the acetate
complexes. Apart from dysprosium, the overall rates
are in fairly good agreement with those for the murexide
and oxalate systems, Table V, where the ligands are
indisputably bidentate. Swinehart6 has already en-
larged upon the discrepancy between acetate and
anthranilate in complexing with the rare earths, and a
possible explanation might lie in the fact that anthra-
nilate is the only ligand of the four which has dissimilar
donor atoms. It is evident that a number of other
monodentate and chelating ligands should be examined
with particular attention being given to the donor
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Table V: Rates of Formation of Rare Earth Complexes
k, M ~xsec“1

lon Murexide* Anthranilate6 O xalatec Acetate**

La 8.6 X 107 5.5 X 107 8.0 X 107

Ce 9.5 X 107

Sm 9.6 X 107 6.3 X 107 8.2 X 107

Dy 1.7 X 107 1.4 X 107 1.3 X 107 9.2 X 107

°l = 0.1 M KNOs, 12°; ref3. bl = 0.2M NaC104 12.5°;
ref5and 6. cl notspecified, 25°; ref9. dPreliminary resultat

1 = 0.21 NaClCh, 12.5°; ref 6.

atoms. The value of k#Afor Dy(111) is well within the
upper limit for acetate exchange set by the rate con-
stant for water exchange, 6.3 X 107 sec“!, obtained
from preliminary 170 relaxation studies,13 and may
indicate some stereospecificity in removing the water
from the first hydration sphere. Using the rate con-
stants for samarium acetate, a change in j> [O(C)] of
approximately 0.2 produces a change in »m of 0.4 MHz,
which exceeds the resolution capabilities of the method
used to calculate vm, especially when a minimum of
experimental points are available, and readily accounts
for the fact that a constant rm is observed experi-
mentally. In spite of the reproducibility of the relaxa-
tion frequency from one cation to another, the non-
uniform dependence of specific rate constant on the
reciprocal cation radius is apparently prevalent on the
acetate system, although it should be emphasized that
the trend has been imposed on the results by the
equivalent trend in stability constant.

In conclusion there appear to be sufficient kinetic
grounds to suggest that acetate in rare earth complexes
is bidentate. A comparison with the results for zinc
sulfateD shows the rate of formation of the zinc acetate
complex to be considerably slower and there too chela-
tion may occur. Considerably more work is required
on unidentate and multidentate systems before this
interpretation can be accepted and before it is even
conceivable to use kinetic methods to establish a ligand
coordination number on a particular metal ion.
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The Thermal Decomposition of Magnesium Perchlorate and of

Ammonium Perchlorate and Magnesium Perchlorate Mixtures

by R. J. Acheson and P. W. M. Jacobs

The thermal decomposition of magnesium perchlorate (dehydrated prior to decomposition) and of mixtures of
magnesium perchlorate with ammonium perchlorate (dehydrated during heating) have been investigated using
the techniques of isothermal kinetics, differential thermal analysis (dta) and tkermogravimetric analysis (tga).
The thermal decomposition of magnesium perchlorate in the temperature range 336-438° yields mainly MgO
in vacuo but under 740 torr of nitrogen some MgCl2is formed. The plots of fractional decomposition a against
time t for the isothermal decomposition show a sharp break at a ~ 0.525 at high temperatures; at low tem-
peratures the break is indistinct. This break is associated with the formation of Mg (ClO)2in the postulated
mechanism. Up to the break, the a(t) curves show that the reaction is at first acceleratory, then mildly de-
celeratory. The activation energies associated with these first two stages are 58 + 4 and 67 = 4 kcal/mol,
respectively, and these figures are identified in the mechanism with the fissioning of the first and second CI-0
bonds in the CIOu anion. The addition of magnesium perchlorate to ammonium perchlorate accelerates the
decomposition of the latter. It is postulated that this is due to the formation of a melt in which the decom-
position of C104- anions leads to 0 2~ which act as proton acceptors, thus facilitating the decomposition of am-
monium perchlorate. It is predicted from this mechanism that the C12ZHCI ratio in the products from the
mixture will be larger than in the products from the decomposition of pure ammonium perchlorate, which is the

experimental result.

I. Introduction

The thermal decomposition of magnesium perchlorate
has been investigated as part of a continuing program
on the decomposition of ammonium perchlorate and of
additives which might affect the ammonium perchlorate
decomposition rate. The thermal decomposition of
barium perchlorate and of mixtures of ammonium
perchlorate and barium perchlorate has been described
recently.l There has been some previous work on the
magnesium perchlorate decomposition, but a detailed
study so far has been lacking. Dta of magnesium
perchlorate hexahydrate and of magnesium perchlorate
has been reported.23 The hydrate shows endotherms
indicative of partial loss of water followed by a pro-
nounced endotherm at 244° which could be either fusion
or hydrate dissolution. Comparison with the data of
the dehydrated salt3 proves it to be the latter (i.e.,
magnesium perchlorate dissolving in its own water of
crystallization) since anhydrous magnesium perchlorate
does not melt even when heated to 600°. The bubbling
observed by Gordon and Campbell2 therefore refers
either to loss of water or to decomposition of hydrolysis
products. Gravimetric studies4 showed a gradual loss
of weight on heating magnesium perchlorate hexahy-
drate, the final product being MgO. Another study,
however, showed3 MgO-MgCI2 to be the product.
This problem of the product distribution was considered
by Markowitz,5 who pointed out that the relative
amounts of oxide and chloride in the product could
depend on the composition of the gas phase if the
equilibration reaction was sufficiently fast.

In a preliminary communication on the decomposi-
tion of several metallic perchlorates, Solymosi and
Braun6described the kinetics as being hard to analyze.
This they attributed to the occurrence of an inter-
mediate; nevertheless, an activation energy of 44.4
kcal/mol was reported. Because magnesium oxide is
known7 to react with ammonium perchlorate to form
the perchlorate and in view of our interest in the role of
magnesium oxide as a catalyst for the ammonium
perchlorate decomposition, a thorough investigation of
the thermal decomposition of magnesium perchlorate
was undertaken. When the experimental work had
been completed and the data analyzed, Solymosi8
published further details of his work on magnesium
perchlorate. He, however, employed only pressure
measurements whereas, as will emerge later, thermo-
gravimetric techniques are to be preferred for magne-
sium perchlorate. Because of differences in the charac-
ter of our a(t) curves (a = fraction decomposed in time

(1) R. J. Acheson and P. W. M. Jacobs, GN J CEM, 47, 3031
(1969).

(2) S. Gordon and . campbell, AE. Q8™ 27,1102 (1955).

(3) A. A. Zinov'ev and L. J. Cludinova, Zh NIIg |<l‘im, 1, 1722
(1956).

(4) G. G. Marvin and L. B. Woolaver, Ird Eg O’BT].A’Eiyt Ei,

17, 474 (1945).
5) M. M. Markowitz, J Inorg NLD. G/ 25, 407 (1963).
(6) F. Solymosi and Gy. Braun, AdaGim A Si. Hrg, 52, 1

(1967).

(7) F. G. smith and V. R. Hardy, Z AOg Alg Gem 223 1

(1935).

@) F. solymosi, AdaCimA=d Si. Hig, 57, 35 (1968).
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t), kinetic analysis, activation energies and discussions
of mechanism, we felt it worthwhile to present the data
reported in this paper, which also includes consideration
of ammonium perchlorate + magnesium perchlorate
mixtures.

Il. Experimental Procedure

The materials used were magnesium perchlorate
hexahydrate (Reagent Grade) and ammonium per-
chlorate (Certified Reagent) both from Fisher. The
magnesium perchlorate hexahydrate was recrystallized
twice from distilled water. A Cahn electrobalance was
used for thermogravimetric analysis. The Kkinetics of
decomposition at constant temperature were followed
by dropping pellets or single crystals of magnesium
perchlorate in vacuo into a reaction vessel situated in an
aluminum block furnace, the temperature of which was
controlled electronically to +0.2°, and following the
pressure of gas (volatile at —195°) evolved using
McLeod gauges. The salt was dehydrated in vacuo at
230° in the same apparatus, using a small auxiliary
furnace. This procedure was found to be essential
since preliminary experiments in which magnesium
perchlorate hexahydrate was dehydrated in vacuo On the
electrobalance and then exposed to the atmosphere for a
few seconds showed that magnesium perchlorate took up
approximately 1 mole of water per mole during this
brief exposure. In order to follow the Kkinetics by
weight loss, the Cahn balance was modified so that the
specimen could be dehydrated in situ and then the
reaction vessel lowered into the decomposition furnace
while a pumping vacuum was maintained. The weight-
loss experiments could be performed in various atmo-
spheres, usually 740 Torr of nitrogen (99.999% pure,
from Union Carbide).

Both single crystals and pellets made from ground
magnesium perchlorate hexahydrate were used. Their
mass lay in the range 6-16 mg. Major deformation of
samples occurred during dehydration and both pellets
and crystals disintegrated into powder prior to thermal
decomposition. Melting, however, did not occur.

Mixtures of ammonium perchlorate and magnesium
perchlorate hexahydrate were crushed together, well
mixed, and stored in a desiccator. These mixtures
contained 1.75, 6.6, 20, 50, and 80 mol % magnesium
perchlorate. Samples 4-9 mg in mass were outgassed
for 1 hr in vacuo at room temperature, 740 Torr of
nitrogen was introduced to suppress sublimation of
ammonium perchlorate, and the samples were then
brought rapidly to the decomposition temperature
without prior dehydration. (Complete dehydration of
magnesium perchlorate at temperatures low enough to
prevent decomposition of ammonium perchlorate is not
possible.) The kinetics of isothermal decomposition
was studied by weight loss. These mixtures were also
subjected to tga and dta without further pretreatment.
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I1l. Thermogravimetry of MP

Magnesium perchlorate hexahydrate decomposed in
vacuo <230° to yield the anhydrous salt which was
stable in the range 230-320°. The hydrate could not be
dehydrated by pumping alone at room temperature
although there was a small loss in weight (1%) which
could be associated with the loss of surface moisture, for
the hexahydrate proved to be very hygroscopic. The
yield of magnesium perchlorate following dehydration
was 67.1%, which may be compared with a theoretical
yield of 67.4%.

Decomposition of the anhydrous salt occurred >330°
(390-440° was range by tga) in vacuo or under 740 Torr
of N2. The yield of solid product from tga in vacuo
was 17.98% of the weight of magnesium perchlorate,
which may be compared with a theoretical yield for
pure MgO of 18.06%. Thus the solid product was
virtually all MgO under these conditions. The yield of
solid product from decomposition under 740 Torr was
20.2%, showing that a small percentage of the chloride
was formed under a nitrogen atmosphere.

Accurate measurements of the product yield in vacuo
from isothermal measurements are complicated by
concurrent sublimation. Under the conditions of tga
(linear rise in 1) the effect of this was insignificant.
For example, the yield of solid product from three such
isothermal runs was 14.7 + 0.6% (cf. 17.98% from tga).
As sublimation increased the yield of oxygen decreased
but a quantitative correlation between sublimation and
the gaseous product yield was not obtained. Sublima-
tion was suppressed effectively completely by 740 Torr
nitrogen. In one experiment simultaneous pressure
measurements and weight loss measurements were made
as the temperature increased at a linear rate. It was
found that the weight loss and pressure increase were
proportional, showing that under these conditions the
product distribution is independent of temperature and
of a (for a < 0.5).

1V. Kinetics of Thermal Decomposition of
Magnesium Perchlorate

Pressure Measurements. Magnesium perchlorate was
found to decompose in vacuo in the temperature range
418M 420 at a conveniently measurable rate to yield an
irreproducible amount of oxygen because of concurrent
sublimation. The final pressure pi evolved (after 15 hr)
was taken as a measure of complete decomposition and
values of a were calculated from pspt. a(t) plots
showed a brief acceleratory period followed by a
deceleratory period up to complete reaction. The
power law

a = kit3 @)

gave an approximate representation of the data in the
range 0 < a < ~0.1 though rate constants were irre-
producible. Data in the range 0.04 < a < 0.33 fitted
the contracting volume expression



Thermal Decomposition of Magnesium Perchlorate

«*(«) = 1- Q- a)A= hi 2)

though the rate constants k2 were irreproducible and fell
well below the line through the point on the Arrhenius
plot for similar rate constants from weight loss measure-
ments. The data for a > 0.5 were irreproducible and
could not be fitted by any known kinetic equation.

Weight Loss Measurements. The thermal decomposi-
tion of MP in vacuo showed the same features as
indicated above. The reaction was therefore followed
under 740 Torr of nitrogen. This suppressed sublima-
tion without apparently altering the rate of decomposi-
tion. Typical a(t) curves are shown in Figure 1. The
noteworthy features are an initial acceleratory period
(a < —0.1) followed by a gradual deceleratory period
which merges into the final decay period during which
the rate is much slower. The transition between the
second and third stages is most pronounced at high
temperatures (e. g., run 1 in Figure 1) when it appears to
take place at a ~ 0.56. The form of these curves
suggests that decomposition proceeds via an intermedi-
ate with the original magnesium perchlorate all con-
sumed by the time the marked change in rate occurs.
At lower temperatures the second and third stages
merge, with the transition much less well defined.

The power law (1) again fitted the data in the range
0.0l < a < 0.10 (Figure 2) and the results showed
satisfactory reproducibility. Rate constants are given
in Table I. The Arrhenius parameters were e — 58.1

Table I:
Parameters for the Thermal Decomposition of

Experimental Rate Constants and Arrhenius

Magnesium Perchlorate

1Stage | -—-mmmmmemomeeeee -Stage |l --—--memeeeeeeen
—log -log

T, °C (&i/min-1) a range (fo/min-_1) a range
407 1.28 0.007-0.167 1.88 0.08-0.25
400 1.38 0.016-0.108 2.04 0.04-0.29
380 2.30 0.020-0.140 Did not obey eq 2
392 1.58 0.014-0.107 2.33 0.04-0.30
377 2.13 0.004-0.149 2.81 0.04-0.22
377 Did not obey eq 1 3.05 0.02-0.19
377 1.99 0.016-0.079 2.81 0.04-0.32
355 2.65 0.007-0.074 3.61 0.07-0.22
336 3.48 0.003-0.051 Run discontinued

Arrhenius parameters log (A/sec” 1) E, kcal/mol

Stage | 156 £+ 1.5 58.1 =+ 4.4
Stage |1 17.8 £+ 1.2 66.7 £ 3.6
kcal/mol and log (A/sec-1) = 15.6. This brief ac-

celeratory period was followed by a deceleratory period,
stage |1, which obeyed eq 2 for 0.04 < a < 0.27 (Figure
3). These rate constants again showed satisfactory
reproducibility and the values of e, 66.7 kcal/mol, and
of log (A/sec-1), 17.8, suggest that the chemical pro-
cesses occurring during the first and second stages are
probably rather similar.
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The data for stage 111 were found to be fitted ap-
proximately by eq 2 in the range 0.48 < a < 0.75. The
rate constants for stage 111 were constant, independent
of temperature, in the range 377-422°.

V. Kinetics of Thermal Decomposition of
Magnesium Perchlorate and Ammonium Perchlorate

Reactant Containing 1.75 Mol % Magnesium Perchlo-
rate. This mixture contained 5% by weight of mag-
nesium perchlorate hexahydrate and therefore 1.6% of
water. Dehydration was completed during the warm-up
period. Decomposition occurred at a convenient rate in
the range 291-343° and was entirely deceleratory. The
kinetics obeyed the same equation as was found9 to
fit the thermal decomposition of pure ammonium
perchlorate at these temperatures, namely

R2a)= 1- (1 - al2= nt ?3)

from the time of attainment of temperature equilibrium
(@~ 0.1) up to a = ~0.8. The reaction rate was
slightly faster than for pure ammonium perchlorate but
the activation energy was 43 kcal/mol compared to
30.6 kcal/mol for pure ammonium perchlorate (Table

).

Table I1I:
Parameters for the Thermal Decomposition of Mixtures of
Ammonium Perchlorate and Magnesium Perchlorate. k3Was
Determined by Fitting the Data to Eq 3 and kfrom the
First-Order Equation

Experimental Rate Constants and Arrhenius

1.75 mol % MgiClOOa 6.6 mol % Mg(Cl10,)a

T, °C —log (fcs/min-1) T, °C —log (fc/min-1)
343.5 1.33 318 1.11
333 1.85 317 1.28
317 2.24 315.5 1.28
310 2.26 292 2.01
300 2.58 287.5 2.03
291 2.89 286.5 2.14
mol % of
Mg(ClO0a log (A/sec 1) E, kcal/mol
1.75 12.2 £+ 1.5 43.4 £+ 4.0
6.6 13.8 + 1.0 45.2 + 2.7

Reactant Containing 6.6 Mol % Magnesium Perchlo-
rate. This mixture contained 20% by weight of mag-
nesium perchlorate hexahydrate or 6.6% water. Dehy-
dration was generally complete by the time thermal equi-
librium was attained. The temperature range of the
reaction was 286-318°; the kinetics were deceleratory
and fitted the first-order rate equation in the range 0.27
< a < 0.89. The activation energy calculated was 45
kcal/mol. The reaction rate was faster by a factor of
about 6 than that for mixtures containing 1.75 mol %

(9) P.W. M. Jacobs and A. Russell-Jones, J H‘}S aam 72, 202

(1968).
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Figure 1. Fractional decomposition of magnesium perchlorate
vs. time. Run numbers on curves denote: 1, 406.9° in vacuo;

3,377.2° in vacuo; 10, 377.2° under 740 Torr of N2; 11,354.7°
under 740 Torr of N2

Figure 2. Plots of vs. t for the first stage of the thermal

decomposition of magnesium perchlorate for three of the runs
shown in Figure 1.

magnesium perchlorate and the kinetics did not obey eq
3. The reaction rate for a > 0.9 was slower, and rate
constants derived from eq 3 for a > 0.9 were comparable
with those derived from the same equation from data for
pure ammonium perchlorate. The final weight of
reactant was 12.5 + 0.5% of the initial weight taken,
suggesting that the residue from thermal decomposition
is mostly magnesium perchlorate (calcd 11.2%).

Reactant Containing 20 Mol % ™ agnesium Perchlorate.
This mixture contained 41.1% magnesium perchlorate
hexahydrate or 13.4% water. Nevertheless, the hexa-
hydrate was dehydrated before the main reaction
occurred at ~273°. The reaction virtually stopped
after a loss in weight corresponding to a ~ 0.6. Al-
though the data obeyed first-order kinetics approxi-
mately in the range 0.14 < a < 0.44, the fit was not
considered good enough to make the determination of
the activation energy a meaningful exercise. The
examination of mixtures with a higher magnesium
perchlorate hexahydrate content was therefore confined
to tga and dta.
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Figure 3. Plots of the function 1 — (1 — a)' vs. t for three

of the runs shown in Figure 1.

VI. Tga and Dta of Mixtures of Magnesium
Perchlorate Hexahydrate and Ammonium Perchlorate

Dta traces for runs on the five mixtures as well as for
pure ammonium perchlorate and magnesium per-
chlorate are displayed in Figure 4. The shift in the
reaction temperature to lower temperatures with
increasing magnesium perchlorate hexahydrate con-
centration, up to 50 mol %, is clearly shown. The
sharp exotherm at 331° is superimposed on the general
decomposition exotherm and appears to be associated
with solidification, but clear evidence for melting is not
apparent in the dta curves. The solidification exo-
therm was not always observed at higher concentrations
of magnesium perchlorate either, although it was in some
runs: evidently the dta apparatus used was not well
adapted to recording rapid temperature changes. Tga
of the 6.6 mol % mixture showed the following features.
(This sample weighed 8.25 mg and should therefore
have contained 0.45 mg of HXD, 6.87 mg of ammonium
perchlorate, 0.92 mg of magnesium perchlorate, and
should yield a final residue of ~0.1 mg of MgO.) (i) A
weight loss of 0.37 mg occurred in the temperature
range 130-274°. This corresponds to dehydration; the
following three stages refer to thermal decomposition of
ammonium perchlorate, (ii) A slow reaction occurred
in the range 278-329°. This accounted for 1.88 mg or
27% of the ammonium perchlorate present and may be
interpreted as the normal low-temperature decomposi-
tion of ammonium perchlorate.l0 (iii)) In the range
332-358° a reaction occurred at a rate —d(w/wo)/dt =
0.137 min-1, where w0 = initial weight and w is the
weight at time «.  This reaction accounted for 3.6 mg or
53% of the ammonium perchlorate and appears to be
the catalyzed high-temperature decomposition of ammo-
nium perchlorate, a conclusion which is substantiated
by the fact that interpolation of the plot of log [d(w/
B>)/d<Imx vs. T ~1 for isothermal experiments yields the
same rate at 340°. (iv) The reaction slowed down
slightly at 363° and this was succeeded by a very rapid

(10) P. W. M. Jacobs and A. Russell-Jones, AIAA J., 5, 829
(1967).
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Figure 4. Temperature of decomposition of ammonium
perchlorate and magnesium perchlorate mixtures from dta.
The temperatures corresponding to the peak heights are, for
the given amounts of magnesium perchlorate hexahydrate,
(a) 1.75 mol %, 331°; (b) 6.6 mol %, 324°; (c) 20 mol %,
298°; (d) 50 mol %, 293°; (e) 80 mol %, 314°. (f) and (g)
are dta traces for pure ammonium perchlorate and pure
magnesium perchlorate, respectively.

Figure 5. Superimposed dta and tga traces for an ammonium
perchlorate and magnesium perchlorate mixture containing

20 mol % magnesium perchlorate.
weight loss which would correspond to the formation of
anhydrous magnesium perchlorate and ammonium perchlorate,
of magnesium perchlorate alone (with complete decomposition
of ammonium perchlorate), and of MgCI2 (MgO is off scale).

The arrows show the %

reaction at 363° (—dw~/wosdt = 2.5 min-1) account-
ing for 1.24 mg or 12% of the ammonium perchlorate.
Thus some 8% of the ammonium perchlorate is not yet
accounted for. (v) The residue from (iv) was stable up
to 440° when decomposition occurred up to >600°.
The final yield was 0.38 mg showing that some reactant
(magnesium perchlorate) still remained.

Superimposed tga and dta traces are shown for the
mixtures containing 20, 50, and 80 mol % magnesium
perchlorate hexahydrate in Figures 5, 6, and 7. The dta
trace in Figure 5 shows two stages of dehydration of
magnesium perchlorate hexahydrate, the orthorhombic

cubic phase change in ammonium perchlorate,
followed by exothermic decomposition of ammonium
perchlorate. This interpretation of the thermal events
is supported by the evidence from tga. Evidently the
catalyzed decomposition commences before dehydration
is quite completed (note the arrow corresponding to
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Figure 6. Superimposed dta and tga traces for an ammonium

perchlorate and magnesium perchlorate mixture containing

50 mol % magnesium perchlorate. There was no further

weight change above 552°, corresponding to formation of MgO.
The dashed line shows the dta of pure magnesium perchlorate.

Figure 7. Superimposed dta and tga traces for an ammonium

perchlorate and magnesium perchlorate mixture containing 80
mol % magnesium perchlorate.

formation of anhydrous magnesium perchlorate). The
decomposition of ammonium perchlorate becomes very
rapid following dehydration and then slows down after a
temperature of 330° is attained.

The superimposed traces for the mixture containing
50 mol % magnesium perchlorate hexahydrate show
broadly similar features. The first two endotherms
represent dehydration. The second of these overlaps
the ammonium perchlorate phase change which is
succeeded by a further dehydration endotherm in the
region of 250° (these assignments are being made by
comparison with the previously determined dta curves
for the pure components; that for magnesium per-
chlorate hexahydrate is shown in Figure 6 as a dashed
line). There is evidence for a very sudden reaction in
both the dta and tga traces. The per cent weight loss
shows that rapid decomposition commences just before
dehydration is complete and that the final product,
when all the ammonium perchlorate is consumed,
corresponds closely to magnesium perchlorate. Above
430°, decomposition of magnesium perchlorate occurs, a
weight loss corresponding to MgO being reached at 552°.

The same features are shown by the 80% mixture
except that the weight loss during the rapid reaction is
smaller and the phase change is not seen, owing to the

Volume 74, Number 2 January 22, 1970
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smaller concentration of ammonium perchlorate. De-
composition of magnesium perchlorate starts at ~420°
and is complete to MgO at 540°.

VI1l. Discussion

There are differences of opinion in the literature3-5
as to what the decomposition products of magnesium
perchlorate are, namely MgO, MgCI2, or a mixture.
Markowitz6 has discussed the thermodynamics of
perchlorate reactions and has concluded that magnesium
perchlorate decomposes to MgCI2 but that 02 gas then
reacts with the MgCI2 to produce MgO. The free
energies of formation of MgO and MgCI2 are equal at
427° so that AG® for the reaction

MgO(s) + CI2g) = MgCIZs) + '/202(g)  (4)

is —0.87 kcal/mol at the 02 and CI2 partial pressures
which would result from complete decomposition of
magnesium perchlorate to MgO, the observed product
from tga in vacuo. From Markowitz' data we find
that AG°(MgCI2 — AG°(MgO) varies from —0.7 to
+0.1 kcal/mol in the temperature range of interest
(600-710°) so that the formation of pure MgO is
predicted, if the thermodynamic data are accurate and
equilibrium is established, since to form MgCIl2 would
require a AG° more negative than —0.87 kcal/mol at
700°. 1n vacuo We do find the product to be pure MgO
but under conditions hardly favoring the establishment
of thermodynamic equilibrium. Under 740 Torr of N2
the diffusion of product gases away from the solid
reactant will be many orders of magnitude slower and
there is a better chance of establishing equilibrium.  We
find approximately 4 mol % of MgCI2from tga under
these conditions, corresponding to a calculated AG® of
—0.8 kcal/mol at 600°. Markowitz’' value5is —0.7
kcal/mol; the agreement is probably within the ac-
curacy of the data, especially as the tga result does not
refer to a fixed temperature.

The importance of these considerations is that they
tell us that MgO is formed directly as a result of the
reaction mechanism and that conversion to a small
amount of chloride is a result of equilibration. This is
in contrast to barium perchloratel where BaCl2is formed
and is the stable product. If MgCIl2were formed as the
decomposition product of magnesium perchlorate and
converted to MgO by reaction with 02 then tga in vacuo
would give a smalleryield of MgO, and not a larger yield,
as found experimentally.

The form of the a(t) curves (Figure 1) suggests that
the decomposition of magnesium perchlorate involves at
least one intermediate.

The formation of MgO directly implies that the last
kinetic step is the bimolecular decomposition of CIO-
ions

2C10- —~ClI*+ 02- + O 5)
The weight loss accompanying the formation of CIO-

The Journal of Physical Chemistry

R. J. Acheson and P. W. M. Jacobs

from cio4- corresponds to a = o.525; that correspond-
ing to reaction step 5 is 0.475. Figure 1 shows that
the break in the a(t) curves at high temperatures is close
to a = 0.525. We conclude, then, that the decomposi-
tion of magnesium perchlorate occurs in two main stages
which are well separated at high temperatures and which
comprise, respectively, the formation and subsequent
decomposition of hypochlorite.

There are several factors which favor the conclusion
that the rate of the last stage (decomposition of CIO-) is
controlled by the rate at which the gaseous products can
diffuse away from the reaction centers. The reaction
rate is approximately constant over a wide temperature
range leading to an apparent activation energy of zero.
This is illustrated, for example, by runs 1 and 3 in
Figure 1 which show almost the same rate for the final
stage and yet the reaction temperatures differ by almost
30°. Furthermore, for at least some runs the kinetics
appeared to be of zero order. If Cl2can escape only by
slow diffusion then a back-reaction will be encouraged.
If this is

Cl, + 02-—> 2Cl- + O (6)
O+ Cl- —~ ClO- @

then the slowness of the final stage will be accounted for.

