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Physical Chemistry of Lipid Films at the Air-Water Interface.

I. Intermolecular Energies in Single-Component Lipid Films

by N. L. Gershfeld* and R. E. Paganol
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The thermodynamic properties of the film compression process were evaluated for a series of liquid-condensed

and liquid-expanded films between the condensed area, Ac, and 105 AZmolecule.
areas, it was demonstrated that the films approached ideal gas behavior.

At the highly expanded
From a theoretical analysis, the

hydrocarbon and polar group contributions to the "film compression energies were separated and evaluated.
It was shown that for the liquid-condensed and liquid-expanded monolayers, the hydrocarbon region is ener-

getically similar to bulk hydrocarbon liquids.

nificant.

The energetic contributions from the polar region are sig-

Entropies of compression of the polar groups, ASp, evaluated for the process of compressing a

lipid film from the “ideal gas” to a condensed state, suggest that characteristic changes in water structure
are likely to occur in the formation of each condensed monolayer state.

Introduction

It is generally assumed that lipid films on water
exist in physical states with internal pressures com-
parable to those for bulk states.2 The basic correct-
ness of this assumption is attested by the occurrence
of phase transitions in lipid films,3the similarity of the
free energy of activation of flow in surfaces with that
in bulk flow,4and the fact that the heats of evaporation
of aliphatic alcohols from monolayers on water are
of the same order of magnitude as the heats of evapora-
tion from the bulk liquid alcohol.5 However, a quan-
titative evaluation of the intermolecular energies in
condensed lipid films has not been obtained. In this
paper we present measurements of these energies for
liquid-condensed and liquid-expanded lipid films.

Evaluation of the internal energy of the lipid films
has been hampered by two basic problems. First,
it was essential to develop a method for measuring the
very low surface pressure w in the region where the
monolayer behaves as an “ideal gas” 67 a film balance

for this purpose is described elsewhere.89 Secondly,
a method for treating the contribution of the aqueous
phase to the film properties must be established before
a complete thermodynamic model of the lipid film can
be developed.

(1) Staff associate, National Institutes of Health, 1968-1970.

(2) (@ H. Devaux, Smithsonian Inst. Annu. Rept., 261 (1913);
(b) N. K. Adam, "The Physics and Chemistry of Surfaces,” 3rd
ed, Oxford University Press, London, 1941.

(3) N. K. Adam and G. Jessop, Proc. Roy. Soc., Ser. A, 110, 423
(1926).

(4) W. J. Moore and H. Eyring, J. Chem. Phys., 6, 391 (1938);
S. Glasstone, K. J. Laidler, and H. Eyring, "Theory of Rate Proces-
ses,” 1st ed, McGraw-Hill, New York, N. Y., 1941, p 510.

(5) J. H. Brooks and A. E. Alexander, Ini. Conor. Surface Activity,
3rd, 2, 196 (1960).

(6) N. L. Gershfeld in “Techniques of Surface and Colloid Chemis-
try and Physics ” Vol. 1, R. J. Good, R. R. Stromberg, and R. L.
Patrick, Ed., Marcel Dekker, New York, N. Y., pp 1-39, 1972.

(7) N. L. Gershfeld, J. Colloid Interface Sci., 32, 167 (1970).

(8) N. L. Gershfeld, R. E. Pagano, W. S. Friauff, and J. Fuhrer,
Rev. Sci. Instrum., 41, 1356 (1970).

(9) R. E. Pagano and N. L. Gershfeld, J. Colloid Interface Set., in
press.
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gas(pP = nRT)
3) evaporation
(1) adsorption (3)evap
1 surface
surface (irA = nRT)----(2) film compression —"® (condensed
monolayer)
Figure 1. Cyclical process for evaluation of

intermolecular energies in monomolecular films on
water (see text for discussion).

In principle this last problem can be solved rigorously
by the method illustrated in Figure 1. Step 1 is the
process of adsorption of lipid molecules from the bulk
standard gaseous state to the surface ideal gas state—
where there are no lipid-lipid interactions. Defined
in this way, the adsorption process involves hydra-
tion and possible changes in molecular configuration
of the absorbed lipids. Step 2 is film compression—
the transformation of the monolayer from the “ ideal gas”
to a condensed film—and involves changes in lipid-lipid
interactions as well as possible changes in film hydra-
tion. Step 3 is surface evaporation—the transfer of
lipid molecules from a condensed surface state to the
bulk standard gas state. The energy of the surface
evaporation process will contain contributions from
all intermolecular energies in the condensed monolayer.
With some exceptions,5 most of the higher molecular
weight lipids have vapor pressures which are too low at
room temperature to be measured; thus the process of
adsorption and surface evaporation will be extremely
difficult to measure by present techniques. This seri-
ously limits the ability to measure the contribution of
water to the internal energy of the film.

To avoid the difficulty of measuring the water con-
tribution by the vaporization process, we will assume,
with Langmuir,0that the aliphatic region of the mono-
layer may be treated as a separate entity with bulk
liquid properties. The energy of this lipid layer will
be evaluated, by methods discussed later, and then
by difference the energy of the polar region will be
obtained. In support of this approach, it has been
demonstrated from the data of Adam and Jessop3
that the hydrocarbon and polar group contributions
to the Helmholtz free energy of compression AF,
are indeed separable and additive.7 To evaluate the
contributions of the hydrocarbon and polar moieties,
we compare AFc with AF(Qideal gas), i.e., the work of
compressing the hypothetical ideal gas film (wA =
kT) under identical conditions. Thus we may write

AFc — AFQideal gas) = AFgp + AFGh 1)

where superscripts p and h refer to the polar group and
hydrocarbon contributions to film compression. It
follows that similar relations may be written for the
heats AHOand entropies A800f compression.
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To extract the hydrocarbon contributions from the
total energy, it is important to consider the correct
functional dependence of AFch AH,"\ and AFch on n,
the number of -CH 2 groups in the hydrocarbon chain.
For AFQ it has been shown7 that liquid-condensed and
liguid-expanded films obey the relation

AFch = nf @)

where / is the average contribution per -CH2 to
AFh; / is a function of the physical state of the lipid
film.

To evaluate AHch it is useful to refer to the cyclic
processes in Figure 1, where it is seen that AHch =
AHVh — A radsh, Where aH vh and awaash are the
heats of evaporation and adsorption for the hydro-
carbon moiety. We shall examine each of these pro-
cesses separately. Hugginsllhas shown that the heats
of vaporization AHvh of a homologous series of normal
liquid hydrocarbons in bulk obey the relation

AHVh = fogn\ 3)

where foigpis a constant and n is the length of the hydro-
carbon chain. The physical basis for this dependence
is that the gas molecules form spheres with an internal
energy similar to that for the liquid, but with an added
hydrocarbon-air interfacial energy which is propor-
tional to the surface area of the sphere; the latter
increases as n /, with increasing n. Moreover, using