The formation of CIO- from C104- is likely to be
itself a multistage process since the splitting off of three
O atoms at once from a Cl104 ion is unlikely. A
possible sequence is

Cl04- — > Cl03- + 0 8)
Cl103- — > C102- + 0 9)
C102- —) Cl10- + 0 (10)
oo ffM—-"o2 (11)

The first of these reactions represents a fractional
decomposition of a = 0.175 and this corresponds
reasonably well with the end of the acceleratory period
and the onset of the first decay period. A reasonable
conclusion that from the acceleratory nature of the first
stage is that a mild chain reaction similar to that
postulated! for the barium perchlorate decomposition
operates, so that O atoms liberated in (8) attack per-
chlorate ions

ClO4- + O—> ClOs3- + 02 (12)

being regenerated by further decomposition of cios- .
The power law a °c t3 would then be an approximate
empirical representation of this acceleratory process.
It is likely that the next stage of the decomposition,
cios- — Cl102- + O, overlaps the first stage to some
extent but the situation is complicated by the possibility
of the reverse reaction C102- + O-f C103-. Once the
decomposition of C104  C103- is completed, the next
stage of reaction can be envisaged as initiating primarily
at the surface of the Mg(Cl103)2 particles and then
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propagating inward, if step 9 is reversible. There is
good evidence that Ba(C1022 disproportionatesH to the
chlorate and chloride and if Mg(C1022 behaves some-
what similarly, Mg(C103)2 will only decompose readily
where the 0 atoms can escape easily. In the case of the
magnesium salts, however, the hypochlorite rather than
the chlorate and chloride mixture,l appears to be the
important intermediate.

Relevant is the fact that magnesium perchlorate
hexahydrate contains initially 34% by weight of water
and the crystal becomes very broken up during dehydra-
tion. Thus 0 atoms can escape much more readily
than in the comparable case of barium perchlorate, and
so the back-reactions of C103~to C104_can be expected
to be less important in magnesium perchlorate than
they are in barium perchlorate. However, reaction 9
should be reversible; otherwise the kinetics would be
expected to obey a first-order law rather than the con-
tracting volume equation.

The activation energies for the first two stages (C104~

C103_and C103~ — CIQO") are 58 and 67 kcal/mol.
These are close to the value expected for the fission of a
Cl-0 bond, namely2 64.3 kcal/mol. The kinetics are
thus dominated by the initial steps 8and 9. The greater
stability of barium perchlorate with respect to mag-
nesium perchlorate may be due to the fact that barium
perchlorate goes through a phase changel at about the
temperature at which magnesium perchlorate de-
composes: this recrystallization process may help to
remove some of the strain and disorder resulting from
dehydration and thus make it harder to initiate the
reaction.

Magnesium Perchlorate + Ammonium Perchlorate.
The decomposition of ammonium perchlorate and
magnesium perchlorate mixtures can be understood in
terms of a simple hypothesis that magnesium perchlorate
is capable of initiating the decomposition of ammonium
perchlorate. Relatively small amounts of magnesium
perchlorate are effective as shown by the values in
Table I11. In the detailed description of the 6.6 mol %
tga run, it was emphasized that the normal low-tempera-
ture decomposition of ammonium perchlorate occurred
first: thus it is the high-temperature ammonium
perchlorate decomposition which is most susceptible to
catalysis. At high magnesium perchlorate concentra-
tions, however, the low-temperature reaction is elimi-
nated (under tga conditions) and the sudden reaction
which is shown in Figures 6 and 7 represents decomposi-
tion of virtually all the ammonium perchlorate present.
At low catalyst concentrations the kinetics obey the
same equation as does pure ammonium perchlorate but
at higher concentrations the kinetics become first order
and then rather ill-defined. The very sharp exotherms
shown in the dta traces in Figures 5-7, which are
indicative of rapid chemical reaction, are confirmed by
tga; although definite evidence of melting is not generally
present in the dta traces, the rapidity of the reaction
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suggests very strongly that the mixtures do melt. |If
this is indeed so then the following mechanism for the
catalyzed reaction can be formulated. The high-tem-
perature decomposition of ammonium perchlorate in-
volveslOproton transfer from NH4+to C104_ions giving
HC104 which decomposes and oxidizes the ammonia
which is liberated in the proton transfer process.
Catalysis implies the substitution of a more efficient
process. Present in the melt will be Mg2+, C104~, and
NH4+ ions. The known decomposition product of
Mg(C1042 is MgO. Thus if the decomposition of
C104 ions is facilitated in the melt (for example, by
the ease with which O atoms can escape) then oxide
ions will result by reactions which are stoichiometrically
equivalent to

2CKV = CI2+ 02+ 37,0* 13

These oxide ions will form very efficient proton acceptors

(14)

The net result of (13) and (14) is the decomposition of 2
mol of ammonium perchlorate. Since Cl2is produced
here from the decomposbion of C104~ ions rather than
from HC104 it is predicted that, for the catalyzed re-
action, the C12HCl! ratio should be much higher than for
the uncatalyzed reaction. This is precisely what was
found13 for the products from ammonium perchlorate +
ZnO (which, because it also promotes melting, should
behave similarly to MgO in this respect). The product
when all the ammonium perchlorate has gone will be
(resolidified) magnesium perchlorate, as found experi-
mentally (Figures 6 and 7).

2NH4+ + O2- —«>H2D + 2NH3

Table I11:
Rate [—d(w/icii)/dilmax on the Composition of Ammonium
Perchlorate and Magnesium Perchlorate Mixtures at 273°

The Dependence of the Maximum Decomposition

mol % magnesium perchlorate f—d(u'/tt'o)/di]max, min-1

0 1.8 X 10“4
1.75 5.9 X 10“4
6.6 1.2 X 10"3
20.0 7.9 X 10%2

Furthermore, it is now easy to understand on the
basis of this mechanism why MgO and ZnO4 are such
good catalysts for the ammonium perchlorate decom-
position. Some surface reaction occurs forming mag-

(11) F. Solymosi and T. Bansagi, AdaCiim Aad Sien H.rg, 1S5}
251 (1968).

(12) D. D. Wagman, W. H. Evans, 1. Halow, V. B. Parker, S. M.
Bailey, and R. H. Sehumm, “Selected Values of Chemical Thermo-
dynamic Properties,” National Bureau of Standards Technical Note
270-1, U. S. Government Printing Office, Washington, D. C,, 1965.
(13) L. F. Shmagin and A. A. Shidlovskii, “Research in the Field of
Chemistry and Technology of Mineral Salts and Acids,” Akad. Nauk
SSSR, 1965, pp 112-114.

(14) P. W. M. Jacobs and H. M. Whitehead, CTM R, &) s51
(1969).
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nesium perchlorate, probably by reaction of the oxide
with Hc104 from the ammonium perchlorate, and then
a melt of ammonium perchlorate and magnesium
perchlorate forms in which the oxide steadily dissolves
as O2- ions are removed by (14). This mechanism thus
explains the long established use7 of ammonium per-
chlorate to form magnesium perchlorate from MgO and
the fact that the formation of Zn(C1042 has been con-
firmed in the catalysis of the ammonium perchlorate
decomposition by Zn0O.16

It is difficult to assess how essential to the reaction is
the formation of a melt. There is, in fact, no real
evidence from dta that melting occurs. However, this
may be taken to imply that the whole mixture does not
form a molten phase; partial melting at the interface
between the two materials is not excluded by the dta
evidence. The primary evidence would appear to be
(i) the fact that the decomposition of cio4- occurs at
a much faster rate in the mixture of magnesium per-
chlorate with ammonium perchlorate than it does in the

0. E. Wagner and W. E. Deeds

pure magnesium perchlorate and (ii) the fact that the
addition of PbO, ZnO, or CdO to ammonium perchlorate
promotes melting.l6 Thus although total melting of
the reactants evidently is not a prerequisite for reaction,
partial melting at the magnesium perchlorate-ammo-
nium perchlorate interface probably does occur and
has the effect of greatly accelerating the decomposition
of ammonium perchlorate, as outlined above.

Barium perchlorate is not a catalyst for the ammo-
nium perchlorate decompositionl and this is also easily
understood in terms of our mechanism, for barium
perchlorate decomposes to form the chloride, not the
oxide, and so does not form a proton acceptor.
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Some Electronic Properties of Solutions in Solid Matrices

by O. E. Wagner and W. E. Deeds
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It has been found that salts together with a little solvent imbedded in an insulating material provide some very
interesting electrical characteristics as well as a promising method of obtaining molecular parameters. The
slope of the log polarizability vs. 177 curve over a limited temperature range was found to be proportional to the
ionic dissociation energy of the included molecule.  Similarly, the slope of the log resistivity vs. 1/T curve was
found to be proportional to the ionization energy of either the cation or anion plus the ionic dissociation energy.
Solving both of the above curves simultaneously gave very good values for the electron affinities of the radicals

which became the anion.
were considered intractable.

found to be larger than 107at room temperature.

This provides a method for obtaining electron affinities of radicals which heretofore
With larger amounts of a proper solvent present the dielectric constant was

Thermoelectric and other measurements on the filled matrix

indicated electrons and/or holes as carriers depending on the type of salt used.

Introduction

There is very little literature on the physics of elec-
tric conductivity and polarization phenomena mani-
fested by salt-filled porous matrices. The thermody-
namic properties of dispersed molecules have been
studied quite extensively,l but the electrical parameters
such as dielectric constant and resistance have not.
At present there are many molecules whose parameters
are very difficult to study by conventional methods and
thus any applicable new methods would be desirable.

It is hypothesized here that if molecules are dispersed
in a matrix, the effects of other molecules and the matrix

The Journal of Physical Chemistry

can be combined into an averaged dielectric constant.
It will also be assumed here in general that chemical
bonding to the matrix has not occurred.

For the purposes of this paper, the matrix is defined
to be a porous substance where the pores are of molec-
ular size or larger. The voids or pores are assumed to
be interconnecting so that there is a continuous path
through the matrix. The latter assumption is made be-

(1) D. H. Everett and F. S. Stone, "The Structure and Properties of
Porous Materials,” Butterworth and Co., Ltd., London, 1958 pp
1-389.
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cause as yet a method has not been found to seal the
pores of the matrix on enclosed molecules.

The matrices may be any molecular structure with
pores larger than the specific molecule to be put into
the pore. The matrices may be ceramics, organics, or
combinations of compounds especially designed to
achieve or eliminate certain observed effects. A typ-
ical matrix might be a metal oxide such as Ti02 MgO,
Al20s, Zr02 Nb25 V25 or any other oxide that
is inert to the included solution’s constituents. Ma-
trices can also be made of cellulose or wood (which is
mainly a combination of cellulose and lignin). Com-
binations of types of matrices may be used. In general
it is desirable that the matrix provide an environment
where the included molecule retains its identity. Fur-
ther combinations of solids which do not include the
above can be imagined.

Wood together with porous ceramic are the chief ma-
trices used in the present work. Wood was found to be
most stable as a matrix for most of the molecules tested.
Care was taken to remove the volatile substances from
the wood by boiling the matrix material for several
hours in distilled water. The data obtained from using
wood matrices speaks for itself. Wood is very inert to
many substances which react with other matrices.
Chemical interaction of the matrix and the dispersed
molecule was avoided in general, although some inter-
actions were observed in a few cases.

Since very large resistance changes were observed
with changes in temperature, it was first assumed that a
melting phenomenon was occurring. This was ques-
tioned, however, because the resistivity did not change
abruptly but varied exponentially over a large tempera-
ture range. It was evident that the effect could be
used to provide a very sensitive thermistor.

From the start it was assumed that the slope of the
resistivity vs. temperature curve would be a function of
the dielectric constant. To test this hypothesis, the
dielectric constant was measured. In measuring the
dielectric “constant” it was observed that the dielectric
constant was not constant. One of the first molecules
studied with respect to dielectric constant was NaCl.
It was found that the slope of the log dielectric constant
vs. 1/T curve at the lower temperatures provided almost
an exact measure of the known dissociation energy, as
did also the slope of the KC1 curve. Other molecules
also provided very close values. The first molecules
studied were diatomic molecules. Since such good disso-
ciation energies were found for diatomic molecules, other
polyatomic molecules were tested with good results. The
first three molecues studied (NaCl, KC1, and KI) pro-
vided k 2 values that were within 0.1 eV of well known
dissociation energies. Because of these results the in-
vestigation continued. The k above is the low-tem-
perature dielectric constant while e is the magnitude of
the slope of the log dielectric constant vs. the reciprocal
of the absolute temperature curve.

Using the ionic dissociation energy, one can often ob-
tain the electron affinity of one of the ions. Electron
affinities are important parameters in several fields,
such as health physics.2 The excellent agreement be-
tween the electron affinities measured by this and other
methods was considered as increasing confidence in this
technique for obtaining molecular parameters.

Possible Mechanisms

Two phenomena are basically being considered. These
phenomena are the resistivity vs. temperature character-
istics of a salt dispersed in a matrix and the dielectric
constant vs. temperature of the same system. It is as-
sumed for the purposes of the development to follow
that there are small salt inclusions distributed
throughout the matrix. Each salt inclusion is sur-
rounded by a limited number of solvent molecules, and

Figure 1. Capacitance \& frequency for an Nad-filled matrix.

polar solvents appear to give enhanced effects. The
polar nature of the solvent molecules tends to keep the
solvent molecules at the boundary between the included
salt and the matrix. The salt inclusions together with
the matrix produce a certain dielectric constant.
Thermal motion agitates some of the salt molecules at
the boundary between the salt and the solvent. The
agitation, solvation, and the difference in the potential
between the surfaces will cause a separation of the ions
composing the free molecules, and a large dipole is

(2) L. G. Christophorou and R. N. Compton, HchFh,GCS 13, 1277
(1967).
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formed across the solvent bounding layer. As the tem-
perature is increased, more and more of these dipoles are
formed with a resultant increase of the polarizability of
the matrix. More and more electric double layers form
throughout the matrix. This concept is similar to the
double-layer concept at the interface of a liquid and a
solid.3 Here, however, one is dealing with very thin layers
of solvent molecules between two bounding surfaces of
different materials. Empirically one finds an effectively
infinite separation of salt ions, whose number increases
exponentially with the reciprocal of the absolute temper-
ature. Figure 1 shows that the large capacitance is
essentially a low-frequency phenomenon.

For example, consider one inclusion of salt molecules,
shown schematically in Figure 2. The matrix used for
most of this work had pores ranging in size from 100 to
1000 A.4 Consider a pore 500 A in diameter with about
1% of the mass water and the other 99% NaCl. NaCl
in the cystalline form is approximately twice as dense as
water. This would mean the water layer is about 1.7
A thick, or nearly a monolayer thick. Experimentally,
the major capacitance effect disappears or is masked
below about 1% moisture content. This perhaps indi-
cates that there has to be approximately a monolayer of
solvent present to produce the predominant effect, and
this effect disappears at lower temperatures, perhaps be-
cause the matrix absorbs or binds the water. The im-
plication is that free solvent is what produces the major
effect. With the disappearance of a continuous
bounding layer, no more ions are excited across the
layer. A residual effect remains which is perhaps
partly due to a double layer formed at the interface of
the remaining solvent and the matrix.

Empirically it was observed that an effective dielec-
tric constant characteristic of the matrix-salt combina-
tion was seen by the dissociating molecules. For the
wood matrix this effective dielectric constant was very
nearly the macroscopic low-temperature measured value.
For ceramic matrices one had to multiply the measured
dielectric constant by some factor. For ceramic ma-
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trices used, the effective dielectric constant was about
one-half that of the macroscopic low-temperature mea-
sured value. Hereafter the dielectric constant k will
be the relative effective dielectric constant.

In considering the effect of the dielectric constant one
can use an analogy to the solid-state hydrogen model.
That is, the molecule sees an average dielectric constant
of the matrix immediately surrounding it, and the
energy levels are reduced5by a factor of approximately
1/ KK

Now consider the resistivity characteristics. There
are several possible mechanisms for the observed
changes in resistivity with temperature. The changes
can obviously be attributed to the activation of car-
riers by thermal means. It is noted from the curves in
the experimental section that this activation is Boltz-
mann in nature. In the case being considered, one
would first suspect ionic carriers since one is dealing
with ionic compounds dispersed in a matrix. If the
ions or molecules were tied to specific locations, one
might suspect hole or electronic conduction. It is be-
lieved that here the ions are tied in the dry limit. The
predominant carriers are considered to be electrons or
holes as the following arguments indicate.

Types of Carriers

The thermoelectric results mentioned in the experi-
mental section indicate whether positive or negative
carriers predominate. If one were to suppose that there
were two or three different sources of carriers, then one
could assume a relation of the form

G = Ae-E/KT + Be~Et/kT + C

where ¢ is the conductivity, A, B ,c, Ej, and E 2are con-
stants, k is Boltzmann’s constant, and T is the absolute
temperature. The c was added in case there was a
nontemperature-dependent term. This would result,
however, in a curved line on a semilog plot if A and B
were comparable in magnitude. The results generally
give straight lines over a large range on a semilog plot
after a transition point is passed. This indicates that
one temperature-dependent mechanism predominates.
One can obtain a pronounced increase in the slope by
decreasing the solvent content. As the solvent content
is decreased, the slope increases to a certain limit.
Thereafter the slope does not change, no matter how
small the solvent content is made, provided the tem-
perature is not below that required to dissociate the salt
in the presence of the solvent. This change in slope rep-
resents a transition from ionic to either electronic or
hole conduction. Once the transition point is passed,
no other transitions are observed even after the sample

3) D. P. Benton and G. A. H. Elton, Tm Fa’aHISI:, 49, 1225

(
(1953).

(4) D. H. Everett and F. S. Stone, ref 1, p 367.

(5) A.Many, Y. Goldstein, and N. B. Grover, “Semiconductor Sur-
faces,” North-Holland Publishing Company, Amsterdam, 1965, p 50.
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becomes a good insulator. This occurs in the limit of
small solvent contents (generally less than 10% of the
matrix weight). Both electrons and holes are prob-
ably present at any given time, but the mobilities ap-
parently are quite different for the cases to be dis-
cussed. This allows one to separate the effects of the
electron and hole carriers. It is conceivable that a
case might arise where the mobilities were the same and
the sample would appear to be intrinsic. In one case
(for NaCl) apparently negative carriers predominated
at the lower temperatures and at higher temperatures
hole conduction appeared. Probably there is some
ionic conduction when the matrix is in its driest state,
but this contribution is very small and perhaps rela-
tively constant with temperature change. Predom-
inant ionic conduction is also ruled out by the following
argument.

If one had ionic conduction, the matrix would become
strongly polarized after dc current had flowed for even
ashorttime. This was not observed. In addition, the
resistance slopes are too large to assume ionic conduc-
tion. Other authors have also proposed electronic and
hole carriers for conduction where absorbed molecules
are present.6

The Basic Equations

Assuming electronic or hole conduction in the dry
limit, one would infer that dissociation of the molecule
occurs first and then electrons or holes are provided by
one of the resulting two ions. This would provide
holes from the cation or electrons from the anion. If
this were the case, one would conclude that the activa-
tion energy is the sum of the dissociation energy and the
ionization energy of either electrons or holes. The
type of mechanism for the conveyance of electrons or
holes after their release is discussed below. For the re-
lease of a charge carrier (electron or hole), the following
relation was empirically found to hold

J o QAEHARKT

where J is the current density, e d is the ionic dissocia-
tion energy, 1 is the ionization energy, « is Boltzmann’s
constant, T is the absolute temperature, and c is a con-
stant. In the low solvent case the solvent binding en-
ergy and the coulomb energy are neglected.

Conduction here can be explained as a surface mech-
anism. For example, one can have electron or hole con-
duction along grain boundaries and damaged surfaces
as well as increased conduction at surfaces due to sur-
face states. Several possible surface conduction mech-
anisms are present here. The mechanisms of surface
conduction are discussed by numerous authors, for ex-
ample Many, etal.1

Considering that the capacitance varies exponen-
tially with \/T, what type of mechanism would provide
such a relation? In the case at hand, one is dealing

with small pores in a matrix. One would expect a few
solvent molecules and a few salt molecules in each pore.
Thermal agitation would keep a constant turmoil pres-
ent in a specific pore. As the temperature is increased,
the turbulence would increase until the agitation and
polar nature of the solvent molecules dissociates a salt
molecule. The solvent molecules tend to shield the
resultant ions from one another. Some of the ions may
migrate to the pore surface at the interface between
water molecules and the matrix. It is probable that the
Maxwell-Wagner interfacial mechanism contributes to
holding the ions and perhaps other charges apart.8
The net result is that a dipole is formed in the pore.
As the temperature increases, more and more dipoles are
produced. This results in an increase of the polariz-
ability with increasing temperature, and thus the
dielectric constant increases. One would eventually
have a dipole or dipoles in each pore. Finally, one
would expect a saturation to occur with all the possible
dipoles having been produced. This saturation would
result in a ferroelectric behavior.

It was observed in some samples that the dielectric
constant apparently rose very rapidly at the highest
temperatures. This apparent rapid increase in di-
electric constant was probably due chiefly to
drying of the sample at the higher temperatures, so that
loss of solvent caused some slope change. In addition,
the number of ionic or other carriers would increase
somewhat at higher temperatures.

From the earlier description of the increase in
polarizability, one would expect the polarizability to
increase according to a relation of the type

P = poe-W>/KVcT+ pi

where p is the polarizability, p o is a constant, pi is the
low-temperature polarizability, and k is the low-tem-
perature dielectric constant (measured near liquid
nitrogen temperature.) A possible cohesive energy of
the salt molecules has been neglected. Although
cohesive energy would be expected for a large number of
molecules per pore the results did not indicate a need for
this. Also it proved unnecessary to add the energy of
solvation to e d for the relatively small amounts of
solvent used in these experiments.

At this point consider the application of the above
formulas to the two classes of carriers previously
discussed. Define e A to be the electron affinity of the
atom, molecule, or radical which becomes the anion.
For negative carriers (electrons from the anion) the
following equations can be written

Il = RK2

(6) W. T. Eriksen, H. State, and G. A. deMars, J. A}j H}G, 27,

133 (1957).
(7) A. Many, Y. Goldstein, and N. B. Grover, ref5, pp 1—-96.

© K.w.wagner, Ath Hedraaeh, 2 371 (1014).
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and
I — EA = K*E
Eliminating k gives
Ea = 7(1 -
1 is the magnitude of the ionization energy of the mole-
cule, atom, or radical which becomes the cation while e
and r are the magnitudes of the slopes of the capaci-
tance and resistance vs. 1/T curves, respectively,

multiplied by the Boltzmann constant.
For positive carriers a similar relation can be written

27 - EA = RK2

E/R)

and
I - EA = KZ2E

Elimination of k yields
EA = 72 -

Thus the resulting relations are independent of k.
This is important since k often is not directly measur-
able.

It has been emphasized that the slope of the log
capacitance vs. the reciprocal of the absolute tempera-
ture curve is proportional to the dissociation energy of
the molecule. This is true over a certain temperature
range. At low temperatures, however, a small residual
slope usually appears instead, probably due to solvent
attachment to pore boundaries. Also at the higher
temperatures, breaks may occur due to impurities in the
matrix and salt and perhaps other conduction mecha-
nisms entering the picture. In the NacCl curve in the
Results section, the slightly larger slope is probably due
to positive carriers. Also, in polyatomic molecules,
different bonds will be broken at different locations in
the curve with resulting slope changes. One should be
able to peel parts of the molecules off one by one and
look at successive dissociation energies.

Some problems will doubtless occur in the study of
matrix dispersion. There will be more or less interac-
tion of the included molecule with the matrix. An
attempt should be made to use a matrix compatible
with the molecule to be placed in it. That is, a matrix
should be found that does not interact chemically with
the molecule. For polyatomic molecules one might
have the problem of dissociation in the “wrong” place.
The molecule might come apart at an unexpected bond.
Thus one might get rather unexpected results. This
emphasizes the point that a series of curves under
differing conditions (such as different solvent contents
and matrices) should be run for each molecule being
studied.

R/E)/(l - R/E)

Experimental Techniques

For resistance measurements a General Radio 1230A
electrometer together with a Simpson multimeter were
used. Resistances measured ranged from around 5000
ohms to about 1012 ohms, so both of these instruments
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were necessary. Voltages were measured with the
electrometer mentioned above. The voltages measured
included thermoelectric voltages. For capacitance
measurements, a General Radio 1650A impedance
bridge was employed. Most measurements of capaci-
tance were made at 1000 Hz using the oscillator in-
cluded in the bridge. For the capacitance vs. frequency
curves an audio oscillator (Hewlett-Packard Model
200CD) was used in conjunction with the bridge.

In measuring resistance using the dc equipment
mentioned above, instantaneous measurements were
the rule to eliminate any possible polarization and
hysteresis effects.

Initially there was some problem with scatter due to
lack of intimate contact between the sample and the
thermocouple used for temperature measurement.
This was corrected by taping the iron-constantan
thermocouple directly to the sample. Temperature
measurements were made using a Leeds and Northrup
8690 potentiometer. An ice water reference junction
was used to help ensure accuracy. The general method
of measurement was to heat the sample to the high
temperature desired in a styrofoam container. The
sample was then allowed to cool rapidly and measure-
ments were taken as the sample cooled. This process
was used because the heat-up time was generally quite
long, and there was a chance that device characteristics
might change with time. The rather rapid cooling
virtually eliminated device characteristic changes from
solvent loss. Cooling below room temperature was
accomplished using Dry Ice and liquid nitrogen.

A glance at the capacitance and resistance curves
indicates that scatter was usually very small. Some
scatter was apparent in curves where the capacitance
being measured was very small. This scatter was
chiefly caused by difficulty in reading the scale of the
bridge to 0.1 pF. The absolute error in the resistance
readings was at most 8% of full scale readings for
resistances above 3 X 1010 ohms, and 2% of full scale
for lower resistances. Readings were taken as near full
scale as possible. Most of the errors are probably
caused by scale changes because relative errors are more
important than absolute errors in the determination of
slopes. There was no scale change in the capacitance
readings and thus the slope errors were minimized.
Note that the low-temperature capacitance, s, which
was usually near 15 pF., was subtracted from each
reading. There was an absolute possible error of + 1 pF
indicated for the bridge which was probably the same
for the 8 value and the other readings. This essentially
means that the error in capacitance readings is chiefly
caused by difficulties in reading the scale.

Thermoelectric measurements were made using the
1230A electrometer. The sample whose thermoelectric
power was to be measured was mounted on an alumi-
num cup by means of conductive silver paint. A
thermocouple was mounted on the opposite end, again
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by silver paint. The cup was filled with ice and ice
water, the temperature of the warm end was read, and
the thermoelectric voltage between the cup and one of
the leads of the thermocouple was read on the elec-
trometer. The voltages were as high as 100 millivolts
for a 20° gradient. No attempt was made to read the
thermoelectric voltage in the limit of a very small
temperature gradient, which defines the thermoelectric
power, since only the sign of the carriers was desired.
As a check, the ice water was poured out and hot water
poured in to see that the measured thermoelectric
voltage changed sign. The whole assembly of the cup
and mounting was shielded by grounded metal. Very
high input impedances were often used on the elec-
trometer (between 1012 ohms and infinity). In measur-
ing the thermoelectric voltage, due to the high imped-
ance of many samples, there was a problem with
charges from the atmosphere collecting on the probe and
giving erroneous readings. For this reason the results
were checked and double checked, and the leads were
shorted between readings. A better method needs to be
found to check these thermoelectric voltages to elimi-
nate possible ambiguities in some of the measurements.
The probe charge buildup was observed both with and
without the sample present.

Resistance and capacitance measurements were
taken in a small styrofoam container. This type of
oven worked very well for the temperature range used.
Rapid heat exchange with the surroundings was
prevented. A 25-W tungsten lamp was used as a
heating element to raise the temperature in the oven.
A variac was used to control the rate of heating and
cooling.

Samples were prepared as follows. The matrix
material was cut to the desired shapes and then boiled
in distilled water for removal of volatile substances.
Three to eight hours or more was allowed for letting the
concentrated salt solution soak into the matrix. The
soaking time depended on the thickness of the sample.

The resistors made were generally 1/4 X 1/4 X 1-in.
samples. The capacitorsused 1 X 1-in. stainless steel or
nickel plates with 0.05-in. dielectrics. Fringing effects
were neglected. An estimated error of about 10% in
capacitance measurements is assumed, caused mainly
by lack of flatness of the dielectrics. This would cause
an error in the measured dielectric constant, which was
avoided by solving the capacitance and resistance
curves simultaneously and eliminating the dielectric
constant.

Contacts to resistors were made by merely pushing a
wire into the matrix. For ceramics, however, pressure
contacts were used. It would probably be better to use
conducting pastes to make contact to ceramic samples.
This would tend to reduce the resistance as well as
prevent possible slipping during handling. It was
found that nichrome was very stable for most of the
constituents used.

The contact problem for devices and parameter
determination has not been completely solved. The
molecules used tended to react at least slightly with the
contacts. There is also the problem of electrolysis at
the contacts. It is believed that part of this problem
has been solved by using a catalyst at the contacts to
cause recombination of the evolved hydrogen and
oxygen when alternating current is used. Other
contacts might be tried, such as conducting ceramics
and organics. With the capacitor, direct metal
contact with the dielectric could be prevented by using a
very thin layer of another high k dielectric but this
would be defeating some of the main purposes of the
device. This coating method could be used in the
molecular parameter determination process, however.

Various contact methods can be used. One can
paint on a colloidal suspension of metal or carbon and
let it dry or even bake it on if the solution has not
already been put in. Several paints are available on
the market for this type of application. The contacts
used would be a function of the chemical constituents
used. In some cases it may be desirable to use plati-
num contacts. If the contacts can be pushed in,
platinum wire could be used, or if it is desired to
paint on the contacts, one could use a platinum colloidal
suspension. Pressure contacts might be used for
temporary experiments. An easy method of applying
soft metals such as gold and aluminum is to rub them
into the ceramic. It should be noted for contacts
(especially for high work function contacts) some
nonohmic effects may come into play. Electrodeless
plating of contacts might also be used, especially if the
contacts are put on the matrix before the chemical
constituents are diffused into the matrix.

The preparation of ceramic samples was similar to
that of the yellow pine wood matrices. The porous
ceramic was boiled for approximately 12 hr in a con-
centrated salt solution and then dried to the desired
moisture content.

It was found that to obtain a specific moisture
content, the easiest way was to dry the samples at
about 120° for about 4 hr. This removed the
free moisture. Next the samples were allowed to pick
up moisture from the atmosphere until the desired
concentration was attained. Determination of mois-
ture contents was made with an Ainsworth Type 24N
balance. This scale was also used to determine how
much salt was in the matrix after drying for about 4
hr at 120°. No attempt was made to drive off all
attached moisture. As will be apparent from the
results, a fairly wide range of solvent contents was
investigated.

Results

The base capacitance or low-temperature capacitance,
B, of the sample was obtained near —100°. If any
temperature dependence of the capacitance was ob-
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Figure 3. Capacitance vs. the reciprocal of the absolute
temperature for several different salts included in
various matrices.

Figure 4. Resistance vs. the reciprocal of the absolute
temperature for several salts included in various matrices.
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T

Figure 5. Capacitance vs. the reciprocal of the absolute
temperature for KC1 in a matrix for three different

moisture contents.

served around —100°, the sample’s temperature was
lowered to liquid nitrogen temperature. In most
cases, however, very little change in capacitance was
observed for temperature variations below —50°.
This of course depended on the amount of water present.
Except for a few experiments described later, water was
the solvent used to obtain the data reported here.
Note that s is subtracted from all other capacitance
values before they are plotted.

A KC1 sample was tested for changes in capacitance
with an applied field of 45 V across the capacitor.
No appreciable change was noted, so it was assumed the
capacitance was approximately independent of small
fields. More tests should be run at higher fields. It
may be possible to find cases where a field dependence is
present. Weak magnetic fields also produced no
observable effects at a fixed temperature.

Some diatomic molecules will be considered first.
There are KCI, KI, NaCl, and NaBr. See Figures 3, 4,
5, and 6. Note that the dashed lines represent de-
partures from the constant slope predicted by the
theory and are not used in the calculations. The E
values were 0.195, 0.286, 0.317, and 0.346 eV, respec-
tively. The r values were 1.35,1.20,1.12, and 1.37 eV,
respectively. The resultant electron affinities together
with the sign of the thermoelectric power are given in
Table I. The photodetachment value of the electron
affinity of the atom which becomes the anion is listed for
comparison. The moisture percentage is listed on each
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Figure 6. Capacitance vs. the reciprocal of the absolute

temperature for K1 in a matrix for five different
moisture contents.

graph. The ionization energies used for K and Na
were 4.32 and 5.12 eV, respectively. Note for KC1 the
resultant dissociation energy is 0.73 eV, giving an
effective dielectric constant of 1.87 for the matrix and
sab. Note also for KC1 that the r used was for the
greatest slope of the resistance curve. Two slopes are
present because these data were taken in the dry limit.
Data indicate that when the capacitance slope dis-
appears, the resistance slope gives the ionization energy
of the cation. The r from the lowest slope is 1.15
giving a r k 2 value of 4.30 eV as compared to 4.32 eV
for the ionization energy. The ionization energies used
in this and the succeeding data were taken from
National Bureau of Standards Circular No. 467,
Volumes 2 and 3. The work was done by C. E. Moore
and published in 1958.

With lower moisture contents there is a higher
temperature switch to the residual slope referred to in
the theory. As the water content is increased, this
occurs at lower and lower temperatures. With higher
moisture contents, however, the straight portion of the
curve disappears more quickly with increasing tempera-
tures due to changes in moisture content.

Now consider the KOH graphs in Figures 3 and 4.
KOH was tried in a wood matrix initially. It de-
stroyed the matrix. A ceramic matrix was tried a:
about 2% moisture content. Much scatter was present
in the capacitance curve with an abrupt drop in the
capacitance between 39 and 36°. The data were rerun
at 1% moisture content, but scatter was still present.

Table I: Summary of Results*®

Electron affinity Electron affinity

of radical which of radical which

becomes anion, eV becomes anion, eV Sign of

(experimental) (photodetachment) carriers
KC1 3.59 + 0.08 3.613 + 0.003 +
Kl 2.98 + 0.08 3.063 + 0.003 +
NaBr 3.39 £+ 0.08 3.363 £ 0.003 +
NacCl 3.67 + 0.08 3.613 + 0.003
AgNoO3 3.43 + 0.10 3.886 -
KNOs 3.43 = 0.10 3.886
NaNOs 3.43 + 0.10 3.88* -
CusSoO, 3.0 = 0.5d -
FeSCh 3.1 *0.5'* -
MgSoO, 3.3 * 0.5d -
kno?2 2.46 + 0.08 >3.0' -
KOH 1.9 0.3 1.83 +0.005 -

“Asummary of the most important data from twelve molecules
used in this investigation. The photodetachment values are

from ref 9 except as specified. “This value is a calculated

value. See K. B. Yadzimoshii, Izv. Akad. Nauk SSSR, Ser. Khim.
Khirn., 411, 453 (1947). cL. M. Branscomb, Phys. Rev., 148,11
(1966). dValues based upon measured relative dielectric con-

stants and the assumption that the carriers were coming from
S0,2-.
ably a lower limit because of the way the dielectric constants were
measured.

The value of the electron affinity is for SO,- and is prob-

The data look rather poor, but note that the capaci-
tance is very low and other effects might be present.
The scatter is at least partly due to the large pores in the
matrix. The electron affinity for OH from these data is
1.9 £ 0.3 eV. This scatter emphasizes the need for
more matrix research.

2.4 3.2 3.0
IOOO/_t(dg

Figure 7. Resistance vs. the reciprocal of the absolute
temperature for KN 03in a matrix for three different
moisture contents.
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Figure 8. Capacitance vs. the reciprocal of the absolute

temperature for KNO2in two different matrices,

AJs and wood.

Notice with K1 in Figure 6 there was a switch over to
greater slope at the 4.4% moisture content. This
sudden switching was observed in K1 and other mole-
cules. This emphasizes the point that one should use
only low solvent contents, and several solvent content
curves should be run for each molecule. This switching
may have represented some type of resonance at this
particular solvent content.

The three nitrate molecules considered were KN 03
NaNO03 and AgNOs (see Figures 3, 4, and 7). Negative
carriers were indicated for all three molecules. The
electron affinities obtained were 3.43 A 0.08, 3.98 #*
0.08, and 4.64 £ 0.08 eV, respectively. The cor-
responding e values were 0.226) 0.233, and 0.414 eV and
the r values were 1.07, 1.05, and 1.08 eV. These
corresponded to dissociation energies of 0.89, 1.14, and
2.90 eV. All of the electron affinities should be the
same, but they are not. Some insight into the reason
for this can be gained by solving for the effective
dielectric constants for each of the matrices. Using
R k2 = 1, the values obtained (the cations had 1 values
of 4.32, 5.12, and 7.54 eV, respectively) for k are 2.01,
2.21, and 2.64. These values are somewhat higher than
the measured values, except for 2.0l. The minimum
experimental dielectric constant was 1.90 for the KN O3
matrix. That is, the dielectric constant was greater
than or equal to 1.90. This sets a limit on the possible
error in the electron affinity. The 2.01 value is very
close to the experimental value. For the wood matrix,

The Journal of Physical Chemistry

0. E. Wagner and W. E. Deeds

calculated values are obtained which are near measured
values in the diatomic molecules. A plot of the above
dielectric constants vs. the ionization energies of the
cations yields approximately a straight line. The net
effect is an apparent reduction of the dissociation
energy at large dissociation energies. Apparently what
is happening is that the N0O3_ion splits in some manner
to reduce the measured dissociation energy. The
effect increases with the increase in the ionization
energy of the cation. It is observed that one can
approximately correct the dissociation energies by
multiplying the ratio of the calculated to the measured
dielectric constants by the -calculated dissociation
energies. For NaNO3 for example, 2.21/1.84 X 1.14
equals 1.37. Subtract 1.37 from 5.12 and one obtains
3.75 + 0.5 eV (after taking into account the possible
error) for the electron affinity of NO3 A similar value
is obtained for the AgNO3 molecule. Thus, the value
chosen for the electron affinity of Nosis 3.43 £ 0.10 eV
since the theory fits best for knoa. This points out
the fact that one needs to analyze a polyatomic molecule
from several different approaches. Compare the value
obtained for the electron affinity of NO3 with the
calculated value of 3.88 eV. See footnote b of Table I.
Now note Figures 8 and 9. As a demonstration that
matrices other than wood manifest similar behavior, a
fairly coarse Corning fritted glass filter was tried as a
matrix, as well as wood, for KNO2. There tended to be
more scatter with the ceramic matrix, but valid data
resulted. The electron affinity obtained from the
ceramic matrix was 2.6 eV with a water content of about

ity

Figure 9. Resistance vs. the reciprocal of the absolute
temperature for KNO2in two different matrices,
Al203and wood.
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Figure 10. Temperature \& water content for the onset of the

residual slope.

1% of the matrix weight (with an e of 0.42 and an r of
1.08). The error in this was at least +0.1 eV due to
the scatter and small capacitances being measured.
The wood matrix yielded an electron affinity of 2.46 *
0.08 eV. One can compare these values with >3.0 eV
obtained by photodetachment.9 Obviously, the value
for the electron affinity which was measured for NO2is
rather low. This could be explained by the fact that it
is not known what energy state NO2_is in when it
comes off. It could come off in any one of a number of
unknown vibrational energy states. This would reduce
the apparent electron affinity.

Another reason for the low value obtained is the
possibility that KN 02 breaks down further than into
just K+ and NO2~. Consider the reaction

KNO02—> K+ + N02 —> K+ + NO + O-

This is, perhaps, indicated by the large capacitance
slope and relatively small resistance slope. This
points out the fact that the electron affinities obtained
by this method should be less than or equal to the
actual values.

As a test for other solvents, methanol was tried as the
solvent for KN 02in a wood matrix. The capacitance
effect was present as in the case of a water solvent.
The chief difference noted was that the loss factor was
less by a factor of about 10 than for the comparable
water-salt-matrix system. Solvents such as ethanol,

kerosene, and amyl alcohol were also tested with varying
results. The smaller polar molecules as solvents seem
to provide the largest capacitance effects. Note that
for these solvents the salt was put in first with water,
the sample was dried, and then the new solvent soaked
into the matrix.

For more information on KC1 see Figure 10. The
solvent content vs. the absolute temperature is plotted
here for points where the residual slope, previously
referred to, set in. Note that for larger water contents
the major capacitance effect sets in at lower tempera-
ture, or lower energies are required to cause dissociation.
It is anticipated that curves of this type will provide
knowledge concerning the form of the potential between
the atoms or radicals composing a molecule.

Loss factors in capacitance measurements for the
molecules studied varied considerably. Since the
conductivity increased with temperature, the loss
increased somewhat with temperature. Loss factors at
room temperature with capacitances approximately 2s
were typically 0.25. For a room temperature capaci-
tance of 58, the dissipation factor was typically 0.40.

Summary

The values for electron affinities obtained for the
diatomic molecules used in this investigation were very
close to the generally accepted photodetachment
values. This method may, thus, provide another tool
for obtaining electron affinities and other molecular
parameters. The simplicity of the measurements
should be emphasized. Merely soaking a solution into
a matrix and taking capacitance and resistance measure-
ments is very easily accomplished.

An important result of this research is the possible
electronic devices (such as extremely sensitive therm-
istors and very high dielectric constants and relatively
low losses for capacitors). At present the electronic
devices are not perfected, but the effects are there. It
should be only a matter of time before practical devices
can be developed.

Other materials for matrices need thorough testing.
For example, the Linde molecular sieves, more ceramics,
and other suitable materials can be used for a matrix.
In wood there is such a variation in micropore sizes that
it is obvious that it would be better to try matrices
with uniform pore sizes. Also wood tends to age with
the passage of time. The electronic characteristics of
the matrix will be quite dependent on the pore size as
well as the anisotropy. For example, one might try
silica gel with pore sizes of the order of 20 A.10

With ionic compounds there is always the problem of
at least some ionic conduction. Prevention of ionic

(9) R. S. Berry and C. W Reimann, \1 GHT] F*BG, 38, 1540
(1963).
(10) D. H. Everett and F. S. Stone, ref 1, p 272.
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conduction in capacitors could be accomplished by
sealing the ions in the pores as suggested earlier.
lonic conduction devices might be desirable in some
cases, especially if alternating current was used and
ionic recombination can be accomplished. If the
molecular parameters described here are desired, most
of these problems are automatically circumvented
because currents can be kept low and temporary.

Lattice and hydration energies were early considered.
A neglect of these quantities, however, provided (for at
least the diatomic molecules considered) electron
affinities which were within the experimental error of
values found by photodetachment. For this reason it
was considered desirable for the present study to
neglect the additional quantities. There is probably
cancellation of surface, lattice, and hydration energies
which permits a neglect of these quantities for a number
of molecules. This was considered a major advantage
of the experiment. Investigation is continuing with
some molecules apparently showing some hydration
effects at low solvent contents. When this further
study has progressed sufficiently the results will be
published. Hydration could help explain the progres-

K. D. Allard, T. B. Flanagan, and E. Wicke

sive apparent increase in the calculated dielectric
constant for the nitrates studied.

It has been reasoned that the released carrier leaves
behind a neutral particle and thus 1 should be reduced
by k rather than k 2. In other words

J _ (Je-(Ed+KI)/KAT
If one takes into account the experimental results, this
equation does not apply. Consider the case where E d is
much smaller than 1. This is very often the case.
For example, look at the parameters for KC1. For this
situation one would need to multiply the experimental
obtained resistance slopes by approximately k to fit the
new equation. If k were approximately 2 as was
found for most cases in this paper, one would need to
approximately double the empirical resistance slope
values. The value of 2 for k was found both by
experimental measurement and by solving the two
basic equations. Observe that the total process,
dissociation plus ionization, leaves two net charges.
K 2 arises, in the hydrogen model, from a reduction in
energy caused by a field decrease due to the interposi-
tion of a dielectric between two charges.

The Diffusion of Hydrogen in Boron-Palladium Alloysla

by K. D. Allard, Ted B. Flanagan,

Chemistry Department, University of Vermont, Burlington, Vermont

and E. Wicke

Institut fur physikalische Chemie Universitat Minster, Minster, Germany
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The diffusion of hydrogen in a series of boron-palladium alloys has been investigated using an electrochemical

relaxation technique.

nH = H/Pd, atomic ratio, decline steadily with boron content from that of pure palladium.
in marked contrast to that of substitutional alloys of palladium.
upon boron content supports the view that in these alloys boron occupies interstitial sites.

Results show that the values of the diffusion coefficients determined at M‘I—»O, where

This behavior is
The dependence of the diffusion coefficients
A quantitative

theory is advanced which satisfactorily explains the results.

Introduction

Before about 1960, data reported for the diffusion of
hydrogen in palladium have been very divergent.lb
Recently, however, data reported from different lab-
oratories have been in excellent agreement. For exam-
ple, in the low hydrogen content a phase, values
selected from five different investigations give an energy
of activation within 300 cal/mol of each other, AEa =
5730 = 150 cal/mol,2-6 and correspondingly good
agreement for the absolute magnitudes of the diffusion
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constants. This close agreement extends over a very
wide temperature range, i.e., from —78 to 379°.26 In

(1) (a) This research was performed at the Institute fir physikalische
Chemie der Universitat Munster, Germany; (b) e.g., R. M. Barrer,
“Diffusion in Metals,” Cambridge University Press, 1951.

(2) O. M. Katz and E. A. Gulbranson, Rev. Sei. Instrum., 31, 615
(1960).

(3) J. Simons and T. B Flanagan, J. Phys. Chem., 69, 358 (1965).

(4) G. Bohmholdt and E. Wicke, Z. Phys. Chem. (Frankfurt am
Main), 56, 133 (1967).

(5) G. Holleek and E. Wicke, ibid., 56, 155 (1967).
(6) H. zZuchner, Diplomarbeit, Munster, Germany (1967).
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addition there have been several investigations at a
single temperature7-9 which also agree quite well with
those cited above. The experimental techniques em-
ployed for these determinations have been quite differ-
ent, ranging from conventional gas-phase permeation
techniques2 to an electrochemical relaxation method.6
It is now clear that the major cause of the discrepancies
in the past has been that the degree of cleanliness, and
catalytic activity of the surface was insufficient for the
rapid establishment of the H2 i= 2H equilibrium at the

surface; i.e., the early investigators were not measuring
solely bulk diffusion but the slow surface reaction con-
tributed to their measured rates. An exception to
these remarks is the research of Jost and Widman.l0
They employed palladized palladium spheres at higher
temperatures and obtained diffusion constants com-
parable to those of the recent studies.

The diffusion system of hydrogen in palladium and
its alloys constitutes a most important tool for basic
studies of solid-state interstitial diffusion. The hydro-
gen content can be varied over wide limits in pure
palladium and in certain palladium alloys.ll The elec-
tronic and geometric properties of the metal substrate
can be altered in a controlled manner by the appropriate
choice of substitutional alloy partner. The thermo-
dynamics of absorption are known for palladium-
hydrogen and for many alloys of palladium with
hydrogen.ll Experiments utilizing isotopic substitu-
tion of deuterium or tritium can be readily carried out.
Neutron diffraction and scattering studies have located
the positions and measured the vibrational frequencies
of the hydrogen atoms in the palladium lattice.1213
Finally, of all the possible systems involving interstitial
diffusion in metals, the diffusion of hydrogen is probably
the most amenable to fundamental interpretation.

A new electrochemical technique for the determina-
tion of diffusion coefficients in palladium and its alloys
was recently developed by Holleck and Wicke.5 This
relaxation technique consists of potentiostatically charg-
ing an electrode to a uniform concentration profile.
This uniform profile is then perturbed by the electro-
lytic addition or subtraction of an increment of hydro-
gen. During the perturbation a constant flux of
hydrogen passes through the surface of the specimen.
The relaxation of the nonuniform concentration profile
thus established is followed by measurements of the
electrode potential of the specimen as a function of the
time. (The electrode potential can be related to the
concentration at the surface if equilibrium absorption
data are available.) For specimens of various geome-
tries the diffusion equation can be solved exactly. Flat
plates have been employed here.

The absorption of hydrogen by boron-palladium
alloys has been investigated by Sieverts and Briining4
and more recently by Burch and Lewisl5 and Huse-
mann.16 Schallerl7 and Brodowsky have also investi-

gated the absorption of boron itself by palladium.
Indirect evidence suggests that boron atoms occupy
interstitial sites within the palladium lattice;14-16 e.g.,
the lattice expansion which occurs upon boron addition
is greater than one would expect on the basis of a
substitutional alloy.

Holleck and Wicke5and Bohmholdt and Wicke4have
reported values of the diffusion coefficient of hydrogen
in several palladium-rich alloys for both high and low
values of jih where % is Lie atomic hydrogen-to-metal
ratio. In the low hydrogen content region, which is
the region of interest here, the value of D,,H*0 (25°)
changes upon alloying with substitutional metals from
26 X 10-7 cm2sec-1 (Pd) to 2.3 X 10-7 cm2 sec-1
(10% Ag/Pd), 1.95 X 10-7cm2sec-1 (25% Ag/Pd), and
1.95 X 10-7 cm2sec-1 (5% Sn/Pd). Thus the values
of o do not fall off appreciably from that of pure
palladium for additions of substitutional metals up to
approximately 25 atomic per cent. This behavior has
been supported by additional work in this laboratory
using the relaxation methodi8 and by Zichnerl9 using
a breakthrough time technique7 with membranes. In
addition, Kiissnerdand also Makrides and coworkers2l
have reported values of 0 of 3 X 10-7 cm2sec-1
and 3.5 X 10-7 cm2sec-1 at 25°, respectively, for a
25% silver-palladium alloy.

Since boron is believed to form an interstitial alloy
with palladium, in contrast to those systems studied to
date, it is of interest to examine the dependence of
D,,H—0 upon the atomic ratio of boron in the alloy.

Experimental Section

The alloys in the form of thin plates containing
0.035, 0.075, 0.135, 0.175 and 0.208 atomic boron-to-
palladium ratio, nB, were prepared by H. Schaller
(Institut far physikalische Chemie, Minster). Their

(7) M. Devanathan and z. Stachurski, FYOG. Ry S, A270, 90
(1962).

(8) M. von Stackeiberg and F. Ludwig, Z mmﬂ:h, 19a, 93
(1964) .

(9) D. N. Jewett and A. C. Makrides, IfAB FaaHSI:, 61, 932
(1965) .

(10) W. Jost and A. widman, Z FIys. Q&M B29, 247 (1935).

(11) F. A. Lewis, “The Palladium-Hydrogen System,” Academic
Press, New York, N. Y., 1967.

82) JSEj orsham, M. K. 'Wilkinson, and C. G. shull, J. FN&

3, 303 (1957).

(13) J. Bergsma and J. A. Goedkoop, HW(H 26,744 (1960).

(14) A. Sieverts and K. Briining, Z F%ys Chm 168A, 411 (1934).
(15) R. Burch and F. A. Lewis, private communication.

(16) H. Husemann, Ph.D. Dissertation, g[mster, 1968, and H. Huse-
mann and H. Brodowsky, , 23a, 1693 (1968).

(17) H. J. Schaller, Diplomarbeit, Munster, 1967.

(18) K. Allard and T. B. Flanigan, to be published.

(19) H. Zichner, Ph.D. Dissertation, Minster, 1969.

0) A. kussner, Z Fys QEN. (Frankfurt am Main), 36,383 (1963).

(fl) M. Lord, S. Axelrod, K. Brummer, and A. Makrides, J. EIGI]II}
y 110, 179 (1963).
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preparation and properties are described elsewhere.17’2
In the alloys employed here as quenched from elevated
temperature there was no phase segregation, i.e., the
boron was homogeneously distributed within the pal-
ladium matrix. The thicknesses of the specimens were
from 3.8 X 10-3 (WB = 0.175) to 9.0 X 10~3cm (nB =
0.075) and the areas were typically 1 cm2 The thick-
nesses of the rolled specimens were determined by care-
fully measuring an edge with a measuring microscope.
Ten such measurements were made for each specimen
and an average value was employed. The standard
deviations were from approximately 8 to 17% of
the average value except for the sample with nB =
0.208 which was larger. It is believed that these large
deviations are introduced by the cutting process itself
and are much greater than any irregularities present
in the plates themselves.

The specimens were carefully cleaned and rubbed
with fine emery paper prior to their activation by
deposition of platinum black on both sides of the plate.
It has been shown elsewhere that the diffusion results
obtained using this technique for a palladium alloy are
identical whether palladium or platinum black is used
for the activation.l8 The samples were sealed into tubes
with epoxy resin so that only the alloy was exposed to
the electrolytic solution. The solutionwas 1 N HXS04
Measurements were made in a glass reaction vessel which
was placed inside a plexiglass container through which
water was circulated at the temperature of the run
(£0.2°).

Experimental details can be seen elsewhere;6 the
only significant modification was that a recorder with a
faster response and chart speed was employed (Siemens
Kompensograph). Typical currents and times em-
ployed for the perturbation were 3 X 10-5 A and 4 sec,
respectively. Results were obtained using both anodic
and cathodic currents for perturbation. There were
no systematic differences in the results obtained with
either method. The electrode potential (vs. nhe) was
approximately 120 mV before a run was commenced.
After the perturbation the potential was changed from
this value by =1 mV.

For the determination of a diffusion coefficient for a
given alloy, anodic and cathodic runs were made con-
secutively until a total of ten runs were completed.
Between the runs the specimen returned to a stable
electrode potential indicative of a uniform concentration
profile. All ten runs were analyzed and averaged for
the value of the diffusion coefficient reported, the
standard deviation usually amounting to about 11%
of the average. The electrode potential employed
here, 120 mV vs. nhe, corresponds to a small hydrogen
content and so the measured value of o should be the
limiting, concentration-independent value, D,h *0. In
the palladium-hydrogen system an electrode potential
of 120 mV (30°) corresponds to a hydrogen content of
H/Pd (atomic ratio) < 0.001.23
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Diffusional Relaxation

The diffusion equation can be solved for the perturba-
tion and its subsequent relaxation process. Rather
simple approximations for the evaluation of the experi-
mental data can be obtained, as will be shown, if the flux
of hydrogen passing into or out of the specimen is
constant with time during the course of the perturba-
tion. In order to approximate this condition, the
cathodic or anodic currents employed for the perturba-
tion were maintained constant. The flux of hydrogen
atoms into or out of the surface may not correspond to
the Faradaic current because in the case of a cathodic
perturbation some of the discharged hydrogen atoms
may recombine at the surface and be evolved into solu-
tion as molecular hydrogen, or alternatively in the
anodic case additional hydrogen atoms may arrive at
the surface from molecules dissolved in the solution.

J,=0

Os U-s

-s o X— S

Figure 1. Schematic drawing of concentration profiles before
and after application of perturbation.

From the known solubility of hydrogen molecules in
the electrolyte at = 10~4 atm (the pressure cor-
responding to 120 mV at 30°) it can be estimated that
the magnitude of the contribution of the forward or
reverse steps of the reaction H2@dution)  2H is negligible

compared to the measured flux during typical perturba-
tions, e.g., 3 X 10~6A for 4 sec. It can be assumed
therefore that constant current implies constant flux.
This conclusion is supported by the close agreement of
the experimental data with the exact solution of the
diffusion equation (below). In addition, if the hydrogen
flux into the specimen were to vary with time, it would
not be expected that its time variation would be
identical for the anodic and cathodic perturbations.
The close agreement of the results for the two types of
perturbation argues that the flux is indeed invariant
with time.

For the initial and boundary conditions of ¢ = cOat
t = 0 and (dc/dx)0 = 0 and (dc/dx)xs = —Jxs/D
(Figure 1), Crank gives for the concentration att = to

(22) H. Brodowsky and H. Schaller, ITaB Mt St AlIVE, 245,

1015(1969).

(23) E. Wicke and G. Nernst, BY. Bfm H}G OHn 68, 224

(1964).

(24) J. Crank, “Mathematics of Diffusion,” Clarendon Press, Ox-
ford, 1956, p 58.
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) O+ Jss (Dto 3a:2 —s2

Z =
J) (s2 + 6s2
2 A ('1)l DmVtoX rmrx)
T2m=1 m2 — vV — ) cos~ f @

where s is the half-thickness of the specimen and t0is the
duration of the perturbation. The subsequent relaxa-
tion of the perturbation under the experimental condi-
tions of (ac/dx)o,+s = 0 is given asZ

L hs 2 " I —bprman
c(x,t) = - | i(x)dx'+ - 5Z exp
sJO S n=\ \
mrx mrx ,
cos r f(*o COS----- da: )
Jo S

where f(x) is given by eq 1| and x' is the variable of

integration. At x = s it can be shown that eq 2
reduces to

exp(—atn2\ - exp(—aun2] (3
where a = D rzs2. The summation can be replaced

by integrals for small values of ato so that eq 3 can be
approximated by
2/sSr f* exp(—atn2)

c(s,t) - C(S,°°)

da7*LJi ~ - a’ +
exp(—at) r eexp(—a(( + ©n2 ~
2 Ji n2
exp(~a(t + tp)
) ] @

where the (1/2) exp(—at) and (1/2) exp(—a(t + to))
terms are included to make the integrals better ap-
proximations to the summation. If eq 4 is integrated
by parts, eq 5 results

218 (3

c(s,t) - cks,OO) = expN ai' ~

é exXp(—a(t + to)) —y/atr erfc y/~at +

Va(i + to)yrerfc V at + /0] 5)

For small values of ysat and
approximated by

a(t + to) eq 5 can be

c(s,t) - c(s,c0) = 1° +

\/rair (\/f (- ©

Because the data are obtained in regions of hydrogen
content where Sieverts’ law is valid, p h2/! = exp-
(—eF/RT) = K nnn, measured electrode potentials (vs.

nhe) can be substituted for concentrations at x = s.
Following this substitution and using ¢ = nHFMe,
where FMe is the molar volume of the hydrogen-contain-
ing alloy, and expanding exp(e~ —E)F/R T to the first
power (this is a good approximation since experimen-
tally [ea — e\ isless than 1 mV) brings eq 6 to the form

E(s,00) - E(s,t) = ~ +

N

{Ve+To- v-t\n (7)

where

T2D F_
K = eXp{-E .F/RT)
2JssKknVMe RT
If E(s, 00) — E(s,t) is plotted against \s1 + i0—y/1,
the value of b can be obtained from the slope s, and the
intercept1, i..

D = 4322/ S2TN02 (©)]

Instead of replacing the summation in eq 3 by in-
tegrals it may be computed exactly for selected values
of a, 19 and t.  For this purpose an IBM 360 Computer
was utilized using values of a from 3 X 10 to 10-3in
steps of 10" 4and from 10~3to 10“2in steps of 10-3 and
from 10~2to 4 X 10_2 in steps of 10_2. Values of ©
were from 2 to 15 sec in steps of 1 sec and t in steps of
1 secto 15 or 100 sec. The summation was carried out
until the value of a term in the sum was less than 10_6of
the sum up to that term or alternatively when 237
terms were included in the summation. The first cri-
terion was met in most cases before 237 terms were
evaluated.

The availability of the nearly exact value for the
summation allows the approximate treatment to be
evaluated. Table | shows some typical errors in-
troduced by the approximation used in obtaining eq 6.
It can be seen from Table | that the approximation is
extremely good except when a is large, >0.1 and ®© is
large.

o 1
Table I: Comparison of “Exact” Sum, Y) — e~atnl
71=1 V2
(1 — e- “ion!), with the Approximation to the Sum, (—cd2) +

my/mriy/t + to — \/t}, for Typical Values of a, toand i

Approximation

a <0, sec t, sec Exact sum (eq 6)

3 X io-4 3 4 0.01937 0.01932
1 X 10-3 3 4 0.03469 0.03462
1 X ler3 10 4 0.09262 0.09247
1 X 10%3 3 14 0.01988 0.01990
1 X 102 3 4 0.09946 0.09915
1 X 101 3 4 0.21194 0.2123
1 X Hrl 15 14 0.19248 0.228

1 X io-> 30 14 0.23524 1.394
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For large values of a a more suitable approximation is
that previously employed by Holleck and Wicke5 in
which a parabolic initial condition is obtained for the
solution of eq 1 when fOis large and the terms of the sum
may be neglected. When this parabolic distribution is
inserted into eq 2 and the summation is limited to the
first term, then the following equation results

E(s,t) —E (s, ®) = const exp(—DirX/s2) (9)

Alternatively, for small times and again under condi-
tions where the parabolic initial distribution holds, «
large, the plate can be treated as a semi-infinite me-
diumand the general solution is
c(x,t)y = 23 -bp-Jqg 2(E)exp(-(£ - z)24p1) +

exp(—(E + x)24p+t)}dE  (10)

This can be evaluated for the initial parabolic distribu-

tion, which extends up to a thickness r, r < s, i.e.
(c0- a(r - ?)2(f < n)
®(E) =
(CO (| > r)

It is convenient here to consider the surface to be
located at x = O rather than x — *s as in the deriva-
tions of eq 9 and 11. If erfcz is approximated by the

summation
V?;reXp(—zz) V2 ~ o0 *
where z = s24Di and s2 » 4pt, then the following
expression results
[c(0.c) - ¢(0.)]/[c(0,00) - ¢(0,0)] =
vV w fj
3pt/s2- 6vbDtssvir + 1= 1 (i)
and
V e (0, 00) - E(0,t) ="'V e (0,000 - F (0,0) -

V e (0, 00) _ A(00)[3£>7s2]11 (12)

where measured electrode potentials (vs. nhe) have
been substituted for concentrations in eq 11 in going to
eq 12 using relationships given above. The diffusion
coefficient is obtained from the slope of the plot of

V e (0,00 —E (0,1) vs. f'/2and the interceptatt = 0.

Results and Discussion

Some typical diffusion runs are shown in Figure 2
(0.175 atomic ratio boron, 30°). A typical analysis of
diffusional data via eq 7 is shown in Figure 3. The
matching of the “exact” summation (eq 3) with the
experimental data is shown also in Figure 2 where the
value of a and the multiplicative factor before the
summation are determined from the slope and intercept
of eq 7. It can be seen that the experimental data and
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Figure 2. Typical relaxation data obtained for several runs,
A, A, V; «b = 0.175, 30°. Solid curve calculated from eq 7.

Figure 3. Plots of experimental values of 1

Vt+ U- V tat30°fornB= 0.175.
E(t) = E(sb).

— E(\ vs.
E* = E(s,0=) and

the values from the “exact” solution agree reasonably
well especially with regard to the shape of the curves.
This agreement helps to justify the assumption dis-
cussed above that the flux is constant during the
perturbation.

Figure 4 shows an analysis of data with eq 12 using
the 0.035 atomic ratio boron alloy where, among the
alloys investigated here, eq 12 should be most ap-

(25) W. Jost, “Diffusion,” Academic Press, New York, N. Y., 1960,
p 33.
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plicable, i.e., b m-+n is large. Each bar represents the
spread of values obtained for ten anodic and cathodic
runs. The deviation from straight line behavior
observed at large times is expected from the assump-
tions employed in the derivation of eq 12.

Data were obtained for alloys of 0.035, 0.075, 0.137,

Figure 4. Ea — E{t)
\Sy/1; tib — 0.035, 30°. Ea = E(0,“ )and E(t) = E(0,t).

Typical relaxation data plotted as

Figure 5. Values of Db, h -»-0 VS- (30°). A, data evaluated
using eq 7; A, data evaluated by eq 9 and 12 and averaged.
Each point represents the average of 10 runs. Solid line,
calcd by eq 13; dashed line calcd by eq 17; broken line calcd
by eq 18. The shaded area indicates comparable data as
plotted against added metal content for

substitutional alloys.1819

0.175, and 0.208 atomic ratio boron using eq 7,9, and 12.
Within experimental error results generally agree
except for alloys of nB > 0.137 where the more exact
analysis is needed (eq 7). The latter analysis gave
smaller diffusion coefficients; these coefficients are the
more correct for alloys of ab > 0.137.

Values of the diffusion coefficients are shown in
Figure 5 (30°). The behavior of the diffusion coeffi-
cients for the boron-palladium alloys is in marked
contrast to that of the substitutional alloys which have
been investigated to date (Figure 5). This contrast, in
itself, strongly supports the view that boron occupies
interstitial rather than substitutional positions in the
palladium matrix.

Activation energies of 5.8 + 2.0 kcal/mol and 5.8 +
0.8 kcal/mol were determined for the diffusion of
hydrogen at nH=*0 for the alloys with nB = 0.137 and
0.175, respectively, from 0 to 71°. These values are
essentially unchanged from that of pure palladium.2-6

It has been suggested that hydrogen diffuses through
pure palladium via the tetrahedral holes from one
octahedral interstitial site to another;4 this con-
stitutes the lowest energy pathway. The decline in the
values of DBm>0 with boron content—despite the fact
that the energy of activation remains unchanged—
suggests that the presence of boron blocks possible
diffusion paths for the hydrogen. It will be assumed
that each isolated boron atom in the alloy matrix
completely blocks all eight of its surrounding, neighbor-
ing tetrahedral interstitial holes as diffusion pathways
for hydrogen atoms. There are ~n /4 unit cells in a
specimen containing N~ palladium atoms and 2n
tetrahedral holes. The fraction of blocked tetrahedral
holes is 4nBso that the diffusion coefficient at nH—=0 in
the first, rough approximation is given by

D\h-+0= Dpdh ofl - 4ab] (13)
and

dDB,H+o/drta = —4D™ h+o

This relationship is shown by the full line in Figure 5; it
agrees quite well with the experimental data. By
contrast, the assumption that boron blocks all twelve
surrounding octahedral sites does not predict a slope in
good agreement with the experimental data.

An alternative analysis of the dependence of Z)BiH *0
upon nB can be made in analogy to Rayleigh’s treat-
ment of electrical conductivity of heterogeneous
systems.262% If spherical particles of insulating mate-
rial are uniformly dispersed in a conducting medium
such that the total fractional volume occupied by the
spherical particles is v and v « 1 then, following
Rayleigh®

(26) Lord Rayleigh, FHIl. MO, 34, 481 (1892).
27) G.S. Frey, Z 38, 260 (1932).
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where k and « o are the conductivities of the hetero-
geneous system and pure system, respectively. For
the problem at hand the conductivities must be replaced
by diffusion coefficients

D\r* o= Oy ~7/2 (14)
and more specifically j (K <1) is the volume fraction of
domains (approximately spherical) in the metallic
lattice which are blocked for hydrogen diffusion by the
boron atoms. The term 1 — v in eq 14 represents the
mean fraction of cross-sectional area free for hydrogen
diffusion, whereas the term 1 + v/2 accounts for the
lengthening of the diffusional paths since a diffusing
particle may bypass a blocked domain via a curved
path (the labyrinth factor). For v <K 1 eq 14 can be
approximated by

(DB/DPd) A0 = 1 - (3/2)» (15)

In order to calculate v as a function of the atomic ratio,
ns, the following three assumptions can be made.

(i) Each boron atom in an octahedral hole blocks
just this site for hydrogen diffusion. Since the octahe-
dron covers one-sixth of the unit cell volume the fol-
lowing relation results

3 1 3 ArB(ao76
1 ( ) (16)
2v 2 Apd(ac¥4) "B
where a0 is the unit cell size and N b and Arpd are the
number of boron and palladium atoms, respectively.

(i)
occupies, the boron atom blocks the surrounding 8
tetrahedral holes.

3 _ 3 AfB(ao¥6 + 8g0»/24)

2v- 2 Afpd@oya) L —3wb

(17)

(iii) The boron atom blocks the entire unit cell with-
in which it is situated.
3 3 AbUs
=1 —6nB (18
2 2 Apd(a0¥4) ng  (18)

Assumption (i) leads to results which are quite
inconsistent with the data shown in Figure 5 whereas
assumptions (ii) and (iii) bracket the data except for the
alloy with nB = 0.035, where the experimental scatter
exceeds the narrow spread in the predicted values
(Figure 5). The simple approximation (eq 13) is
included within the slopes predicted by eq 17 and 18.
These results indicate that with regard to hydrogen
diffusion the boron atom really blocks the 8 tetrahedral
holes which surround its own octahedral site.

Equations 15-18 are valid for very small values of v
only. When the boron content, nB, increases in the
palladium lattice, the blocked volume fraction, v,
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increases more slowly than in direct proportion to nB
because of overlapping effects; boron atoms will
occupy adjacent pairs and triples of octahedral holes.
This effect tends to bend the straight line shown in
Figure 5 as nB increases. On the other hand, the
labyrinth factor decreases more rapidly with increasing
v than according to 1/(1 + vs2). The addition of these
two opposing effects tends to create the linear grouping
of the measured points in Figure 5 far beyond the limits
of the expected validity of eq 15 through 18.

The obvious success of these simple models supports
the view that boron occupies interstitial sites in the
palladium lattice and also provides evidence that
hydrogen diffusion occurs via the tetrahedral holes.
The fact that the energy of activation is unchanged
from that of pure palladium, in contrast to the behavior
of some of the more concentrated substitutional alloys,45
further supports the idea that the hydrogen is blocked
completely by the boron; i.e., the hydrogen atoms dif-
fuse through regions of the lattice very much like through
pure palladium.

The result that boron is able to block all eight
surrounding tetrahedral holes is noteworthy. The
hydrogen atom (screened proton) must pass within
1.68 A of the boron or hydrogen atom when it diffuses
through the tetrahedral hole (using the lattice param-
eter of pure palladium). To a first approximation the
presence of hydrogen atoms in the octahedral in-
terstices does not block the passage of other hydrogen
atoms.4 Using standard formulas for shielding2 of the
proton and the + 3 boron ion using the density-of-states
of pure palladium? and a separation of 1.68 A, the
repulsion between the shielded proton or boron ion and
the octahedral proton should be negligible. It must be
assumed, therefore, that the blocking results instead
from the distortion of the tetrahedral holes by the
presence of the boron atoms in the interstitial positions.
The palladium atoms in the base of the tetrahedron
adjacent to the boron interstitial will be distorted more
than the apex palladium atom. This distortion seems
to raise the activation energy for passage through
tetrahedral holes to a value large enough to effectively
block diffusion within the temperature range investi-
gated.

It should be mentioned in conclusion that this is one
of the first examples of diffusional data yielding struc-
tural information. Figure 5 clearly shows a marked
contrast in the hydrogen diffusion behavior of the
boron-palladium alloys with that of the substitutional
alloys and this contrast constitutes rather strong
evidence that these boron alloys are not substitutional
but interstitial.

i.e.,
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York, N. Y, 1963.
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Relationships between Divalent Cation Distributions and Residual Water Content

in Metal Cation Faujasite-Type Zeolites

by E. Dempsey and D. H. Olson

mwmm Grird Ressarch Division Latretories: Rirceton NewJarsey (850

Relations between divalent cation site occupancy and residual water content for faujasite-type zeolites are

presented.

For site I' and 11" occupancies the relations seem well established.
relation is weaker and shows exceptions; tentative explanations for these exceptions are given.

For site |1 occupancy the
The rela-

tions suggest that for zero water content sites I' and I1" should be empty.

Several workers have postulated that retained water
molecules (or related species) in the sodalite cages of
activated faujasite-type zeolites play an important role
in determining the cation distribution in the mate-
rials.1“6 Since the catalytic activity of these mate-
rials may be a function of both the amount of retained
water and the cation distribution, the following rela-
tions between these two factors may be of interest.
The curves defining the dependences of site I' and 11’
occupancieséupon water content seem well-founded and
show no exceptions for a range of Si/Al ratios: for site
I, the dependence of occupancy upon water content is
more tentative. Since natural faujasite crystals fit the
same relations as do synthetic X zeolites, we do not dis-
tinguish between the two groups of materials other than
in their Si/Al ratios.

Recently it was shown theoretically that divalent
ions in zeolites having the faujasite structure have a
strong electrostatic preference for the site at the center
of symmetry in the hexagonal prisms of the structure.6
However, preliminary X-ray work on specimens
vacuum-dehydrated at 400° (see Table 1) showed that
some of these cations remain in a site adjacent to the
electrostatically preferred one (site I' instead of site I).
Confidence in the theoretical predictions led to the pro-
posals that residual water in the zeolites produced the
apparently anomalous site occupation and that the
size and the nature of the divalent cation should play a

role in determining the amount of retained water. Sub-
sequently, X-ray evidence for the presence of this water
was in fact found.7

In our X-ray investigations, we have observed an
apparent near complementarity between the occupan-
cies of sites | and I' for divalent cation X zeolites. It
appears that the occupancies Vi, ni> per unit cell of
these sites follow (at least approximately) the rule

Nv = 216 - Vi) 1)

i.e., whenever a site | is unoccupied, the two adjacent
sites I' are occupied. This is, of course, reasonable on
electrostatic and symmetry grounds.

Figure 1 (based upon the data of Table 189 illustrates
the point just made. In the figure the various site

(1) J. V. Smith, J. M. Bennett, and E. Flanigen, l\al.le, 215, 241
(1967) .

(2) T. 1. Barry and L. A. Lay, J H‘}ﬁ O’BT] ﬁlct, a 1395

(1968) .
(3) J. M. Bennettand J. v. smith, ML RS BU,, 3, 865 (1968).
(4) J. M. Bennett, J. V. Smith, and C. L. Angell, I0d, 4,77 (1969).

() E. Dempsey, J. FNys Q@M 73, 3660 (1969).

(6) Sites | He at centers of hexagonal prisms. Sites Il lie on six-
ring faces of sodalite units, on the large cavity side. Sites |I' and
11" lie on the other sides of the respective six-rings of the unprimed
sites, within the sodalite cages.

) D. H. oison, J NS GEM 72, 1400 (1968).

(8) D. H. Olson, unpublished work.
(@) J.V.SmithandJ. M. Bennett, ML RS BUL, 3,633 (1068).
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Table I: Summary of Nonframework Atom Sites

Heat treatment (vacuum) CaFj,» 14 hr, 475° CaX, 16 hr, 400°
Site 1 14 2(3) 7.5(5)
occupancy: r 2 6(4) 17.3(6)
cations per =
unit cell i’ 9.0(10)
i 11.4(4) 17.3(6)
11" OW-water
oxygen/u.c. 10.5(19)

“ There are two site |' peaks assigned to nickel ions.
pendix, only this number is included in Figure 1.
an attempt to decrease the water content of an SrX sample.
sorbed.

occupancies for the relevant zeolite are plotted against
the site 11" water content (bottom line of Table I) to
give a vertical array of points for a given specimen.
The crosses in the figure represent the site |I' points
derived from relation 1 and the site | occupancies, and
we see that, while the relation holds well for the CaX
zeolite, it gives only an upper limit for the site I' oc-
cupancies for Ca faujasite and SrX. The Ni faujasite
and SrX (D) results do not obey relation 1 (the anom-
alous points are shown as open circles in Figure 1), so
crosses are omitted for these zeolites; further discussion
of these results is given below.

For equation 1to hold rigorously, the crosses in Figure
1 should coincide with the site I' points. The SrX and

Correlation of cation occupancies of various sites in
Points

Figure 1.
faujasite-type zeolites with water content in site 11",
considered to be anomalous are marked as open circles and are
discussed in the text.
Table I.

Error limits on the points are given in
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SrX, 16 hr, 400° SrX(D),816 hr, 68006 N iFj,11 16 hr, 400°
11.2 (3) 6.1 (1) 10.6 (1)
7.0 (6) 12.0 (2) 3.2 (3)+\
1.9 (6)¢ /
4.2 (8) 6.4 (4) 1.9 (6)
19.5 (6) 20.3 (2) 6.4 (2)
5.4 (15) 7.7 (15) 1.9 (15)

The smaller is 2.0 A from OW scattering matter; for reasons given in the Ap
6 The set of points for SrX(D) (SrX vacuum calcined for 16 hr at 680°) represents
Before the sample was sealed off, a trace of water was inadvertently read-
(We also found 23 water molecules per unit cell coordinated to Sr2+ions in site I1.)

Ca faujasite points indicate that about one in sixteen of
the hexagonal prisms have neither site I nor site I' cat-
ions associated with them. Figure 1 also shows evi-
dence for a correlation of the cation occupancies of
sites I' and I1' with the amount of water within the
sodalite cages; clearly the numbers of cations in the
two sites within the sodalite cage are functions of the
amounts of water in site I1'. (It should be kept in mind
that the amount of residual water is a function of the
temperature and duration of the heat treatment, i.e.,
the residual water values shown in Figure 1 may not
represent definite hydrates.) This finding is in agreement
with the general comments of Barry and Lay.2 Since
the extrapolated lines pass near or through the origin,
it is clear that with no residual water there should be
no divalent cations in the sodalite cages.

From Figure 1, the site I1' cations bear almost a one-
to-one relation to the number of water molecules in the
sodalite cage for both X and Y zeolites. For the Ni
faujasite, the site I' occupancy is also almost equal to
the water content, but as the number of cations in the
structure increases (with decrease in Si/Al ratio, on
going to X materials), the site I' cation/water ratio in-
creases toward 2. Hence, for the zeolites of Figure
1, the total number of cations coordinated to the resid-
ual water oxygen varies from two to three. The re-
sults also suggest that Y materials may be more readily
dehydrated than X materials.

Looked at from a more causal viewpoint, Figure 1
illustrates the suggestion made earlier5that, for a given
Si/Al ratio, the polarizing power of the cation governs
the amount of water retained in the zeolite. For the
SrX and the CaX materials, which were given the same
calcination treatment, the zeolite containing the smaller
cation is less easily dehydrated than is that containing
the larger cation. Thus, more calcium ions than
strontium ions are retained in sites ' in association with
water molecules. It is also striking that the line
joining the site | occupancies for these two zeolites in
Figure 1 extrapolates, for zero water content, to a cation
number near 16: in other words, for zero water content
(and zero site 1I' content), site I, in the hexagonal prism,
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has close to 100% occupancy; this is another aspect of
relation 1. The best straight line through the X zeo-
lite site 1 points actually passes through 15, whereas we
have drawn the best line through these points and the
maximum site | occupancy number 16. This we justify
on the basis of the significance of the maximum oc-
cupancy and the theoretical energy calculations8 men-
tioned above. Furthermore, the Ca faujasite results
of Smith and Bennett,9fitted to the |I' occupancy curve
(which is well established by four points), agree best
with the line through (0, 16) (see below). Ni faujasite
appears not to obey relation 1, although one of the site
I' and the site 11" cation numbers do appear to correlate
with the residual water content of the zeolite; the
problem (unlike that of the SrX case, where the site |
number lies on the site | line) lies with the sites I. A
possible explanation is given in the Appendix.

Into Figure 1 we have also incorporated the data of
Smith and Bennett9for the site | and site I' occupancies
for CaY faujasite calcined to 475°. The points have
been placed on the graph at the position of best fit since
Smith and Bennett give no water content for their
specimen; from the data we would predict that their
sample had a residual water content of about 2-3 mole-
cules per unit cell.

The anomalously low site | occupancy for SrX(D) is
taken to indicate that some of the hexagonal prisms
have been damaged by dehydroxylation, and no longer
accept the doubly charged cations, so that the theoret-
ical site | content of ten cations (from Figure 1) is re-
duced to six. This is consistent with the accepted
viewDthat dehydroxylation replaces negatively charged
tetrahedral Al sites by positively charged Si and oxygen-
defect sites (or at least sites that act as Lewis bases).
One would infer from Figure 1 that about 25% of the
hexagonal prisms, (10-6)/16, have been affected. The
fact that the water content of SrX(D) and the I' and
I1' occupancies fit correctly with the lines of Figure 1
suggests that the sodalite cage-water cation complex
follows the same rules whether or not the material is de-
hydroxylated. It also suggests that cations that in the
absence of dehydroxylation would occupy sites I, move
into sites 11 as dehydroxylation proceeds.

Appendix

Since we have included Ni faujasite in Table I and in
Figure 1 (for the reason that the site I1' and one of the
site I' occupancies fit our correlation with residual
water content), we have the obligation to discuss the
apparent anomalies in the Ni faujasite results. Be-
cause this discussion, based as it is on a single set of
data, involves a higher degree of speculation than the
discussion in the text, we have relegated it to an Ap-
pendix.

The anomalies in the Ni faujasite results are (1) the
site | point for Ni faujasite does not lie on the site | line
through the point (0, 16) and (2) there are two site I’

307

N favjasite ax ax

Figure 2. Tentative correlation of the dependence of site |

occupancy on water content and charge concentration on

hexagonal prisms of the structure. Top line corresponds to a

zeolite of Si/Al <2:1; lines a and @correspond to zeolites of
Si/Al ~ 2.43:1 and ~ 3:1, respectively.

occupancies (for different site 1' positions), only one of
which we have included in Figure 1.

Regarding point 2, it was shown in ref 11 that the
ions of the 1.9 occupancy of site 1' lie well away from
their nearest hexagonal prism oxygen ions and are co-
ordinated to water oxygens; their coordination to water
oxygens justifies their inclusion in Figure 1. The ions
of the 3.2 occupancy, on the other hand, are closely co-
ordinated to hexagonal prisms oxygens, and they are
not directly coordinated to water oxygens; the latter
point justifies their omission from Figure 1. Clearly
this is a different site 1' occupancy from that discussed
in the text, where site |' is occupied only because of
residual water: Figure 1 and relation 1 imply that re-
moval of this water empties site I'.

The difference between X zeolite and faujasite lies
primarily in the Si/Al ratio. Suppose we idealize fau-
jasite to be centrosymmetric and to have the Si/Al
ratio 2.43.1213 Then each sodalite cage will have seven
Al ions, to be distributed over four hexagonal prism
faces. This will result in a unit cell in which 12 centro-

(10) J. B. Uytterhoeven, L. G. Christner, and W. K. Hall, J Phys.
Chem., 69,2117 (1965).

(11) D. H. olson, ildd, 72,4366 (1968).

(12) E. Dempsey in “Molecular Sieves,” Society of Chemical In-
dustry, 1968, p 293.

(13) E. Dempsey, G. H. Kuehl, and D. H. Olson, J. Phys. Chem., 73,
387 (1969).
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symmetric hexagonal prisms will have four Al ions (and
a corresponding net negative charge of four) and the re-
maining four centrosymmetric hexagonal prisms will
have only two Al ions (and a net negative charge of
2) 1416

Let us say now that relation 1 holds for zeolites all of
whose hexagonal prisms carry at least four Al ions.
The relation then holds only for materials for which Si/
Al < 2: i.e., if we generalize relation 1 to

Nv = 2(p - Ni) @)

where p is the number of hexagonal prisms per unit cell
carrying at least four Al ions, then only for Si/Al < 2is
p = 16.

For Si/Al = 2.43:1, p —12. In the case of Ni fau-
jasite, Nv = 1.9 and from relation 2 the occupancy of
site | should thus be 11. This compares well with the
figure 10.6 found experimentally. The line a in Figure
2. passing through (0, 12) should thus give site | oc-
cupancies as a function of water content for zeolites
having Si/Al = 2.43:1. Similarly, for zeolites of Si/
Al = 3:1, the line (3) passing through (0, 8) and par-
allel to the other two lines should give the site | oc-
cupancies.

Hitherto we have neglected the size of the cation under
discussion. It seems clear1l that for a cation to occupy
site I, the adjacent six oxygen ions have to fit to the
cation. For relatively large cations, the fit may be
easy. On the other hand, for small cations, consider-
able strain energy may have to be put into the zeolite

F. Helfferich and A. Katchalsky

framework to accommodate the ions in site I. This
strain energy will operate against any gain in electro-
static energy, and variations in the strain energy with
variations in cation size will work against the general
validity of relations 1 and 2.

Consider now the four hexagonal prisms of our ideal-
ized faujasite that have only two Al ions. We conjec-
ture that the strain energy mentioned above will be
large for Ni2+. Taking this in conjunction with the re-
duced charge on the hexagonal prisms, there will be
little driving force for Ni2+ ions to enter these hexagonal
prisms. (Larger ions like Ca2+ may in fact still occupy
all sites |—despite a reduced charge on some hexagonal
prisms—if little strain energy is involved. This argu-
ment is supported by the Ca faujasite data in Figure 1,
if our placement of the data is correct.)

Thus we may expect that associated with the four
hexagonal prisms carrying only two Al ions there may
be Ni2+ ions in sites I'.  These ions will not have to
coordinate to water to retain their positions and, con-
sequently, they will lie closer to the hexagonal prism
faces than will those ions that do coordinate to water.
Possibly the 3.2 cations occupying the second site I'
position for Ni faujasite (see Table 1) are ions of this
type.

(14) Although this discussion does not include trivalent ions, it is
striking that Smith and Bennett, studying La faujasite at room

temperaturels and at 420°,16 found about 11.8 La ions in sites I;
this correlates well with the 12-hexagonal prisms carrying 4 Al ions.

(15) J. M. Bennett and J. V. smith, MiL RS BUL,, 4, 867 (1968).
(16) J. M. Bennett and J. V. smith, Id, 4, 7 (1969).

A Simple Model of Interdiffusion with Precipitation

by F. Helfferich and A. Katchalsky

N S T L SRR

A mathematical treatment of interdiffusion of two substances, A and B, forming a precipitate AB when the

solubility product is exceeded, is presented.

In contrast to previous work, precipitation is included as a flow in
the differential equation rather than being specified as a boundary condition.

The calculations are for uni-

dimensional diffusion without convection in a diffusion layer (gel or membrane) between semiinfinite reservoirs,
and with the assumption that the precipitate will not impede diffusion.

Introduction

Since Liesegang’s discoveryl in 1896 that inter-
diffusion of silver nitrate and potassium bichromate in a
gelatin gel leads to periodic precipitation, the field of gel
precipitation has continued to attract the interest of
experimentalists and theoreticians. The classical super-
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saturation theory of Wilhelm Ostwald2 and its experi-
mental verification was reviewed by Freundlich3 and

(1) R. E. Liesegang, NALIW WO BB, 11, 353 (1896).
(2) W. Ostwald, Z Fh& O’H’n(l_eipzig), 22,289 (1897).

(3) H. Freundlich, “Kapillarchemie,” Vol. 2, 4th ed., Akademische
Verlagsgesellschaft m.b.H., Leipzig, 1932, p 701.
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Van Hook4and was more recently put on a quantitative
basis by Wagner.5 During the past two decades, Hirsch-
Ayalon6 studied membranes in which a BaSCh pre-
cipitate was formed by interdiffusion of Ba(OH)2 and
H2SO4. In 1948, Ouchterlony7 described an important
method for the study of antigen-antibody interaction
by following precipitation in agar gels. Subsequently
Oudin8 developed a “single-diffusion” method for
antigen-antibody reactions, in which a column of gel
loaded with antibody is overlaid with antigen solution.
A theoretical analysis of antigen-antibody precipitation
by interdiffusion in gels was carried out by Ouchter-
lony,9 Preer,10 and Engelberg,11 while the theory of
single-diffusion precipitation was worked out in an
elementary way by Hermans,2Becker,13and in a more
careful and advanced form by Spiers and Augustin.}4
A detailed mathematical treatment of the two-dimen-
sional diffusion in gel systems is found in the papers of
Aladjem, et al.55

It is noteworthy that all previous theories treat the
precipitating system by the equations of free diffusion,
according to the mathematical methods summarized in
the classical monograph of Crank.16 The precipitation
in the critical range of concentrations is introduced as a
boundary condition and never treated explicitly in the
transport equations themselves. Since recent work on
nonequilibrium thermodynamicslZ permits the treat-
ment of generalized flows of various kinds and provides
a method for the description of their coupling with
conventional flows, the flow of precipitation j will be
introduced as a new flow. The aim of this paper is to
evaluate the precipitation flow explicitly and to specify
its coupling with the diffusion flows of the reactants.

System and Premises

For the sake of simplicity, the treatment will be
essentially confined to the elementary, ideal case
specified below. A few extensions will be examined in
the last section.

We consider two nonelectrolytes, A and B, which
reversibly form with one another a precipitate AB

A+ B ABI (1)

when the solubility product is exceeded. Thus,
the concentrations of A and B (assumed to equal the
activities) in equilibrium with the precipitate obey the
condition

CaCb = K = constant 2)

It is assumed that the rate of precipitation is exclusively
controlled by the diffusional supply of A and B, i.e.,
that equilibrium of reaction 1 is attained instanta-
neously and that there is no supersaturation.

It is also assumed that the precipitate will not impede
diffusion, a safe assumption for only the initial phases cf
precipitation. Eventually, the precipitate will of
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course clog the diffusion layer, and the theory will then
no longer be applicable.

The system under consideration consists of two
semiinfinite reservoirs, each containing a solution of one
of the reactants, and joined by a permeable plug of
length d and uniform cross section (see Figure 1).

Figure 1. System studied.

The solutions are well mixed so that the concentrations
at x = 0 and x = d remain constant throughout the
process

atx —0, Ca CA’ and Cb —0

fort> 0 (3)

atx = d, Ca= 0and CB = Cb°

The system is taken to be isothermal; it is assumed that
there is no convection, no osmotic or electroosmotic
flow, and that the diffusion coefficients are independent
of concentration.

Under the specified conditions and assumptions, the
system can be expected to attain a steady state. The
approach to this state will be discussed later after its
concentration profiles and precipitation flow have been
calculated.

(4) A. van Hook, in “Colloid Chemistry,” Vol. 1, J. Alexander, Ed.,
Reinhold Publishing Corp., New York, N. Y., 1944, p 513.

(5) c. wagner, J. Colloid i, 5, 85 (1950).

(6) P. Hirsch-Ayalon, Rec. Trav. Chim, 75, 1065 (1956); ibid, 79,
382 (1960); J. Polyrrer i, 23 697 (1957); seealso C. J. Van Oss and
Y. S.L.Heck, Rv. Inmunal, 27, 27 (1963).

(7) 6. ouchterlony, Arkiv. Kemi Mireral. Gedl,, 26B, No. 14 (1948).
(8) J. oudin, Conpl. Rend, 222, 115 (1946).

(9) 0. ouchterlony, Arkiv Kemi, 1, 43 (1949).

(10) J. R. Preer, Jr., J. Imurnol., 77, 52 (1956).

(11) J. Engelberg, ibid, 82, 467 (1959).

(12) J.J. Hermans, J. Colloid i., 2, 387 (1947).

(13) E. L. Becker, J. Munoz, C. Lapresle, and L. Le Beau, J Im

murol., 67, 501 (1951).
(14) J. A. spiers and R. Augustin, Trams. Faraday Soc., 54, 287
(1958).

(15) F. Aladjem, R. W. Jaross, R. L. Paldino, and J. A. Lackner,
J. Immunol,, 83, 221 (1959).

(16) J. Crank, “The Mathematics of Diffusion,” The Clarendon
Press, Oxford, 1956.

(17) S. R. de Groot, and P. Mazur, “Non-Equilibrium Thermo-
dynamics,” Interscience Publ., Inc., New York, N. Y., 1962.
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Basic Equations

The equations of continuity of A and B at every point
in the plug are

oCa div J .

ot —div Ja —j
and

OCb . .

. —divJb —]

ot

where j, a function of x and t, is the local precipitation
flow (he., number of moles AB per unit volume and per
unit time deposited in the plane x at time t).

For the unidimensional case under consideration,
div = d/cte, and, if diffusional flows Ja and JB are
governed by concentration-independent diffusion con-
stants Da and DB, respectively

Ja — —/Da

da;
and
/B -Db O\Cb
0X
so that
OCa D' oXa . OCb n

o
ot Db o* J @)

ot 0x2

The boundary conditions are as stated in eq 3. The
following additional restrictions apply. Precipitation
does not occur where the concentration product is
smaller than the solubility product, so that

(CaCb< K (j = 0) (5a)
t>0 O0<Xx<d <
(CaCb = K (j > 0) (5b)

The solubility product imposes the restriction
t>0 0<x<d CaCb< K (6)

A brief comparison with similar systems involving
chemical reactions or adsorption is instructive. In
such cases, too, the continuity conditions contain a sink
term, but of a different nature. For example, with a
first-order reaction of the diffusing species i the con-
tinuity condition is

%; B BI (cs)x_zk -
where h is a reaction rate constant.l8 The reaction
giving rise to the sink term —KkCi takes place wherever
Ci > 0, the reaction rate depends on the rate constant
and the concentration, and no restriction is imposed on
the concentration. In our problem, the precipitation
reaction takes place only where the concentrations are
high enough to meet condition 5b, and the precipitation
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rate is not limited by a rate constant, with the result
that a rigid ceiling is imposed on the concentrations by
condition 6.

Qualitative Features

The expected shape of the steady-state concentration
profiles of A and B is shown schematically in Figure 2.
Within the plug, precipitation cannot occur in the
immediate neighborhood of either surface because, here,
the concentration of one solute is negligible while that of
the other is finite. Precipitation, thus, is restricted to
some zone between X' and X" in the interior of the plug.
In the regions outside of the precipitation zone the
steady-state profiles must be linear. Within the pre-
cipitation zone the profiles must be positively curved,
as shown, because for both A and B the flux to a plane
from the supply side must exceed the flux away from
that plane, as precipitate is deposited in the plane.

Distaree aoross plug

Figure 2. Properties of steady-state concentration

profiles (schematic).

Even at the boundaries of the precipitation zone the
profiles cannot be discontinuous or have abrupt changes
in curvature. A discontinuity in the profile would
entail an infinite flux, and an abrupt change in curvature
would require an infinite precipitation rate, at the
respective location. Neither is compatible with steady-
state behavior.

Solution for Steady State

In the steady state

oCa/ol = 0; o0Cu/ot = 0 (7
Also, the partial derivatives 0/0x and 0'y'0x- can be
written as total derivatives d/dx and d2d.r2 respec-
tively, andj becomes a function of x only.

Subtracting the two eq 4 from one another to elimi-
natej one obtains with eq 7

<DCa
D, ®)
da;2

(18) Reference 16, eq 8.6.
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Integrating twice over X one obtains
DaCa — DbCb = ax - b

where the constants a and b are determined by the
boundary conditions 3. The solution is

aCA- CB= aCA’ - -Q 9)

where

a= Da/Db} Q= aCA’ + Cb°

Equation 9 holds over the entire range 0 < x < d
since eq 7 is valid whether or notj = 0.

Now, we restrict ourselves to the precipitation zone
X' < x < X", the location of whose boundaries will be
determined later. Within this zone, condition 5b
applies. Thus one can substitute ineq 9 CB= K/Caor
Ca = K/Cbm With these substitutions eq 9 gives the
concentration profiles of A and B, respectively, in the
precipitation zone (xr < x < x")

CAX) \aCA’

~d Q +
2 1va
)+ Ak o)

Cb(x) aCa® +

2 \Q ~
1 )2+ 4aA*]n (11)

[only the roots having physical significance are given in
eq 10 and 11].

The precipitation flow
Accordingto eq 4 and 7

is calculated as follows.

d
3 = D, dr2 (12)

Differentiating eq 11 twice with respect to x and multi-
plying with Db one obtains with eq 12

X' < X < X"
2DaDbK(DaCa® + DbCb°Y

j | ~ BV DaCa®”™ + 4DaDba | &ha

The precipitation flow is finite in the entire range and,
as is apparent from the denominator of eq 13, has its
maximum where

,DbCb :I—I) DaCa

x\ DaCa®
DaCA* + DbCBC

so that

(14)
d/jmax
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provided, of course, that this location is in the range of
precipitation, between x' and x".

The simplest way of calculating the boundaries X'
and x" of the precipitation zone is as follows: since j,
according to eq 13, is finite throughout, the second
derivative d2CB/da;2must also be finite in view of eq 12.
The first derivative dCB/dx therefore is a continuous
function of x, and the profile CB(x) shows no abrupt
change in slope even at the boundaries x' and x".
Thus, the slopes of the profile of B in the regions
0 < x < x"and x" < x < d (where the profile is linear)
must equal the slopes of the profile at x' and a;", respec-
tively, as given by eq 11 for the zone x' < X < x".
The slopes in the outer regions are

0< x< XY dds - Coe) and
dx X'
dCA Ca(x') - Ca° 15
dx X' (15)
X" < x< d dcB  CB® - Cb(x") and
dX d - X "
dCA= W )
da <16)
Differentiating eq 11 with respect to X
W < x < xv: dCB=
©odx
q Q- ofal
1+ F m 17
\(iQ o c w)'4aK

Setting X = X' in eq 17 equating to eq 15, inserting
CB(x") from eq 11, and solving for X', one obtains

_ [(DaCa®)2+ 4DADEBEK]d 18)
2DaCa°(DaCa’ + DbCb®)

Setting X = x" in eq 17, equating to eq 16, and solving
for X" one obtains

[2DaCa’DbCh° - IDaDbK + (DBCB)2]d
2DbCb°(DaCa’® + D bCb®)

(19)

It is readily verified that eq 18 and 19 meet, as required,
the material balance condition

J jdx = (7a),-0 ~ (3Az=i + (Ib)i=0- (<s)x=d

By inserting the values of X" and X" from eq 18 and 19 in
eq 10 and 11 we find that the precipitation boundary at
theCAO side corresponds to CA(x") = Ca®/2 and CB(x")
= 2K/Ca® while on the CB° side CA*') = 2K/Ca®
and Cb(x") = Cb°/2.

A necessary condition for precipitation to occur at all
is that the precipitation zone exists, i.e., that x' < x".
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Local precipitation flowj in steady state as a
(A) DaCa®

Figure 3.
function of x, calculated for the parameter values.
= 10-«, DbCb® = 10~6 DaDbK = 10-«, d = 1;' (B) DACA°
= 10" DbDb° = 10"6 DaDbK = 10 15 d = 1. and (C)
DaCa° = 2.10-6 DbCb® = 0.5 X 10~ DaDbK = 104 d = 1

With eq 18 and 19 this condition is seen to be equiva-
lent to

Ca°Cb® > 4K (20)

Condition 20 is as one should expect. If, and only if,
this condition is not met, can one draw linear concentra-
tion profiles for both A and B through the entire plug
without having the product CaCb anywhere exceed the
solubility product.  [The linear profiles are CA(x) = (1
—x/d)CA° and cs (x) = (x/d)CB°m With these profiles,
the product CACB has its maximum at x = d/2, i.e., in
the center of the plug. At this location, CACB =
CaOCb74.]

The following general properties of the system in the
steady state can be deduced from the equations. If
the boundary concentrations CA° and CB° barely
exceed the limit set by condition 20, precipitation
occurs only in a narrow zone around the center of the
plug and is slight. If the boundary concentrations are
increased, the precipitation zone widens and precipita-
tion becomes heavier and develops an increasingly
sharp maximum at the location given by eq 14. The
larger the ratio DaCa°/DbCb° the more are the
precipitation zone and the location of maximum
precipitation shifted toward the reservoir containing B.
However, the boundaries x' and x" of the precipitation
zone always remain on opposite sides of the center X =
d/2 of the plug.

Calculated functions j(x) for three different cases are
shown in Figure 3.

Attainment of the Steady State

That the steady state is indeed attained if the plug
initially contains neither A nor B will now be illustrated
with two simple limiting cases.
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The initial condition is

t=0;, 0<x<d; CA=0;, CB=0 (2D

For both cases we assume equal diffusion coefficients
and equal boundary concentrations for A and B

Da+ Da=D; CA = CPB = C° (22)

For the boundary concentrations we assume
Case 1. C°2= 4A (23)
Case 2: C°2« K (24)

In both cases there will be an initial period of time
during which no precipitation occurs at all. For this
period, withj = 0, the solutions of eq 3 and 4 with the
conditions 1, 21, and 22 are well known to be®

Cr(x, ) = C°X-

sin nil;((jj—X)} (26)

One can readily verify that, at the center of the plug,

p(CACBI . P 2CaCb)]
bx . bx2

Accordingly, at any time t the concentration product
CaCb has its maximum value at the center of the plug.
This is therefore the location where precipitation will
first occur.

In Case 1 [condition 23], the time-dependent solu-
tions 25 and 26 hold until the steady state is almost
attained. Only when the profiles have become almost
linear does precipitation start at the center of the plug.
At this stage, the time-dependent solution is almost
identical with the steady-state solution, which also gives
almost linear profiles and precipitation only in the
immediate neighborhood of the center.

In Case 2 (condition 24), the steady-state solution
gives a sharp precipitation maximum at the center of
the plug. At this location, therefore, the steady-state
concentration profiles are strongly curved while being
almost linear on either side (see eq 12). The time-
dependent solution, on the other hand, shows that
precipitation starts at the center at avery early time, tp,
namely, when CaCb first attains the solubility product
at this location. From then on, Ca and Cb at the
center remain unchanged because of the symmetry
properties of the system (eq 22) and thus act as a con-
stant internal boundary condition

t>1t) x=d/2) CA= Cn= 2K'h

(19) Reference 16, eq 4.22 with Co = 0, Ci = 0.



Interdiffusion with Precipitation

Distorce across dug

Figure & Concentration profiles at beginning precipitation (f
pland et steady state (@ = <o) forvase !
[conditions 20, 22, and 24).

In layers with constant boundary concentrations on
both sides the concentration profiles are known to
straighten out completely. They would thus do so in
the regions 0 < X < ds2 and ds2 < X < 4 if precipita-
tion would remain restricted to the center alone. The
fact that the precipitation zone spreads lets the profiles
retain an insignificant residual curvature, but this does
not obscure the tendency of the profiles to approach the
steady-state shape. Figure 4 illustrates this behavior.

It is interesting that the time required to attain the
steady state in case 2 is shorter by about a factor 4 than
in the analogous case without precipitation. The
time required is proportional to the square of layer
thickness, and in case 2 the plug acts essentially as
two layers of thickness ds2 each, with steady-state
conditions being approached simultaneously in both.

With regard to the transient behavior in the general
case, it will merely be noted that the location at which
precipitation begins is determined only by the ratio
Da/Db and is independent of the boundary concentra-
tions ca° and CB°. For I)A = DB, precipitation begins
at the center of the plug, even if CA° ~ Cb°m In this
particular case, the precipitation maximum gradually
shifts with time from the center to its eventual steady-
state location off center, toward the side at which the
boundary concentration is lower (e.g., see curve C in
Figure 3). Indeed, that the point of beginning pre-
cipitation coincides with that of maximum steady-state
precipitation, as under the simple condition 22, is the
exception rather than the rule.

Extensions

The treatment can be extended to systems with other
stoichiometries. For the general case the precipitation
reaction can be written as

A + nB ~ (27)

If m — n, the treatment presented before applies
without change, except that care must be taken to
define the constant K in accordance with condition
6 rather than identify it with the actual solubility prod-
uct, which then becomes Km If m ~ n, the coeffi-
cients o and n must appear as factors in the sink terms
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in eq 4 and as coefficients in conditions 5 and 6. The
occurrence of t and n as exponents leads to the need
of solving third- or higher-order algebraic equations to
calculate the concentration profiles. The resulting
equations are rather unwieldy or must be given in
implicit form, but no fundamental difficulties are
encountered.

Figure 5. Steady-state concentration profiles for interdiffusion
0fF A gN 03 and NaCl [schematic). The upper diagram shows the
profiles of the fons Aot Nat, N 03 and I the lower
Giagram s an equivalent representation showing the profiles
of the salts Agh 03, NaCl and N ahOd

Particularly interesting systems are those in which
the solutes are electrolytes. Consider, for example,
interdiffusion of AgN03 and NaCl with precipitation
of AgCl. Taking Ag+, NO-3 Na+, and CIl- as the
solutes, one may write for the fluxes and continuity
conditions

. . 0Ci . F_aA
Ji= —Di | + 4G RT 0x)

0X
F_ OWV\

— - 29
(e—oy = @
(i = Ag+, NO3, Na+, or Cl- ;2 = +1 for Ag+ and
Na+, 4 = —1 for N0O3 and Cl-; « = 1for Ag+ and
Cl-;w= 0for NO3 and Na+; ¢ = electric potential,
F = Faraday constant; R = gas constant; T = abso-
lute temperature). Electroneutrality and absence of

electric current impose the restrictions

YtiCt = 0; J/z2Ji =0 (30)
i i

(28)

Unfortunately, because of the electric-potential terms
the differential equations are nonlinear and defy explicit
integration. However, an approximation is readily

(20) Reference 16, eq 4.27.
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given. If all four diffusion coefficients can be regarded
as equal, then no gradient of the electric potential
arises. With this simplification, the treatment in the
previous sections becomes directly applicable with A =
Ag- and B = CI-, and the profiles of the non-reacting
ions NO3_ and Na+ are linear (see Figure 5). One can
easily verify that profiles for Ag+ and Cl- as given in
eq 10 and 11, respectively, and linear profiles for
N 03 and Na+ indeed satisfy eq 28 and 29 without the
electric-potential term and also conform to the re-
strictions 30.

Provided that all diffusion coefficients can be regarded
as equal and that the reacting ions have equal valences,
the behavior is the same as pointed out above, irrespec-
tive of the valences of the nonreacting ions. For
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example, the treatment can be applied without change
to the systems Ag2SOc-NaCl, AgNC”-BaCh, and BaCl2
Naz04 On the other hand, if the reacting ions have
different valences, as in the system AgNO03-NaZzs, the
remarks made in connection with eq 27 apply.

It must be stressed, however, that the behavior of
electrolyte systems in practice may be more compli-
cated. For example, the studies of BaS04precipitation
by Hirsch-Ayalon6seem to indicate that in this system
selective sorption of ions on the precipitate plays an
important role. In such cases, the simple treatment
outlined here can merely serve to assess which effects
will arise from interdiffusion and precipitation alone
and which will require other, more complex explana-
tions.

On the Mechanism of lon Exchange in Crystalline Zirconium Phosphate.

Il. Lithium lon Exchange of «-Zirconium Phosphatel

by A. Clearfield and J. Troup

r of Cren
ﬁ%\@d July 16,

, Aippinger Graduate Research Laboratories, Chio University, Athers, Chio 5101

The ionexchange behavior of azirconium phasphate crystals titrated with lithium ion and the behavior of the
lithiumexchanged crystals back-titrated with HCL have been determined  The titration curves exhibit a
hysteresis loop which arises from the presence of different phases during the forward and back titrations.  \When
lithium ion replaces protons, two phases, Zr(LiP04i.33HP04-4H2 and the unexchanged crystals, are present
up to 66% of exchange. At higher levels of exchange only the latter phese is present, the excess lithium ion
being held in solid solution  However, at about 80% of exchange the fully exchanged phase, Zr(LiP0424HD,

forrrs.  These two phises persist, in concentrations dependent on the total lithium content of the solid, until

100% replacement of the protons, whereupon only the latter phese is obtained  When HCL is added to Zr-

(LiP0Y2-4HD, about 5% of the lithium ios are replaced without phese change.  Thereafter, a two-phase
region is obtained The two pheses are the slightly protonated fully exchanged phase and Zr(LiP04i.33
(HP0)o67-4HD. When greater than 33% of the Li+ has been replaced by protons, gelatinous zirconium
phaosphate begins to foorm At the conpletion of the titration the solid phese is conpletely converted into gel.

These resullts are incompatible with the idea proposed earlier that a-zirconium phosphate contains two types of
protons of differing acidity.

Introduction

Crystalline zirconium phosphate exists in several
polymorphic forms.2 The most stable form is a-zir-
conium phosphate (a-ZrP), which is prepared by re-
fluxing zirconium phosphate gels in phosphoric acid.3
a-ZrP has a layered structure,4each layer consisting of
zirconium atoms lying very nearly in a plane and
bridged by phosphate groups situated above and below
the plane. Adjacent layers are arranged in such a way
as to create zeolitic cavities with rather restricted en-
trances into the cavity. In a previous paper of this

The Journal of Physical Chemistry

series, details of the sodium ion exchange with a-ZrP
were given.6 This paper describes the behavior of
lithium ion exchange on a-ZrP. Isotherms for the Li +-

(1) Acknowledgment is made to the donors of the Petroleum Re-
search Fund, administered by the American Chemical Society, for
support of this work under Grant No. 1993-A3.

A. Clearfield, R. H. Blessing, and J. A. Stynes, J. Inorg. Nucl.
J 30, 2249 (1968).

(3) A. Clearfield and J. A. Stynes, ibid., 26, 117 (1964).
(4) A. Clearfield and G. D. Smith, Inorg. (FETY, 8, 431 (1969).

(5) A. Clearfigld, Duax A. S. Medina, G. D. Smith, and J. R.
Thomas, J. 73 3423 (1969).
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Na+ and Li+-K+ systems have been determined by
Torracca.6

Experimental Section

Crystalline «-ZrP was prepared by refluxing a zir-
conium phosphate gel in 12 M phosphoric acid for 24
hr. Analytical and X-ray data showed that the prod-
uct was as described earlier.35 Potentiometric titra-
tions were carried out at 25° in a constant-temperature
water bath as reported previously.2 X-Ray diffraction
patterns of the solid at different stages of exchange and
the dehydration experiments were carried out in the
same fashion as for the sodium ion system.5

Analytical Data. Analysis of the solid exchangers
was carried out by first dissolving a weighed amount
(~0.25 g) in a platinum dish containing 13 ml of water
and 2 ml of concentrated hydrofluoric acid. The solu-
tion was transferred to a 250-ml beaker, the dish being
rinsed thoroughly with distilled water. The solution
was then diluted to a volume of 50 ml, and 7.5 ml o:
perchloric acid was added. Zirconium was then pre-
cipitated with cupferron and ignited to oxide. The
phosphate in the filtrate was determined colorimetric-
ally as the blue phosphomolybdate after destroying
the organic matter with perchloric acid. Lithium was
determined by atomic absorption analysis (Jarrell-Ash
Model 82375C).

Results

lon-Exchange Studies. The lithium ion titration
curve of a-ZrP crystals and the curve of the lithium ex-
changed crystals back-titrated with acid are shown in
Figure 1. As in the case of the sodium ion curves the
irreversibility of exchange was found to stem from the
presence of different phases during the forward and
back titrations.6 The forward titration curve may be
divided into two regions. The first region was found to
extend from just beyond zero exchange to 66% lithium
ion uptake as indicated by the arrow in Figure 1
X-Ray diffraction patterns revealed the presence of two
phases of composition Zr(LiP04i33 (HPO4067'4H20.
This latter phase was the only one present at 66% of ex-
change. At all lower levels of exchange several X-ray
reflections of the original «-ZrP crystals were present.
The presence of «-ZrP was confirmed by heating the
samples to 800°. This converted unexchanged a-ZrP
into zirconium pyrophosphate which was easily de-
tected (even in very small quantities) in the X-ray pat-
terns. Analysis of the 66% phase gave 25.3% Zr,
51.5% P04 2.64% Li, 21.2% FLO (loss on ignition)
[Calcd for Zr (LiP04i.8s (HP04o0.67-4HD: 25.3% Zr,
52.2% P04 2.55% Li, 21.4% HD], The 66% ex-
changed phase will be designated as phase A (1.33 Li+
4HD) .7 Its X-ray pattern is given in Table I.

The second region of the forward titration curve was
found to extend from 67 to 100% of exchange. Two
phases were also present in this region but not over the
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% EXCHANGE
0 25 50 75 100

Figure 1. Lithium ion potentiometric titration curve for a-ZrP.
Titrant: forward direction, 0.2 N LiCl + 0.0916 N LiOH,

— O— ; backward direction, 0.2 N LiCl +

0.1021 iVHCI, - -A--

entire range of compositions. The two phases are
phase A (1.33 Li-4H2) and the fully exchanged phase
Zr (LiP042-4HXD. Analysis of the latter phase, equil-
ibrated at 60% relative humidity, gave 25.2% Zr,
51.0% P04 3.82% Li, 19.63% H2 (loss on ignition)
[Calcd for Zr (LiP042-4HD: 25.0% Zr, 51.5% P04
3.77% Li, 19.57% H2]. This phase has been desig-
nated phase F (2Li+-4H2), and its X-ray pattern is
given in ref 6. The similarity of the X-ray patterns of
phase A (1.33 Li+-4HX) and phase F (2Li+-4H2)
made it difficult to distinguish these two phases. How-
ever, phase A appeared to be the only one present up to
80% of exchange. Beyond this point mixtures of phase
A and phase F were obtained, and at the final end point
of the titration only F remained. This behavior differs
from that of sodium ion exchange where two phases
were present over the whole range of compositions.

At the completion of the forward titration, the solid
sample was not filtered off and reslurried with 0.2 N
LiCl. Rather it was retitrated as is with 0.1021 N hy-
drochloric acid. Since 82 ml of solution had been
added in the forward titration, the ratio of solution to

) E. Torracca, J. Irorg N, Gem 31, 1189 (1969).

(7) See ref 5 for an explanation of this nomenclature.
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Table |: X-Ray Diffraction Pattern of Phase A
(1.33Li+-4H2)

d A 1710
10.0 100
5.05 10
4.56 10
4.35

4.21 5
4.11 12
3.89 20
3.66 5
3.59 6
3.55 8
3.41 5
3.30 10
3.23 5
3.10 10
2.99 5
2.83

2.71 5

10 additional reflections to 1.94

solid exchanger was greater in the back titration.
However, this should not lower the pH appreciably as is
in fact observed in Figure 1. This hysteresis is caused
by the initial formation of a solid solution of hydrogen
ion in phase F rather than the formation of a two-phase
system as in the forward titration. The amount of
hydrogen ion which can be incorporated into phase F
was not determined with accuracy but appears to be
small (~5%). Beyond this composition range two
phases, A and F, are obtained, but phase F may still re-
tain some of the protons.

As the titration was continued beyond the 33% hy-
drogen ion addition, gelatinuous zirconium phosphate
was found to form instead of a-ZrP crystals. Thus, at
the completion of the back titration only gel ZrP re-
mained. This was not due to hydrolysis as the phos-
phate content of the solutions in equilibrium with the
exchanger was found to be less than 1% of the total
phosphate in the exchanger.

Dehydration Studies. The dehydration behavior of
phase A (1.33 Li+-4HD) was found to be extremely
complicated. It lost water slowly on standing in air at
room temperature and more rapidly in a desiccator
over drying agents. At least four phases of varying
water content were detected. These phases are listed

Table Il: Phases Formed by Dehydrating Phase A
(1.33Li+-4HX)

Phase and probable Interlayer

composition spacing, A HjO /Li
Phase B (1,33Li+-3.3H2) 8.55 2.5
Phase C (1.33Li+-1.33 HD) 7.30 1.0
Phase D (1,33Li+-0.67H20) 7.84 0.5
Phase E (1.33LT+) 7.00 0
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in Table 11 and identified by their interlayer separation
(the first strong reflection in the X-ray patterns). The
water contents of these partially hydrated phases are not
known with certainty because of the difficulty of
obtaining them free of other phases. However, an ex-
tended dehydration study has been undertaken and will
be reported upon later. The dehydration behavior of
phase A is summarized in the diagram below.

dryin air, . PsOs
9hase A e mixture of phases A, B, C, D —
or PjOs n 2 days

50-80°
mixtures of phases B, C, D —------ > mixtures of phases

110-130 185-400° 450

Cand D ---—---- N phase D ------- > phase E RN
800°
phase J — » LiZr2(P04)3

The dehydration of the fully lithium ion exchanged
phase F (2Li+) was also found to be complex. The
phases are identified in Table I1l. Phases F, H, and |
were reported by Torracca.6

Table Il11: Phase F and Its Dehydration Products
Phase and probable Interlayer Temp of

composition spacing, A formation, °C
Phase F (2Li+-4HD) 10.1 Room temp
Phase G (2Li+-2-3H D) 8.80 Room temp
Phase H (2Li+-HD) 7.87 80-100
Phase | (2Li+) 7.05 185-375
Phase J (2Li+) 6.24 400-805

On standing in air phase F (2Li+) lost water slowly
with the formation of phase G. However, this phase
transformation occurred rapidly over drying agents.
Complete conversion into phase G was observed when
5.25% or 1 mol of water was lost. However, it was also
the only phase present up to observed water losses of at
least 8.75% or 1.8 mol. Thus, this phase is thought to
exist over the range of compositions containing 2-3 mol
of water and is represented as phase G (2Li+-2-3H2).
Further water losses resulted in mixtures of phase G
and phase H. This latter phase was obtained in a pure
state by heating these mixtures to 138°. The total
water loss was 13.62% or 2.78 mol so that phase H is
close to a monohydrate. It is represented as phase H
(2Li+-HD) in Table I11.

Heating phase F (2Li+-4H2) at 185° converted it
into phase I. In 4 hr at 375° the water loss was 19% or
very close to 4 mol of water. At 185° about 3 days is
required for the complete conversion of phase F (2Li+-
4HD) into phase | (2Li+). Above 375° phase | is con-
verted into another anhydrous phase, phase J (2Li+).
Phase J is stable to at least 800°. Conversion into
phase J was slow at 400° but rapid at 600°. Phase A
when heated above 450° also gave phase J but as a solid
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solution containing Li+ and H+ since at 800° it was
converted into LiZr2(P043.

Discussion

The exchange behavior of lithium ion on a-ZrP is un-
like the behavior exhibited by sodium ion. With the
latter ion the first end point occurs at exactly 50% of
exchange.6 Thus, in the region of 0-50% of exchange
two phases, phase A (Na+-5H2) and «-ZrP, are pres-
ent. A second two-phase region exists in the range of
50-100% of exchange. The two phases present in the
second region are phase A (Na+-5H2) and phase D
(2Na+-3H2D). No solid solutions were observed in
this system, and the results were interpreted in terms of
the presence of two types of hydrogen ions of differing
acidity.5 The results with the lithium-hydrogen
system are incompatible with this idea. Since phase A
(1.33 Li+-4H2D) forms immediately upon addition of
lithium hydroxide, some of each type of hydrogen ion
must have been displaced. Yet the pH remains con-
stant up to 50% of exchange. Thus, the exchange
behavior and pH must depend on the structure of both
the newly formed phase as well as the phase undergoing
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exchange. A more complete understanding of the ex-
change mechanism would obviously result from a
knowledge of the structure of the exchanged phases.
Such a study is now underway.

The multitude of phases formed during the dehydra-
tion of the lithium exchanged phases must result from
the contraction of the a-ZrP layers as water is removed.
Thus, in analogy with the sodium ion case,6 the inter-
layer distances are taken to be synonymous with the
first intense reflection undergoing extensive shifts in the
powder patterns. Noe all of the resultant phase
changes are reversible so that it is possible to alter the
nature of the exchanger by partially dehydrating it.
This had been demonstrated by Torracca for the lithium
exchanged crystals6 and opens the possibility of pro-
ducing a host of new exchangers.

An interesting feature of the lithium ion exchange is
the formation of gel zirconium phosphate in the back
titration. The only detectable phase present before
gel formation became extensive was phase A. Thus,
the replacement of lithium ion in this phase by protons
must involve a difficult structural rearrangement which
results in disordering of the crystal lattice.
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Capillary Behavior of Viscous Liquidsl

by Richard L. Kissling and Paul H. Gross

Dyatart of Grenistty, Univarsity of tre Pecifi, Sokon) Clifarria. S804 (Rshved Felrary'5 199)

A new method is proposed by which flow curves can be determined over wide ranges of shear stress for micro-
guantities of moderately to highly viscous liquids. The method incorporates a modification of the Rabinowitsch
derivation for the true rate of shear at a capillary wall. ~ According to the Rabinowitsch expression, the true rate
of shear at the capillary wall can be obtained by multiplying the apparent rate of shear at the wall based on the
volumetric flow rate by a correction factor, (3 + b)/4. The number bis obtained as the slope of a log-log plot
of the apparent rate cf shear \s. the shear stress at the wall. For a liquid undergoing flow due to the action of
capillary rise, the log-log plot in the Rabinowitsch development can be simplified to give b as the slope of log
AVAL S, log e, — h)/h, where AhW/AL is the velocity of flow at height h, and h,, is the final equilibrium weight.
The true rate of shear at the capillary wall is then expressed as [(3 + b)/R](Ah/At) and the shear stress at the
capillary wall as I/ipgR[(h,, —h)/h\. A knowledge of the experimental quantities rate of rise, final equilibrium
height, liquid density, and capillary radius enables one to determine the true rate of shear and shear stress re-
lationships and to construct the corresponding flow curve. The log-log treatment of capillary rise rate data
indicates that the contact angle constancy and rate of wetting are factors which must be considered in such an
experimental technique.  Progressively larger deviations from unity and linearity in the slope of the log-log
plots are observed as the capillary bore becomes larger and, also, as the shear stress increases. These deviations
are attributed to the fact that the rate of wetting under these conditions is slow in comparison to the rate of
capillary ascent. Prewetting the capillary wall eliminates these deviations in the log-log plot, and among un-
wetted capillaries these deviations become less important when very small-bore capillaries are used. If the
contact angle is different from zero, but constant over a wide range of shear stress, the log-log plot will be linear
with a slope of unity. However, the viscosity calculated from the flow curves under these conditions is higher

than that obtained from the smaller bore capillaries. This difference is attributable to capillary bore dimen-
sions and can be used to calculate contact angles under kinetic conditions. The capillary rise method was used
to determine the flow curve of a pseudoplastic liquid.

Introduction

The ordinary capillary viscometers (Ostwald, Can-
non-Fenske, Ubbelohde, etc.) provide measurements
made at the same, or very nearly the same, driving
pressure, and are not necessarily applicable for use
with non-Newtonian liquids, with which measure-
ments should be made at a number of different driving
pressures. Several capillary viscometers have been
designed for use with non-Newtonian systems.2'3
Most of them are not satisfactory for use at low stresses
and, hence, cannot provide data for a reliable extrap-
olation to zero stress. This is a serious inadequacy,
since it is generally accepted that in the case of such
systems as non-Newtonian polymer solutions, the
quantity of greatest interest is the intrinsic viscosity at
low shear stress, a quantity that must be determined
by extrapolation of data obtained at low shear stresses.

The common phenomenon of capillary rise has been
utilized in simple methods for the determination of the
viscosities of microquantities of liquids. Flory4 has
used the rising-column method to determine the
viscosity of molten linear polyesters; Stow, Horowitz,
and Elliott5 have applied the technique to the high
viscosity range; Elliott6 has designed and constructed a
rising-column capillary viscometer for the determina-
tion of the viscosities of polymer melts and solutions at
low shear rates. Although these methods incorporate
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external driving pressures, the technique has not been
used to determine how curves.

Many other approaches to the capillary rise phe-
nomenon have dealt in considerable detail with the theo-
retical aspects of the dynamics associated with cap-
illary rise, but reliable experimental data substantiating
the theoretical work have been somewhat limited.
The equations for a liquid rising in a capillary column
are often so complicated that in order to correlate ex-
perimentally determined parameters to the theory,
many simplifying assumptions must be made con-
cerning the basic nature of the motion of the liquid in
the tube which may or may not exhibit Poiseuille flow.

Washburn,7in considering the capillary rise problem,
stated that the distance necessary for the establishment

(1) Presented before the Division of Physical Chemistry at the 155th
National Meeting of the American Chemical Society, San Francisco,
Calif., April 1968; taken in part from the.dissertation submitted by
R. L. Kissling to the Graduate School of the University of the Pacific
in partial fulfillment of the requirements for the Degree of Doctor of
Philosophy.

() (8 P. J. Flory and T. G Fox, J Am’f]%]

(1951). (b) S. H. Maron and R. J. Belner,
(1955).

@) A. w. sisko, J Qlladinerfac K1, 15, 89 (1960).
@) P. 3. Flory, J.Aar. GEaMSK, 62, 1057 (1940).

(5) F. S. Stow, Jr., K. H. Horowitz, and J. H. Elliott, J. CdlddSi,
4,321 (1949).

6) J3.H. Eliott, Tra® ST R, 12, 573 (1968).
() E.w. washburn, V& RV, 17, 273 (1921).

, 73, 1904
, 26, 1457
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of Poiseuille flow could be made vanishingly small by
choosing a capillary of sufficiently small bore.

Rense8 has used a stroboscope and motion picture
camera to photograph the ascent of water in a capillary
tube, and has derived a semiempirical equation for the
motion of the liquid in the tube. The derivation of
this equation is based on the assumption that the rise
of water in a capillary tube is turbulent; i.e., there are
frictional-pressure drops which are attributed to vari-
iable and incoherent resistive forces accompanying the
rapidly changing velocity during ascent.

Pickett9 disagrees with the conclusion reached by
Rense that the rise of water in capillary tubes produces
turbulent flow because the Reynolds number for the
particular system is far too low for the occurrence of tur-
bulence. He concludes that the rise of water in a cap-
illary tube is in agreement with a theory that takes into
account surface tension, viscosity, and density of the
fluid and the corresponding capillary, viscous, gravita-
tional, and inertial forces.

BrittinDdeveloped a theory for the dynamics of cap-
illary rise by making certain assumptions as to the na-
ture of the motion of the liquid in the tube. The mos~
important assumptions were that the same forces ac™
on the liquid when it is in an accelerated state of motion
as when it is in a steady state, that the surface tension is
constant, that the angle of contact between the men-
iscus of the liquid and the tube wall is constant, and
that the wetting of the tube is not a rate-determining
factor for the motion. This theory leads to a second-
order nonlinear differential equation whose solution rep-
resents the motion of the liquid in the tube.

The results of a study by Ligenza and Bernsteinilin-
dicate that the rise of a liquid in a fine vertical capil-
lary may be accurately represented by the solution to a
differential equation of motion in which the rate of
change of momentum of the contents of the capillary is
assumed to be negl’gible. In addition, the authors con-
tend that the rate of wetting and the rate of assumption
of constant (zero) contact angle are apparently suffi-
ciently rapid compared with the rate of ascent that they
need not be considered. As a consequence of these
simplifications in both the experimental and theoretical
treatments of the general problem of liquid rise in fine
capillaries, Ligenza and Bernstein present an equation
for a rapid and simple method of estimating the viscos-
ity of micro-quantities of liquids, but which does not
allow determination of the flow curve, since it is based
on Newtonian behavior.

LeGrand and Rensel2 present several of the obvious
factors which must be considered in a rigorous treat-
ment of the differential equation of motion for a liquid
rising in a capillary column, (a) The rise involves a
nonsteady-state condition, and at least in the earlier
stages, is impulsive. The fact that a mass of liquid is
in motion below as well as above the opening to the cap-
illary must be considered, (b) The vital factor in
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effecting the rise is surface tension. However, the
question of angle of contact is very pertinent. Does
this remain constant during the accelerating rise, or
does it vary in a predictable, regular way? (c) The
possible presence of turbulence over some of the column
of liquid cannot be ignored despite low values of Reyn-
olds number. We are here dealing with a nonsteady-
state flow and boundary conditions are important. If
the meniscus assumes a concave shape, how can the up-
ward speed of flow be greatest at the center without an
adjustment at the boundary? Likewise, on entering
the tube itself, the liqguid must adjust suddenly to new
conditions of flow, and turbulence may result, (d)
Viscosity contributes in producing frictional force,
probably in the same sense as in ordinary streamline
flow. Slipping along the walls of the tube should be
considered.

Most of the investigators cited above used liquids of
low viscosity in their studies, and, as a consequence, a
rigorous experimental analysis of the flow curve was not
carried out.

In discussing the mechanics of flow in capillaries, the
conditions customarily set forth are13 (1) the flow must
be steady; (2) there are no radical and tangential com-
ponents of the velocity; (3) the axial velocity is a func-
tion of the distance from the axis alone; (4) there is no
slippage at the wall; (5) the tube is sufficiently long that
end effects are negligible; (6) the fluid is incompressible;
(7) there are no external forces; (8) isothermal condi-
tions prevail throughout; and (9) viscosity does not
change appreciably with the change in pressure along
the tube.

From the remarks of LeGrand and Rense which are
cited above, it is apparent that certain of these condi-
tions are not fulfilled in the capillary rise process.
Compare (1) and L&R (a), (2) and L&R (c), and (4)
and L&R (d). A rigorous mathematical treatment of
the capillary rise phenomenon is not possible as long as
the degree and magnitude of the tangential velocity
components are unknown.

It seems, however, that the mentioned inconsistencies
would become less important as the capillaries become
smaller and the rate of rise becomes slower. By investi-
gation of the rise of highly viscous liquids in small bore
capillaries, it might be possible to find the limit beyond
which these inconsistencies are no longer important, i.e.,
for very small capillary diameters the flow curves should
become independent of the dimensions of the capillary.

8 w. A. Rense, J Agd. FN8, 15, 436 (1944).

©) G. Pickett, I, 15, 623 (1944).

(10) W. E. Brittin, I, 17, 37 (1946).

(11) J. R. Ligenza and R. B. Bernstein, J A& OHnSE, 73,
4636 (1951).

(12) E. J. LeGrand and W. A. Rense, J A P8, 1s, 456 (1044).

(13) J. R. van Wazer, J. W. Lyons, K. Y. Kim, and R. E. Colwell,
“Viscosity and Flow Measurement; A Laboratory Handbook of
Rheology,” Interscience Publishers, New York, N. Y., 1963, p 189.
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This “limiting flow curve” would then represent the true
flow curve. The problem was whether such conditions
could be realized experimentally.

Mathematical Relationships

During the capillary rise, the liquid is subjected, at
least in principle, to the whole range of shear stresses
and shear rates, so that the determination of the total
flow curve should be possible by following the capil-
lary rise from the start to the equilibrium height. It
will be seen that the determination of the flow curve at
very high stresses presents technical difficulties (sec-
tion I1).

Since both the shear stress and rate of shear vary
with capillary radius, it is essential that the flow curve
be constructed by using shear stress and shear rates for
the same point in the capillary. The shear stress at the
wall of the capillary is

sw = cos 0 — V2pgR Q)

y
r
h
where y is the surface tension, R is the radius of the
capillary tube, 9is the contact angle of the liquid menis-
cus with the wall of the capillary tube, g is the gravita-
tional constant, n isthe height of the liquid column, and
p is the density of the liquid. For a liquid which com-
pletely wets the wall of the capillary tube, cos 9becomes
unity and the expression for stress becomes

sw = \h - 1l/ipgR (2)

Substitution of the equivalent expression for surface
tension

7 = JApgRha (3)

(where n, is the final equilibrium height of the liquid
column in the capillary) into eq 2 yields the following
expression for shear stress at the capillary wall

sw = VzeR

The rate of shear at the wall is more difficult to deter-
mine from experimental data. For its calculation, a
correction is applied to the rate of shear which has been
calculated from the volumetric flow rate of the fluid.

According to the Rabinowitsch expressioni4 the true
rate of shear at the capillary wall can be obtained by
multiplying the apparent rate of shear at the wall based
on the volumetric flow rate, Q, by a correction factor,
(3 + b)/4. The number b is obtained as the slope of a
log-log plot of the apparent rate of shear vs. the shear
stress at the wall, i.e., log (dQ/irR3tvs. log sw.

3+ b\ ( 4Q
4 I\irR' )
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__________________ (b)

Equation 5 is an entirely general expression irrespec-
tive of the fluid. If it is found that b is nearly constant
over wide ranges of shear stress for non-Newtonian
fluids, it is generally sufficient to obtain one average
slope and make all corrections by multiplying a constant
correction factor. If this is not the case, the slope
should be taken at given shear stresses and the
correction factors corresponding to the given slopes
applied to each apparent rate of shear.

The volume flow rate due to capillary rise in a cy-
lindrical column per unit time is described by

« = (f) )

The Rabinowitsch expression for the true rate of shear
at the capillary wall then becomes

/3 + b\ /dA\
\ R / \dt)

Substitution of eq 4 and 7 into eq 6 for the shear
stress and volume flow rate terms, respectively, yields
d log (d/R) (dh/dt)
d log y 20gR(h,, — h)/h

—dA
dr )w

(8)

and, subsequently

d log (dh/dt)

(10)
d log (A, — h)/h

The value of b can, therefore, be determined from the
slope of a plot of log (dhsdt) vs. log (h, — n)s/nh.  The
value of b can then be introduced into eq 8 in order to
obtain the true rate of shear at the capillary wall.

A knowledge of the experimental quantities, rate of
rise ansat, final equilibrium height n,, liquid density
p, and capillary radius R enables one to calculate the
true rate of shear and shear stress relationships and to
construct the corresponding flow curve.

The steps by which flow curves were determined from
the capillary rise rate data can be summarized as fol-
lows. (a) The capillary rise is followed with a cathe-
tometer, and time increments at are recorded for cor-
responding height increments an. The quotients an/s
at are then plotted against the respective mean heights
h. (b) From the smooth curve drawn through the
AhsAt vs. h plot, values of dnhsdt are interpolated at se-

lected values of n. Values of the term (/i, —n)s/nh are
also computed at these selected n points, (c) A plot
of log {dh/dt) vs. log (h,, — h)sh is made. The term b

is obtained from the slope, (d) The values of b and
dhsdt are introduced into the expression for the true
rate of shear, [(3 + D)/R] (dnsdv), the value of which is
plotted against the shear stress, v 2pgR(ha — h)/h, tO

(14) B. Rabinowitsch, Z FNYS G®M (Leipzig), 145A, 1 (1929).
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yield the flow curve over the range of shear stresses and
shear rates investigated.

Experimental Procedures

In order to be able to obtain accurate capillary rise
rate measurements, a highly viscous liquid, preferably
of definite composition, had to be used. Octa-O-
methyl sucrose reached its equilibrium height at 40°
only after about 24 hr and was readily synthesized from
sucrose by a procedure similar to that described by
Kuhn and Trischmann.®

Octa-O-methyl Sucrose. Sucrose, 8 g (2.3 X 102
mol), was dissolved in 200 ml of N,N-dimethylform-
amide (DMF). An excess of 16 ml of methyl iodide, 80
g of barium oxide, and 4 g of barium hydroxide octa-
hydrate were added to the solution. The mixture was
shaken for 4 days and then filtered. The precipitate
was washed with 10 ml of DMF, and the combined fil-
trates were poured into an equal volume of cool, dis-
tilled water. The product was extracted with 90 ml of
chloroform (3 X 30 ml). The chloroform layer was
washed with water and dried over anhydrous sodium
sulfate. The chloroform was then distilled in vacuo
leaving a pale yellow syrup. This syrupy product was
further distilled at 165° (0.075 mm). The product re-
sulting from this last distillation was subjected to fur-
ther methylation by dissolving it in 150 ml of DMF and
shaking with a total of 6 ml methyl iodide, 36 g of
BaO, and 1.2 g of Ba(OH)2which were added in 4 por-
tions at 36-hr intervals. After filtration, it was washed
and extracted as before. After the chloroform was dis-
tilled in vacuo, the syrupy product was distilled under
0.035-0.040 mm. Two constant-boiling fractions were
collected at 145 and 160°, respectively. The fraction
boiling at 145° was subjected to a second distillation.
This operation yielded 3.5 g (33%) of syrup boiling at

145-47° (0.040 mm). [<*]% = +70.4° (c = 3.5,
methanol), n2d = 1.4566. Bredereck, et al.,Breport
bp = 115° (0.001 mm), [a]ZD = +70.1° (methanol),

andn2D = 1.4560 for octa-O-methyl sucrose.
Octa-O-propionyl Sucrose. Octa-O-propionyl sucrose
was synthesized according to a method reported by
Hurd and Gordon.I7 Sucrose, 20 g (5.8 X 10-2 mol),
was dissolved in 145 ml of pyridine. An excess of 75
ml of propionic anhydride was added to the solution.
The solution was shaken for 72 hr, poured into cold,
dilute hydrochloric acid, and the product was extracted
with 500 ml of dichloromethane. The dichloromethane
layer was washed with 400 ml of 0.5 N hydrochloric
acid (4 X 100 ml), followed by three successive washings
with equal volumes of distilled water. The dichloro-
methane was then washed with 400 ml of 5% potassium
bicarbonate (4 X 100 ml), followed by three more suc-
cessive washes with distilled water. The dichloro-
methane layer was dried over magnesium sulfate,
stirred, and filtered. The dichloromethane was dis-
tilled in vacuo. The syrup was further distilled under
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Figure 1. Capillary rise rate apparatus.

0.070 mm with a constant-boiling fraction being col-
lected at 266-274°. A second distillation of the col-
lected product yielded a syrup boiling at 265-267°
(0.065 mm). [a]ZD = +53.4° (c = 4, chloroform).
m2d = 1.4668. After a 10-month period, the syrup
crystallized to give a white crystalline material melting
at 44.0-45.5°. Hurd and Gordon1/ report the melting
point to be 45-46°.

1,I-Di(a-decalyl)-hendecane.ls The small, carefully
synthesized and purified sample of I,I-di(2-decalyl)-
hendecane was obtained from Dr. Joseph Dixon,
American Petroleum Institute Project No. 42, Depart-
ment of Chemistry, The Pennsylvania State Univer-
sity, University Park, Pa. The viscosities and densities
of the liquid over a wide range of temperatures and
pressures are reported by Lowitz, etal.ls

Polystyrene Solutions. Two polystyrene solutions
were chosen to illustrate that the flow curve deter ruina-
tion technique would be applicable for non-Newtonian
systems. Solutions with equal concentrations of poly-
styrene in toluene (a “good” solvent) and decalin (a
“poor” solvent) were studied and compared.

Polystyrene, possessing a nominal molecular weight
of 1.8 X 106 and a M,,/Mn ratio of less than 1.2, was
used to prepare the two solutions. The solutions were
prepared by adding a weighed quantity of the poly-
styrene to the particular solvent, and allowing the dis-
solution of the sample to occur by stirring overnight.
The polystyrene was obtained from the Pressure Chem-
ical Company, Pittsburgh, Pa.

Capillary Rise Rate Apparatus. The experimental
apparatus used to determine the flow curve from capil-

(15) R. Kuhn iind H. Trischmann, QBN B, 94, 2258 (1961).
(16) H. Bredereck, G. Hagelloch, and E. Hambsch, |hd, 87, 35
(1954).
(17) C. D. Hurd and K. M. Gordon, J AT&. GEM SX, 63, 2657
(1941).
(18) The sample designation for I,I-di(a-decalyl)-hendecane used
by the American Petroleum Institute Project No. 42 is P.S.U. 12
D, A. Lowitz, J. W. Spencer, W. Webb, and R. W. Schiessler,

] , 30, 73 (1959).
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lary rise measurements is illustrated in Figure 1. The
Liebig condenser was sealed at the bottom and stop-
pered at the top. In order that adequate reproducibil-
ity be achieved in the rate of rise measurements, it is
imperative that the capillary walls be extremely clean
and free of absorbed matter. The cleaning procedure
adopted was similar to that given by Davis and Rideal.19

The capillary is inserted into the apparatus and 30-
40 min is allowed for complete temperature equilib-
rium. The end of the capillary is then touched to the
surface of the liquid as one stopwatch is started. The
cathetometer is raised a small height increment and
as the liquid meniscus passes the horizontal hairline of
the cathetometer eyepiece, the stopwatch is stopped
and a second watch is simultaneously started. The
cathetometer is then raised another increment and the
process is repeated. This whole procedure is repeated
throughout the desired extent of capillary rise. The
time increments, At, are recorded for the corresponding
height increments, Ah. The quotients, Ah/At, are then
calculated and plotted against the respective mean
heights, h. After the best smoothed curve is drawn
through the experimental points, values of the quan-
tity dh/dt are interpolated from the curve at selected
values of h. The average deviation of the experimental
points, Ah/At, from the smoothed curve in the rate of
rise curves amounts to about 1-2%.

Capillary Equilibrium Height and Radii. The final
height for the larger capillary was determined by first
drawing the liquid meniscus by slight suction well above
the anticipated equilibrium height and allowing it to
descend to its equilibrium position. Light pressure was
then applied to force the liquid meniscus slightly below
its equilibrium position, allowing it to ascend to its
equilibrium position. The final equilibrium height is
taken as the average between the descending and as-
cending equilibrium positions. In most cases the
difference between ascending and descending positions
was negligible. The equilibrium heights for the capil-
laries of smaller radius were determined mathemati-
cally from the relationship, which is valid for constant
temperature, h«2 = h,iRi/R2 where haA and Ri are
the experimentally determined equilibrium height and
radius, respectively, of the larger capillary and ka2 and
R2are the equilibrium height and radius, respectively, of
the smaller capillary. The capillary radii were deter-
mined by calibration with mercury.

Liquid Density. The density of octa-O-methyl su-
crose was determined by a method described by Alber2
which makes use of a eg specific gravity pipet. The
specific gravity pipet used in this work was obtained

from the Arthur H. Thomas Company, Philadelphia,
Pa.

Results and Discussion

I. Flow Curves from Capillary Rise Rate Measure-
ments. As a representative example, the “rate of rise”
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heh

Figure 2. Rate of rise curves of octa-O-methyl sucrose at 40°:
o, ft — 261 X 1C-3 cm; 0O, ft = 5.07 X 10“3cm; darkened
symbols representduplicate determinations.

log (h«-h)/h

Figure 3. Log-log plots of octa-O-methyl sucrose at 40°: O,
ft = 261 X 10-3cm; 0O, ft = 5.07 X 10~3cm.

curve (Figure 2), the log-log plot (Figure 3), and the
flow curves (Figure 4) for octa-O-methyl sucrose at 40°
are shown. We have used the method to determine the
viscosity-temperature behavior between 5 and 80°.
Data, together with densities and surface tensions, are
presented in Table I.

Figure 2. In the early portions of the ascent, the vel-
ocity is rapid due to the high shears tress (low height, h,
values) but continually decelerates as the shear stress
becomes less (increased height, h, values).

(19) J. T. Davis and E. K. Rideal, “Interfacial Phenomena,” Aca-
demic Press, New York, N. Y., 1963.

o) H. k. aiber, Ind Bg Gen, Ad. E, 12, 764 (1040).
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Figure 4. Flow curve of octa-O-methyl sucrose at 40°: O,
R = 261 X 10~3cm; 0O,R = 5.07 X 10~»cm.

Duplicate experimental data (darkened symbols) are
included. From this diagram it can be seen that it is
possible to achieve very good reproducibility.

Figure 3. The slope of the log-log plot is seen to be
essentially unity for both capillaries over the whole
range of stresses and shear rates. This tends to sup-
port the validity of the method and shows that octa-O-
methyl sucrose has Newtonian flow behavior as is to be
expected for a pure liquid. Figure 3 is representative
of the log-log plots obtained for other temperatures.
The only exception to this was a deviation from the
slope of unity in the log-log plot at 5° in the early por-
tion of the capillary rise. We made this anomaly the
subject of a more detailed investigation (section 11).

Figure 4- Both capillaries used gave the same curves
within the experimental accuracy of the method.
From the reproducibility of duplicate measurements
the accuracy could be estimated.

Il. Non-Newtonian Behavior, Contact Angle Varia-
tion, and Rate of Wetting during Capillary Rise. For
Newtonian liquids undergoing smooth laminar flow, the
value of b in eq 8 is unity. The cases in which b > 1
represent pseudoplastic flow and the corresponding flow
curves bend toward the rate of shear axis. Dilatant
flow behavior is generally indicated where b < 1, and
such flow curves bend toward the stress axis.

Our data for octa-O-methyl sucrose in section |
supported the validity of the experimental method since
we obtained identical flow curves using capillaries of

Table I: Density, Surface Tension, and Viscosity of
Octa-O-methyl Sucrose

T, °C

5° joou 40° 60° &
p.gcm 3 1.248 1.227 1.197 1.168 1.142
7,dyn cm-1 35.0 32.8 30.8 28.9 26.9
7A, P 66.7 11.6 1.54 0.456 0.193
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Table I'l: Density, Surface Tension, and Viscosity
of Octa-O-propionyl Sucrose

p, gem-® 1.236 1.183 1.161 1.136
7, dyn
cm’1 315 27.3 25.8 24.6
A cP 4.65-5.20 1.75 X 10s 4.11 X 102 1.44 X 102
X 105

different bore dimensions. The only anomaly which
appeared was a deviation from the slope of unity for the
log-log plot at 5° in the early portion of the capillary
rise. This anomaly, along with a more detailed investi-
gation into the influence of capillary bore dimensions on
capillary rise phenomena, as well as flow curves of non-
Newtonian liquids, are the subjects of section I1.

The four liquids utilized in this study were octa-O-
propionyl sucrose, 1,1-di (a-decalyl)-hendecane, and
two polystyrene solutions.

Tables I1-1V summarize the densities, surface ten-
sions, and apparent viscosities obtained from the data
collected in this investigation. Figures 5-10 illustrate
the treatment of the data.

Table I'll: Density, Surface Tension, and Viscosity of
1,1-Di(a-Decalyl)-Hendeeane

T, °C
5° 10° 60°
p,gem*“3 0.9408 0.9376 0.9067
7,dyn cm-1 32.3 31.6 27.9
va, CP 7.73 X 104 3.29 X 10° 1.10 X 102

° A value of 1.21 X 102cP was reported by D. A. Lowitz, d al.w
It is noted that the authors standardized their rolling ball viscom -
eter with water, i.e., a liquid of avery much lower viscosity.7

Table 1V: Density, Surface Tension, and Viscosity of
Polystyrene Solutions at 30°

Solvent

Toluene Decalin
(4 g/100 ml) (4 g/100 ml)
p, g cm-3 0.848 0.911
7,dyn cm"1 24.7 29.0
.a, CP 133-147 209

In the analysis of the capillary rise phenomenon, the
significance of the log-log plot takes on a unique char-
acter. In several instances the slope of the log-log
plot was unity except in the early portions of the capil-
lary rise (high shear stresses) where the slope bent and
became less than unity (Figures 5 and 6). This was
attributed to a slow rate of wetting. Justification of this
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premise is based on the results obtained with octa-O-
propionyl sucrose at 20.0°. The capillary rise in the
largest available capillary (R = 10.67 X 10“3cm) was
observed for a dry capillary and also in the case where
the capillary was prewetted. In the case where there

Figure 5. Log-log plots of octa-O-propionyl sucrose:
A,R = 10.67 X 10“3cm (A, prewetted capillary); O,R =
5.07 X 1CT3cm; 0,R = 2.61 X 1(>-3cm.

Figure 6. Log-log plots of P.S.U. 122: A, A, R = 10.67 X 10-3
cm at 10 and 60°, respectively; 0,1,0,8 = 5.07 X 10~3cm at

5, 10, and 60°, respectively; ®, 9,0, R = 2.61 X 10“3cm at 5,
10, and 60°, respectively.
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Figure 7. Log-log plots of polystyrene solutions at 30°,

49/100m1: A, decalin assolvent; A, toluene assolvent.
~gRCth~-hC/h] (dynes cm ?)

Figure 8. Flow curves of octa-O-propionyl sucrose at 20°:

A, R = 10.67 X 10-3cm; O, R = 5.07 X 10“3cm;
O, R 2.61X 10-3 cm.

was no prewetting there was a definite bending of the
slope toward less-than-unity values at the higher
stresses in the log-log plots. However, prewetting the
capillary eliminated virtually all curvature in the high
shear stress portion of the log-log plot. Further sub-
stantiation of the slow wetting rate phenomenon was
based on the observation that capillaries of smaller
radii exhibited decreased departures from linearity in
the log-log plots of octa-O-propionyl sucrose at 20 and
55° and of P.S.U. 122 at 5, 10, and 60° (Figures 5 and
6).

The results of this investigation indicate that de-
partures from unity or linearity in the log-log plots for
capillary rise flow at low heights, h, are attributable to a
time lag in the attainment of a zero-contact angle. In
other words, the rate of wetting is slower than the rate
of capillary ascent. A flattening of the meniscus would
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yield contact angles greater than zero and, hence, it
would be necessary to include the cos 9 term in eq 4
which would subsequently lead to the following expres-
sion for the shear stress at the capillary wall

Figure 9. Flow curves of octa-O-propionyl sucrose at 55°
(bottom) and P.S.U. 122 at 10° (top): A, R = 10.67 X 10-~3
cm; O, R = 5.07 X 1CT3cm; O,B = 2.61 X 10“3cm.

Figure 10. (Bottom) Flow curves of polystyrene solutions at
30°, 4 g/100 ml: A, decalin as solvent and A, toluene as solvent.
(Top) Flow curves of P.S.U. 122 at 60°:A,R = 10.67 X 10“3

cm; O, R = 5.07 X 10~3cm; O, ft = 2.61 X 10-3 cm.
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Now it can be seen that for cases in which the capillary
wall was not completely wetted and the contact angle
was greater than zero, cos 6 would be less than unity
and would yield a stress less than that calculated on
the assumption zero contact angle attainment. In
other words, for a given rate of shear the “observed”
shear stress would appear greater than the true shear
stress. As the rise proceeds, the ascent becomes slower
and the contact angle decreases. Consequently, as the
high shear stresses become smaller, the “observed”
shear stress comes closer to the true shear stress.

Even though the log-log plot may be linear with a
slope of unity, our data suggest that the contact angle
may nhot be zero. It demonstrates that the contact
angle is constant. In several cases the log-log plot in-
volving the largest capillary (R = 10.67 X 10~3cm)
gives a linear slope close to unity, yet the corresponding
flow curve yields a viscosity higher than that obtained
by the other two capillaries. Figures 8-10 illustrate this
observation. In the case of octa-O-propionyl sucrose at
55° this increase in the viscosity amounts to about 60%
over that obtained with the other two capillaries.
Assuming a zero-contact angle for the capillary rise
in the two smaller capillaries, the contact angle in
the large capillary can be estimated by equating the
complete expression for shear stress (eq 11) to the shear
stress of the smaller capillaries at a given rate of shear.
When this operation was carried out for the above ex-
ample, a contact angle of 42-47° was obtained over the
stress range of 7-21 dyn cm-2.

For octa-O-propionyl sucrose at 20.0° the viscosity
depicted by the flow curve of the larger capillary is
about 27% greater than that obtained from the data of
the two smaller capillaries, and this amounts to a
calculated contact angle of 31-34° over the stress range
of 24-58 dyn cm-2.

The same treatment can be applied to P.S.U. 122 at
10.0 and 60.0° (Figures 9 and 10). At 10.0° the
deviation in viscosity in the large capillary is 28%, and
corresponds to an estimated contact angle of 36-38°
over the stress range of 20-40 dynes cm-2 At 60.0°
the deviation in viscosity is 18%, whereupon the
contact angle is calculated to be 19-23° over the stress
range of 3-11 dyn cm-2.

Compared to the stress ranges of often several 100%,
these contact angle variations correspond to stress
changes of only a few per cent. Thus, it is easy to see
that a contact angle, different from zero, can stay
constant over an extended range of shear stress. In
this connection, Elliot and Riddiford2L also find advanc-
ing contact angles to be independent of velocity at low
velocity.

Is the assumption of zero contact angle for the smaller
capillaries justified? It should be pointed out that

(21) G. E. P. Elliot and A. C. Riddiford, J. Colloid Interfac. Sri., 23,
389 (1967).
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there are about equal differences between bores of the
three capillaries used. Yet, the differences in the flow
curves for the two smaller capillaries are well within the
experimental error of the measurements. From this it
can be safely concluded that a limit is reached here, at
which the viscosity and the flow curve determinations
become independent of the capillary bore dimensions.
Since the rate of rise becomes smaller with smaller bore,
there is relatively more time for the wetting process to
take place and the contact angle will become smaller
and, for very small capillaries, zero. Obviously, this
limit was reached for the two smallest capillaries.

Rate of rise measurements were conducted on two
polystyrene solutions in order to establish whether the
method would be applicable for determining flow
curves of non-Newtonian, pseudoplastic materials.
Figure 7 depicts the log-log plots for solutions of
polystyrene in toluene and of polystyrene in decalin,
both at a concentration of 4 g/100 ml. The log-log
plot of the toluene solution gives a slope of 1.15 and was,
therefore, typically pseudoplastic. Close inspection of
the flow curves (Figure 10) reveals that the curve bends
toward the rate of shear axis, and the apparent viscos-
ities range from 174 cP at a stress of 0.20 dyn cm-2 to
133 cP at 2.40 dyn cm-2. In contrast, the log-log
plot and flow curve for polystyrene in decalin is New-
tonian and is explainable on the basis that decalin is a
poor solvent; the polymer chains do not unravel and
interact with each other as they would in the case of a
good solvent like toluene.

With solutions like these, as opposed to pure liquids,
another difficulty has to be considered. The surface
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concentration and, hence, the surface tension may
change during the capillary rise because of the constant
wetting of new capillary wall surfaces. Although we
have not done it, this effect could be investigated with
the technique of prewetting the capillary as described
above.

The “pseudo-dilatant” behavior due to the wetting
effect at high shear rates in the early portions of the
capillary rise was disclosed as systematic experimental
error and is not included in the flow curves. However,
most noticeably for octa-O-propionyl sucrose at 20° and
with the smallest capillary, the slope of the log-log plot
becomes less than unity. This departure from unity at
very low shear rates corresponds to true dilatant flow
behavior, the effect of which is revealed in the flow
curve (Figure 8). Since true dilatant flow behavior is
generally associated with dispersed phase systems, it
becomes interesting to speculate about its nature in a
typically homogeneous, chemically pure material, such
as octa-O-propionyl sucrose which is suppercooled at
20°. A recent hypothesis concerning the nature of the
liquid state2223 allows one to calculate the size of
the molecular aggregations. For our higher viscosities,
the diameters a of the aggregations are of the order
of 10” 6cm, at the lower limit of colloidal particle size.
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The Induction Effect in Studies of Solute Diffusion According to the Frit Method

by Michael J. Eitel

In experimental applications of the frit method, polymeric solutes have often exhibited initial diffusion rates
that are anomalously rapid. The possibility has been considered that the nonideal induction effect was caused
by allowing insufficient time during a diffusion-controlled frit-filling procedure, prior to actual diffusion experi-
ments.  If the latter experiments start out with a reasonable diffusion profile as the initial distribution of solute
within the frit, then the features of the observed anomalous induction effect are predictable by computation.
Controlled experimentation with aqueous solutions of sucrose demonstrated that nonideal induction effects are
attainable even with a nearly ideal solute. Experimentally determined diffusion plots for this solute agree
well with computed predictions, and the relation is examined between these data and results obtainable for low

mobility solutes.

Calculations show that the considered type of experimental imperfection does not interfere

with the validity of diffusion coefficient determinations by the frit method.

Introduction

A convenient gravimetric means for determining
diffusion coefficients of dissolved solutes is afforded by
the frit method, in which the rate of change in apparent
weight is determined for a solution-filled frit while
submerged in a thermostated bath of solvent.1'2 The
method requires that the solution density is a linear
function of the solute concentration, and the porous frit
must satisfy a number of requirements in order to per-
form favorably in these experiments; but numerous
experimental investigations have demonstrated that the
method is suitable for determining diffusion coefficients
of both nonpolymeric and polymeric solutes.3 Using
calibration procedures described elsewhere,2a meaning-
ful solute diffusion coefficient is determinable from the
slope of the straight portion of a semilog plot for the
apparent solution weight vs. time. At small times,
prior to the expiration of an induction period, a curved
portion of the diffusion plot is encountered even if the
solute behaves ideally. Many nonpolymeric solutes
have shown the detailed characteristics of nearly ideal
induction effects, but diffusion experiments with high-
polymer solutes have often shown an initial change in
apparent weight that is anomalously rapid.34

In the present investigation, a possible cause of this
nonideal phenomenon is considered in detail. Reasons
are presented below why the effect can be ascribed to an
experimental imperfection, although thermodynamic
nonideality can also make significant contributions.
Finally, a type of imperfection that can account for the
observed phenomena is treated mathematically, and
the results from controlled experimentation are re-
ported.

Preliminary Considerations

In detailed studies of diffusion phenomena, one must
be aware of conditions, which derive from the de-

pendence of diffusion effects on solute activity rather
than concentration. The activity effects can be coped
with if one postulates that some simple functional
relation exists between the diffusion coefficient and the
prevailing local solute concentration.66 In particularly
interesting cases the thermodynamic nonideality has
been found responsible for substantial increases in the
diffusion coefficient at increased polymer concentra-
tion.7 Unfortunately, such concentration effects are
not detectable in experiments considered here, for
computational predictions have shown that observa-
tions of diffusion into a solvent bath can provide only
indications of the diffusion coefficient at near-infinite
dilution.68 If the diffusion coefficient is assumed to
increase linearly with concentration, then computed
results8 actually predict induction effects that are
similar to the described type. This finding may explain
many observed nonideal induction effects, and devia-
tions from ideality should be observable even if frits of
various thicknesses are employed in experimentation.
But in one polymer-solvent system we have detected
such nonideal behavior only in experiments with a thick
frit, while nearly ideal behavior prevailed in a thinner
frit.4 It appears that this phenomenon cannot be
ascribed solely to thermodynamic nonideality.

As an alternative explanation, it is considered here
that the encountered nonideal behavior may be due to
an experimental imperfection that is likely to occur

(1) G. schulze, Z Fs G®N, 89, 168 (1914).
(2) F.T.Wall, P. F. Grieger, and C. W. Childers, J A, GemSx,

74, 3562 (1952).
(3) F. T.Walland C. W. Childers, ibid., 75, 3550 (1953).

(4) H.-W. Ko and M. J. Eitel, MOTTOleoUes, 1, 364 (1968).

(5) J. Crank, “The Mathematics of Diffusion,” Oxford University
Press, London, 1956.

6) F.T.walland R. c. wendt, J F& GEM &2 1581 (1958).
(7) A. Haug and G. Meyerhotf, MO, Q8™ 53, 91 (1962).
(1) H. K. Frensdorff, J POlYN®sci., A2, 353 (1964).

Volume 74, Number 2 January 22, 1970



328

with polymeric solutes. In conformance with such
reasoning, it had been proposed that large induction
effects can result if acoating of polymer solution adhered
to the frit surface at the instant of immersion into the
solvent bath.3 However, it is difficult to accept that a
measurable amount of adhering solute can persist in
contact with well agitated solvent during the whole
length of the induction period (typically up to 60 min).

In an attempt to explain the observed nonideal
behavior, it is considered here that other experimental
shortcomings are encountered primarily in working
with those solutes which diffuse slowly. In the ap-
proach taken here, attention is focused onto the
process that introduces solute into the frit, prior to the
described diffusion experiments. Ordinarily, the frit-
filling procedure relies on diffusion mechanisms in order
to bring about a gradual equalization of solute concen-
trations between a reservoir of solution and a solvent-
filled frit. Since the experimental procedure must get
by with limited soaking times, some nonuniformity in
the concentration profile across the frit must be ac-
cepted as an imperfection. At the end of the described
procedure, higher local concentrations prevail near the
surface of the frit than in its interior, and under a fixed
set of conditions, the difference between the considered
local concentrations is larger for a solute that diffuses
slowly. When subsequent experimentation exposes the
frit to pure solvent, then the excess concentration, from
the surface regions of the frit, becomes depleted rapidly.
For a frit of such a history the rate of solute removal
should exceed the rate that is observable if the same
amount of solute were distributed uniformly. These
arguments enable us to account qualitatively for an
accelerated solute removal from the frit.

Mathematical Treatment of the Consecutive
Diffusion Processes

In a quantitative treatment of the consecutive fill-
ing and depletion steps, the assumption is made that the
frit surfaces are maintained at the bath concentration
COduring the soaking process. Then the concentration
profile at the beginning of the depletion process is
given as

YY ( 1)" 1c—(271-1)2« Doio

C(x) = Co .
tw n=1 2n — 1

X

cos 2n — Dw/L (1)

where a = 42/L2 and L is the thickness of the frit; DOis
the diffusion coefficient at the temperature of the
filling step, and Yis the time of filling. Using a cosine
expansion of unity for the interval (-L/2 < x < L/2),
eq 1 can be cast in the form

e.-(m—l)ZaDim X

C(X)=_7TnE:| 2U — 1 L -

cos (2n — L)w/L  (2)
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In order to adapt this result to the interval 0 < x < 1,

one lets x = (%+ L/2)/L, and it follows that
Aft ® 1 —(2n—1)! « Dolo

Cx) = —°E n ; sin (2» -

rx

@)

This formulation is compatible with a literature result
that applies to the continued diffusion from an arbitrary
interim profile g(£), if like conditions are maintained at
the boundaries of the interval. In terms of the dummy
variable £, the general result9can be written

Cx, o+ t) —

2 sin mxx fo g(£) sin TOIEE  (4)
m=1 !
where D and t are the diffusion coefficient and the dif-
fusion time for the depletion experiment. When this
equation is applied to the initial concentration profile in
eq 3, many integrals make no contribution, since
sin (2n — )7rf sin mirEdf = 0 (mX 2n —1)

Nonzero integrals are obtained only when m = 2n — 1

and hence a single summation suffices to combine eq 4
and 3. After the indicated integration the result is

Cx, U+ t) =
4Cof 1 g_(z"_”zamG—(zn—nmux
T n=1 2n - 1

sin 2n — D7ex  (5)

Further term-by-term integration of this equation over
all values of x is justified, since the summations of eq 5
and 6 converge uniformly for all positive values of t
Finally, the average concentration within the frit is
obtained to be

Oft <>

Cito + t) = i @n- 1)-2X
=1
M g—2n-l)2a Data—2n—1)% [t

This result is surprisingly similar to the corresponding
relation that applies to experiments, which start with
completely filled frits (the only difference being the
nonunity contents of the bracket in eq 6). Despite
these similarities, detailed numerical calculations are
required to demonstrate that amplified induction
effects are described by eq 6.

Computed Results

The evaluation of eq 6 was performed conveniently
by a fortran computer program using trial values of
a DOp and a Dt: a value of 0.1 required about 20

(9) For example, see R. V. Churchill, “Modern Operational Mathe-
mZ&IEiCS in Engineering,” McGraw-Hill, New York, N. Y., 1944, p
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Figure 1.
effects. Curves A, B, C, D, E, and F, were computed for the
values of aDotO: oo, 1.6, 0.8, 0.4, 0.1, and 0.025, respectively

Calculated diffusion plots showing induction

terms, and twice as many terms were needed at a value
of 0.025. In these computations, we insisted that the
ratio (1 — exp[—(2n — 1)2a DQ))/(2n — 1)2 was
decreased by two orders of magnitude, before the
summation was terminated.

In order to describe the induction effect conveniently,
the quantity In[C(i0+ t)/C(tQ] was plotted vs. aDt, as
shown in Figure 1. The induction effect was found to
be confined to a time range that is only weakly affected
by the filling conditions. After expiration of the
induction period, the plots of Figure 1 were found to
attain the theoretical slope of unity. This finding
shows that undistorted diffusion coefficients are de-

CECREE GF FRIT ALLING AT t=0

Figure 2.
induction effect. Abscissa, computed values of CJ0)/Co',
ordinate, intercepts of linear extrapolations of In [C{U + t)/
C(l0)l to t — O (obtained from Figure 1).

The effect of frit-filling on the magnitude of the
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terminable from semilog diffusion plots, after the
induction effect has subsided. Therefore, we conclude
that an incomplete filling procedure does not subtract
from the validity of the diffusion coefficient determina-
tions, but an amplified induction effect can be generated
by the considered experimental imperfection.

Our computer evaluation of eq 6 permitted the
simultaneous determination of the fractional degree of
fillingat t = 0 (given by C(k)/CO0, using eq 6. These
results enabled us to present an alternate graphical
characterization of the induction effect, shown in
Figure 2. In this graph, extrapolations (to t = 0) for
the linear trends of diffusion plots (in Figure 1) were
used as a quantitative measure of the induction effect.
As discussed elsewhere,4 the extrapolation value of
In (8/7%2 isindicated in the ideal case, for a completely
filled fritatt = 0. Figure 2 shows that small deviations
from complete filling matter little, but if the average
initial concentration within the frit is substantially
lower than the saturation value, then greatly amplified
induction effects can be obtained.

Experimental Section

The theoretical predictions were followed up by
experimentation in which the frit-filling and depletion
processes were carried out under controlled conditions.
In this work we employed solutions of a nonpolymeric
solute whose diffusion characteristics in frit experi-
ments had been found to be virtually ideal.4 It was the
aim of the experimental investigation to demonstrate
that even a well-behaved solute can exhibit the features
of a nonideal induction effect, if this is warranted by the
particular procedure that was employed for pretreat-
ment of the frit.

Apparatus and procedure used here were essentially
as described elsewhere.4 The frit used in this in-
vestigation had been designated as Frit Il in a prior
publication.4 The frit-filling procedure was carried out
to a controlled extent using an agitated bath of aqueous
0.125 M sucrose, thermostated at 34°. There is
reason to believe that these solutions were quite stable,
since spot-checks revealed that the solution remained at
a pH of 7.00 + 0.02. After apredetermined frit-filling
time, the frit was transferred quickly to a water bath
thermostated at the same temperature, and determina-
tions of submerged frit weight were then carried out as
previously described.34

Results and Discussion

The experimental results are summarized in Figure 3.
Data are reported for four diffusion runs with different
frit-filling times, as indicated in the caption of Figure 3.
The illustration also shows the results of predictive
calculations based on eq 6. All data shown can be
correlated using a common value of the diffusion
parameter (irD/Li) = 16 X 10-4 sec-1. The ex-
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Figure 3. Open circles, diffusion data for “depletion”

experiments with sucrose at 34°. Curves I, II, Ill, and IV

were obtained after preconditioning the frit in aqueous 0.125 M
sucrose solution for 90, 33, 12, and 5 min, respectively.

Solid circles, computed results, based on eq 6. The
computations employed a single value of Da = 1.6 X 10~4
sec-1 together with values of t, and t pertaining to
experimentation.

perimental data show no significant deviations from the
computed curves.

Compared to some polymeric solutes, which have
exhibited nonideal induction effects, sucrose has a
diffusion coefficient (6.4 X 10-6 cm2sec at 34°) that is
about twenty times as large. In view of this rough
comparison of the D values for the two types of solutes,
it is apparent that the same magnitudes of the product
(aDt) are attained if the time of experimentation with
the polymer is twenty times as long. The diffusion
equations stipulate that the product (aDt) is the
variable (see Figure 1) that measures the progress of the
diffusion process, such as the duration of the induction
effect. In equivalent manner, the quantity (aD0D
describes the extent to which frit-filling was accom-
plished before the depletion experiments were started.
Therefore, we estimate that the frit must be soaked in
the described polymer solution about twenty times as
long in order to attain the same degree of frit-filling as
is attainable with sucrose.

On the basis of this reasoning, one calculates that the
frit becomes filled to the same extent upon pretreatment
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for 90 min with sucrose solution and upon pretreatment
with the chosen polymer solution for a duration of 30
hr. The Ilatter condition approximates the experi-
mental procedure followed in reported experiments,34
and the former type of frit history applies to experi-
ments whose results are summarized in the top curve of
Figure 3. According to eq 6, one predicts that the
depletion experiments should generate data along
diffusion plots of identical shape, provided that the
time scale is adjusted to correspond to comparable
values of (aDt). However, even the top curve of
Figure 3 is exhibiting a pronounced nonideal induction
effect, as revealed by quantitative considerations
described below.

For a frit that is initially filled uniformly with a
solute whose diffusion behavior is ideal, the following
diffusion equation is valid4 at all t values that are not
very small.

loglw] = —0.4343Hai + log[(8/7T2[«o] ] 7

Here wOand w are the contributions of the solute to the
apparent frit weights at t = 0 and at other times t
The equation describes the linear portion of diffusion
plots for log [ir] vs. t. According to eq 7 the intercept of
a graphical extrapolation to zero time is related to log
liddl However, the latter quantity can be determined
independently of eq 7 from a nonlinear extrapolation of
the experimental data, and eq 7 then stipulates that the
distance between the two extrapolation values should
be given by log (8/7t). In the top graph of Figure 3
the two extrapolation values are found to be log 104
and log 140, respectively, and their difference is
calculated to be 0.133, while the absolute value of log
(8/71-9 is 0.0907. The discrepancy between these
numbers shows that considerable nonideality prevails
in experiments with sucrose at a soaking time of 90
min.

As noted above, the nonideal features of these
experimental data should also apply to typical ex-
periments with polymeric solutes. It appears that the
considered type of experimental imperfection is likely
to be encountered when solutes are investigated, whose
rates of diffusion are inherently slow. We conclude
that the proposed mechanism provides a plausible
explanation for some characteristics of previously
reported anomalous induction effects.
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Some Considerations of the Electrolyte Used to Maintain Constant lonic Strength

in Studies on Concentration Stability Constants in Aqueous Solutions.

Application to the Polarographie Evaluation of Thallium (1) Complexes

by A. M. Bond

%@F\&Imﬂmﬂry Unersity of Miloure Paradlle, Mdorias 3082 Audirdia

In studies of metal ion complexes formed in solution, the magnitudes of equilibrium constants existing between
the various species are usually sought. Ideally, these constants are obtained from relationships between activ-
ities of each of the species present under equilibrium conditions. Often, however, the activities are unknown
and concentrations instead of activities must be used. These latter concentration equilibrium constants, as
distinct from activity equilibrium constants, are a function of the ionic strength of the medium and consequently
must be evaluated from sets of measurements all made at the same ionic strength. Most studies to date on
concentration equilibrium constants, such as stability constants of metal ion complexes in aqueous media,
have arbitrarily chosen perchlorate or nitrate media to maintain the ionic strength constant, with the assump-
tion that this added perchlorate or nitrate electrolyte is noncomplexing toward the metal ion being studied.
Furthermore, as a consequence of this attitude, little quantitative information on the actual stability of per-
chlorate or nitrate complexes is available. In this work, consideration is given to errors and effects introduced
into results obtained for concentration stability constants in making the assumption that the added electrolyte
is noncomplexing with special reference toward the commonly used polarographic method for determining
stability constants. Results are then given for stability constants of perchlorate, nitrate, and chloride com-
plexes of thallium(l), obtained by the polarographic method, using fluoride solutions as the noncomplexing
medium, to show that perchlorate and nitrate may not always be the best choice as an inert electrolyte and

that thought at least should always be given to possible alternatives.

Introduction

In solution studies of complex ion species formed
between metal ions and ligands, the magnitudes of
all the equilibrium constants existing between the vari-
ous species in solution are usually sought. The equilib-
rium constants arise from equilibria involving forma-
tion of complexes of the type ML, (x~"y+ from in-
teraction of metal ion species M x+ with ligand Ly _.

For simplicity, the equilibria present in solution
can be represented by a general equation of the type

M
Mx+ + nLy-

MLnXx~"y+ (D)
In this equation, fin is the equilibrium constant,
usually referred to as the “stability constant,” and n
represents the number of ligands of Ly~ attached to
the central metal ion Mx+ to give the metal ion com-
plex MLn (X ?y)+.

fin, the stability constant, is mathematically re-
lated to the activities of each of the species represented
in eq 1 by an expression

(activity MLn(x~ny,+)

n = — - (2
(activity Mx+) (activity Ly~)e

In terms of concentrations of the various species [ ]

and activity coefficients 7, this expression in eq 2
becomes

(TMLA(x-ny)+ [M Lw (x~ny)+])

(32)
(TMx+[Mx+])(TLy-[Ly-])n
or by rearrangement
TML(X~1y)+ ML
(MLee))  [MLnGcy>] o

Bn ~ (7Mx+)(7Ly-)"™* [Mx+][L-r

It can be seen therefore that fin can be measured if
either the activities are known or alternatively both
activity coefficients and concentrations are known.
Many analytical or instrumental techniques used to
measure stability constants, however, measure or in-
dicate concentration only. Furthermore, the activity
coefficients are generally not known nor can they be
calculated easily and reliably except at low ionic
strengths, so that in many cases and especially at
high ionic strength, the stability constant fin cannot,
strictly speaking, be evaluated. However, a related
quantity, which may be designated fin', can be evalu-
ated using concentrations instead of activities and
neglecting activity coefficients. This quantity fin'
appears frequently in the literature, although it is
quite often mistakenly referred to as a fin value.

The relationship between /3n and fin' and the pro-
cedure of neglecting activity coefficients and using
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concentrations instead of activities can be seen as
follows.

Rearrangement of eq 3b leads to

fin (OMOLAL ([MLnoc"y>])
I (YMK*ryH) J ~ | [Mx+][Ly-] /7 _
Since the activity coefficients are a function of

ionic strength I, then it follows that fin' is related
to finby a function of ionic strength, F(1), i.e.

(4)

fin' = F{Dfin (5)

Equation 5 implies that fin' values should be quoted
at the particular ionic strength at which they were
measured to be of any thermodynamic significance. In
the special case where the ionic strength is low and
approaches zero, fin and fin' will be equal, as with
these conditions activity coefficients approach unity
and concentration equals activity. Under other condi-
tions, which are usually the case in practical measure-
ments, fin and fin' values are quite different in mag-
nitude, and calculated fin' values to be of any signifi-
cance need to be reported with the ionic strength
at which they were measured.

In many of the common techniques for measuring
stability constants, for instance electroanalytical
methods such as potentiometry and polarography, the
ligand concentration Ly_ is varied over quite a wide
concentration range while the analytical metal ion
concentration is maintained at a considerably lower
value relative to the ligand concentration. Graphical
plots, statistical methods or other numerical methods
of calculation, of functions of potential, current or
some other variable, vs. concentration of ligand, allows
fin' to be evaluated.

The ionic strength for evaluation of fin' can be
maintained constant for all ligand concentrations by
always adding sufficient calculated, additional elec-
trolyte to bring the ionic strength up to a particular
value after allowing for contribution by the species
M*+, Ly , ML(x y)+ etc.,, already present in solution.
In this manner fin' can be calculated at a particular
ionic strength |I. Obviously the nature and type of
electrolyte added to maintain the ionic strength con-
stant will be critical in calculation of fin' values and
care needs to be made in choosing the particular elec-
trolyte to be used.

For instance, if an equilibrium cf the type Mx+ +
nLy~ MLnbcMy)+ is being studied, an important
requisite of the added electrolyte AB is that it should
be noncomplexing towards M x+.

In most work A is chosen to be Li+, Na+, or K+
and B is either CIO4- or NO3-, but unfortunately
most often without thought as to whether the choice
is the best possible. It should always be remembered
that it is possible that in some complex ion systems,
weaker complexes than perchlorate, and certainly ni-
trate, can exist. If they do, then more reliable answers
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can be obtained for fin' values as compared with those
obtained by using perchlorate or nitrate. Often, of
course, these two will be the best available ‘'noncom-
plexing” media, but at least thought should be given
to alternatives. As an example of this, the possibility
of using fluoride electrolytes to maintain constant
ionic strength in studies on thallium(l) complexes was
investigated and results are reported using the polaro-
graphic method. Consideration is also given to the
effect of the contribution of AB to the value obtained
for fin' in the polarographic method.

Experimental Section

All chemicals used were of reagent grade purity. All
measurements were made at (30 + 0.1)°. Oxygen-
free nitrogen was used to deaerate the solutions. The
concentration of thallium(l) used was approximately
2 X 10 4 M, the ligand concentrations and concentra-
tions of added fluoride electrolytes added to maintain
constant ionic strength are shown in Tables 1-V.

All measurements were made on solutions of pH
5.5-6.5. In this pH range it was assumed that both
complex formation of fluoride ion by hydrogen ion
and thallium(l) by hydroxide ion are negligible.

Polarograms were obtained using the Metrohm
Polarecord E.261. Ac polarography was carried
out using the Metrohm Ac Modulator E.393 with
an ac voltage of 10 mV, rms at 50 cps. To minimize
cell impedance, the modulating ac voltage was applied
through an auxiliary tungsten electrode. Rapid polaro-
graphic techniques and controlled drop times for the
dropping mercury electrode (dme) of 0.16 sec were
achieved with a Metrohm Polarographie Stand E.354.
The dme had a capillary constant rn/axt = 1.93
(in distilled water at zero applied potential vs. Ag-AgCl
electrode) for drop time t = 4.4 sec.

Reversibility of the electrode reaction T1+ + e T1
(amalgam) was verified for each solution as follows, (i)
ac polarograms were completely symmetrical and
the ac half band-width was (96 * 2) mV for all
drop times between 0.16 and 4.4 sec. (ii) Plots of Eck
vs. log (i)/(id — i) were linear with slope (60 £ 1) mV
for all drop times between 0.16 and 4.4 sec. (iii)
Half-wave potentials (Ei/9 from ac polarography and
summit potentials (Es) from ac polarography coincided,
(iv) EY, and Esvalues were independent of drop time
over the range 0.16 to 4.4 sec.

ORION Fluoride Activity Electrode, Model 94-09
was used to measure the concentration or activity
of free fluoride ion present in thaliium(l) and other
solutions.

Results and Discussions
(@) Complexes of Thallium(l). Examination of
tablesl gives the stability constants (fii or fit values)

(1) “Stability Constants of Metal-lon Complexes,” Special Publica-
tion No. 17, The Chemical Society, London, 1964.
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of some typical thallium(l) complexes. It can be seen
that in general they are extremely weak as most values
lie in the range 1-20. Furthermore, most values have
been obtained using perchlorate media to maintain
constant ionic strength. However, ft for the per-
chlorate complex of thallium(l) has been measured as
1.0.2 In addition, in some of the methods of measure-
ment used, the concentration of perchlorate used to
maintain the ionic strength constant is considerably
greater than the ligand concentration and results ob-
tained by allowing for perchlorate complexing could be
quite different from those in which perchlorate com-
plexing is neglected. Obviously the use of nitrate for
which ft = 2.153 would even be more unsatisfactory
than perchlorate for use as a medium to maintain con-
stant ionic strength if effects of nitrate complexing are to
be neglected.

Solubility measurements4 have shown that the
fluoride complex of thallium(l), like perchlorate, is
also very weak, with a value of ft = 1.2 being ob-
tained. On the other hand, potentiometric studies
maintaining an ionic strength of 1.0 with NaClO/
indicated no evidence of any fluoride complex forma-
tion, and analysis of results suggested in fact that
the fluoride complexes may be weaker than the per-
chlorate complexes. Thus, as the results for ft for
the fluoride and perchlorate complexes were obtained
by different methods and under different conditions,
then after taking into account the experimental errors
and the evidence from potentiometry, it is quite con-
ceivable that the fluoride complex of thallium(l) is
in fact weaker than that of the perchlorate complex.

In view of the uncertainty as to whether the fluoride
or perchlorate complex of thallium(l) is weaker, an
investigation was therefore carried out to test the
relative complexing effects of fluoride and perchlorate
toward thallium(l) and to evaluate results for other
complexes of thallium(l) when fluoride media are used
to maintain constant ionic strength. The technique
used for these measurements was that of polarography,
since the electrode reaction T1 + e T1 (amalgam)
is reversible,6 and the interpretation of results is rel-
atively simple.

() The Polarographic Method for Evaluation of Con-
centration Stability Constants. Since the electrode re-
action for thallium(l) at the dme was shown to be
reversible in this work, the polarographic equation
derived by DeFord and Hume7 can be used to cal-
culate the nature and magnitude of thallium® com-
plexes formed in solution. The DeFord-Hume equa-
tion can be expressed as

nkF
FO(X) = X) jin'Cif = antilog 50.434 RT X
n

W/ot - (F.a)d+ logH } (6)
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where the symbol FQ(X) is introduced for convenience
to represent the experimentally measurable quantity
on the right-hand sice of the equation, ' is the
concentration stability constant of the nth complex, C1
is the concentration of the complex forming substance
and the subscripts f and c refer to the free ion and
complexed ion, respectively. Other symbols are those
conventionally used in polarography.

The function Fi(X) = (FQX) - ft')/CL is now
introduced by DeFord and Hume, where ft' is the
stability constant of the zero complex and is of course,
unity. If Fi(X) is plotted against ci, and is extrap-
olated to C1 = 0, then the value of /"i(X) at the
intercept equals ft'. Likewise, the value ft' is given
by the value FX) at the intercept when the function
FZAX) = (Fi(X) — ft')sc 1 is plotted against ci1 and
is extrapolated to C1 = 0. The formation constants
of higher complexes (if present) may be determined
similarly.

As a consequence of the nature of the Fn(X) func-
tions, a plot of Fn(X) vs. c1 for the last complex will
be a straight line parallel to the concentration axis,
and this allows the determination of the number of
complexes.

(c) The Effect of the Noncomplexing Electrolyte on
the Polarographic Method for Evaluation of Stability
Constants. Experimentally, the values (Ei/f)t and
(id)f are evaluated from the polarogram obtained in
the absence of complexing ligand (i.e. when the
ionic strength is maintained at | solely by added non-
complexing electrolyte). (Ei/,)c and (id)a are evalu-
ated from polarograms obtained when the concentra-
tion of ligand is CL and ionic strength | is maintained
by added noncomplexing electrolyte. For instance,
if 1:1 electrolytes are used, then concentration of
added “noncomplexing” electrolyte will be (/ — cr).

If, however, complexing of the socalled “noncom-
plexing” electrolyte is considered, then the values
(Ei/,)t and (id)t used can be shown to be in error
slightly and the true values of these quantities (Ei/,)t
and (id)t will be related to the experimentally mea-
sured values (E,Ai and (id)tby an equation

. % nkF
X) Pj'C,1 = antilog j0.434 — [(#./,)t -

(FIAf] + log 1 ™) (V)

where j = jth the complex of noncomplexing ligand,

(2) R. A. Robinson and C. W. Davies, J. Chem. 81:, 574 (1937).
(3) V. S. K. Nair and G. H. Nancollas, ibid., 318 (1957).
(4) R. P.Belland J. H. B. George, Trans. Faraday 3K, 49, 619 (1953).
(5) R. O. Nilsson, Arkiv Kemi, 10, 363 (1957).
l.

(6) M. Kolthoff and J. J. Lingane, “Polarography,” Vol. I, 2nd
ed, Interscience, New York, N. Y., 1952, pp 520-521.

(7) D. D. DeFord and D. N, Hume, J. Amer. Chem. 8[;, 73, 5321
(1951).
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Cz is the concentration of added “noneomplexing”
electrolyte, and fij' is the stability complex of the “non-
complexing” ligand. Similarly, when mixtures of
complexing ligand and noneomplexing electrolyte are
present, measured values of (E/,)c and (id)0 are
slightly in error and values actually being measured
will be (Ei/Jd+® and (id)(@+2; where subscript
(cl + c¢2) represents a contribution of complexing
from ligand Ly~ at concentration C1 and “noncom-
plexing electrolyte at concentration Cz

If the usual case is considered in which the com-
plexing strength of ligand is very much greater than
that of the “noneomplexing” electrolyte, then it can
be simply shown that calculated values of FO(X) will
essentially be correct as the measured quantity [®i/3f —
(EiA) (@G@] will be almost the same in magnitude
as the correct difference which should be used [(2®@®
~ a)c and relative errors will be small. The
term log (id)t/(id)c is normally very small as (id)f
and (id)c for a constant concentration of thallium
are usually approximately equal and as the term makes
little contribution to FQ(X), it is often neglected
(e.g., ref 8) so that any effects cn this term due to
the “noneomplexing” electrolyte need not be considered
in consideration on FQ(X) values.

In the case in which the complexing strength of
the ligand is not much greater than that of the “non-
complexing” electrolyte, i.e., (AT,f and (E,Ac are
similar, then experimentally measured differences be-
tween [(Ail)£ — (Ei/9(ci+®)] and the correct value for
this term [®iA)t — (EiAc] will be quite important
and large relative errors in calculated values of FO(X)
will be introduced.

If the extreme case is now considered in which
the overall stability of the complex whose value is
being measured is less than the overall stability of
the “non-complexing” electrolyte then the apparent,
experimentally measured values of [(Ei/f)it — (27i/,)c],
could be negative which would give an undefinable
value of FO(X). What needs to be done in this case
to calculate a sensible value of FQO(X) is to reverse
the definition of the complexing and “noneomplexing”
ligand.

For thallium(l) complexes, /31 values generally
fall in the category of weak to very weak complexes,
and even the perchlorate complex is not very much
weaker than most other complexes. Many polaro-
graphic studies of thallium(l) and other metal-ion
complexes have been carried om using sodium or
lithium perchlorate as the “noneomplexing” elec-
trolyte to maintain the ionic strength constant; how-
ever, consideration to contributions of perchlorate to
the /31 value obtained, which could be extremely
significant have normally been neglected. As the
activity coefficients of the perchlorate system are
generally unknown,9 it is difficult to make any quan-
titative corrections to allow for perchlorate complexing,
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but alternative media to perchlorate which could be
less complexing than perchlorate could be sought.

In the case of thallium(l), as previously mentioned,
the nitrate complex is stronger than the perchlorate
complex so this rules out the use of nitrate; however,
the fluoride complex could well be weaker, so that
an improved “noneomplexing medium” to perchlorate
in which to evaluate thallium(l) complexes may be
fluoride. To test whether in fact fluoride is a weaker
complex than perchlorate, EI2 values for the thal-
lium® electrode reaction can be measured in various
mixtures of perchlorate and fluoride while the ionic
strength is maintained at I. Furthermore, fin' values
for other complexes of thallium®, such as nitrate
and chloride, can be calculated atvarying ionic strengths
maintained by fluoride. Results from these studies
can be compared with those obtained in the literature
in which perchlorate has been used to maintain con-
stant ionic strength.

(d) Use of ac and Rapid Polarographic Measure-

ments for Thallium(l) Complexes. For thallium®
complexes, which are extremely weak, the shift in
half-wave potential [(Fy® — (Ei/9€] due to complex
formation is extremely small. Hence relative errors
in calculating FQ(X) values for weak complexes are
very large.0 Thus, ac polarographic measurements,
in which the summit potential (Es) is used instead of
half-wave potential (Ei/, and the wave height (id~)
is used instead of diffusion current (id) were used
in place of conventional methods. Results from previous
workDshowed that the reproducibility of the ac method
was higher than the dc method, so that more reliable
values of FQ(X) and hence fin' could be obtained
because ac polarographic measurements improve the
precision of measurement of shifts in half-wave poten-
tial. ©

Ac measurements have also been used previously
in studies of complex ions ;11-15 further advantages of the
method over dc measurements are reported in these
studies.

The only requisite for use of ac measurements
is that the electrode reactions should be reversible.
The appearance of an ac wave is not a sufficient cri-
terion for reversibility as was reported quite fre-
quently in the early ac literature, as it has also now
been shown to be possible to get ac waves for quasi-

(8) J. Heyrovsky and J. Kuta, “Principles of Polarography,”
Academic Press, New York, N. Y., 1966, pp 147-154.

(9) J. E. Prue and A. J. Read, J. Chem. Soc., A1812 (1966).
(10) A. M. Bond, J. Electroanal. Chem., 20, 223 (1969),

(11) S. L. Gupta and M. K. Chatterjee, J. Electroanal Chem., 8, 245
(1964).

(12) S. L. Gupta, J. N. Jaitly, and R. N. Soni, J. Indian Chem. Soc.,
42, 384 (1965).

(13) S. L. Gupta and M. K. Chatterjee, Indian J. Chem., 4, 22 (1966).
(14) S. L. Gupta and M. K. Chatterjee, Rev. Polarog., 14,198 (1967).
(15) A. M. Bond, J. Electroanal. Chem., 23, 277 (1969).
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reversiblel6and irreversiblel7 electrode reactions. The
earlier reported advantage made by some workers
that it is unnecessary to analyze the ac polarograms
for reversibility in studies on complex ionsll is
thus, unfortunately, incorrect, as has been pointed
out in a recent review article by Hume.18 However,
for the thallium(l) electrode reaction, ac as well as
dc reversibility has been established by several criteria,
as mentioned in the experimental section, and ac
measurements will be valid.

When ac polarographic measurements are used, eq 6
can be solved as

FOX) = £ fin'CE1= antilog jo.434 ~ [(E3{ -
n \ til

Experimentally, it has been found that for a con-
stant concentration of thallium(l) (id—){ is approxi-
mately equal to (fd~)Q so that the above expression
can be simplified by neglect of the term log (id~){/
(id~)o to give eq 9, which was used subsequently in
some calculations.

Fo(X) = £ finCjT =
. TIF
antilog 0.434 — [(E®t - (£.).] (9)

Rapid polarographpic ac and dc techniques, using
short controlled drop times of 0.16 sec and fast scan
rates of potential of 0.5 V/'min, were also used in this
work. This allowed a considerable time saving in
recording of polarograms, compared with the conven-
tional polarographic technique using longer drop time
and slower scan rates. Furthermore, maxima which
were found to be present with conventional dc polarog-
raphy for the thallium(l) chloride complex system
were not observed under conditions of rapid polarog-
raphy. The uses and advantages of rapid polarog-
raphic techniques in studies of complex ions have
been investigated recently, and as the thallium(l)
electrode reaction was found to be reversible under
rapid polarographic conditions, as well as with con-
ventional polarographic conditions, thallium(l) com-

Table I : Analysis of F,(X) Functions for
Thallium(l)-Perchlorate System. 7 = 1.0, ft' = 0.32 + 0.04

—Es vs. id~
[NacloU [NaF] Ag/AgCl, V mA F..(X) Fi(X)
0.00 1.00 0.4220 0.238 1.00
0.20 0.80 0.4239 0.239 1.071 0.36
0.40 0.60 0.4252 0.242 1.112 0.28
0.60 0.40 0.4274 0.246 1.190 0.32
1.00 0.00 0.4298 0.249 1.289 0.29
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plexes were conveniently and easily evaluated from
measurements using the rapid technique.

() The Thallium(l)-Fluoride-Perchlorate System.
Table 1 shows the values of Es and id~ obtained
for various mixtures cf NaF-NaCICh at an ionic
strength of 1.0. These results indicate that the fluo-
ride complex of thalliun(l) is in fact weaker than
the perchlorate complex (i.e., fin' perchlorate < fin'
fluoride at ionic strength 1.0). However, the shift
in Esin going from an ionic environment of completely
fluoride medium to completely prechlorate medium
isonly 8 mV. This rather small change for a complete
change in ionic environment could well be due to factors
other than complex formation. For instance, junction
potentials and activity coefficients, which are assumed
to be constant for all measurements, could alter slightly
with change in ionic environment.919 Unfortunately,
the limit of solubility of NaF prevents concentrations
greater than 1 M in sodium fluoride being used to
determine if larger shifts in Es occur at higher fluoride
concentrations. Mixtures of KF-KCKR, LiF-LiCKR,
and NH4F-NH4Cl04, wnich could possibly have been
used as alternatives to XaF-NaCKXi mixtures to pro-
vide higher fluoride concentrations, were not usable
because of insolubility of KCIO4, LiF, and NH4CIOA4.

Ideally, to confirm whether the fluoride complex
is weaker than the perchlorate complex, it would have
been desirable to concuct an experiment in which
Esin say 4 M fluoride could have been compared to Esin
3 M fluoride-1 M perchlorate, and 2 M fluoride-2 M
perchlorate. In such an experiment, high concentra-
tions of perchlorate could have been added without
altering the ionic environment as drastically as in
going from 1 M fluoride-0 M perchlorate to 0 M
fluoride-1 M perchlorate. In view of solubility prob-
lems, this was not possible and the best mixture
that could be obtained was a comparison of Esin 4 M
NaCICh and Es in 3 M NaCKR-l M NaF. At
the ionic strength of 4.1, however, fin' values of both
species would be so small that changes in E3 due to
complex formation would only be expected to be of
the order of experimental error of measurement of
Es, so that results are net particularly meaningful. Re-
sults of this experiment, which showed a difference
in Es of 3 mV, were, however, at least again con-
sistent with fluoride complexes being weaker than
perchlorate at an ionic strength of 4.0.

The polarographic results, therefore, in agreement
with the potentiometric results of Nilsson,6 suggest
that fluoride forms less stable complexes than per-
chlorate at ionic strengths greater than 1, although

(16) D. E. Smith, in “Electroanalytical Chemistry,” Vol. I, A. J.
Bard, Ed., Marcel Dekker, Inc., 1966, Chapter I.

(17) D. E. Smith and T. G. McCord,

@8) p. N. Hume, AE. QBN 38, 261R (1966).

(19) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
2nd ed, Butterworth and Co., Ltd., London, 1969, Chapter 15.

). 40, 474 (1968).
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this point has still to be proved conclusively. The
polarographic results, however, do certainly indicate
that fluoride formed complexes must be weaker than can
be detected polarographically. If an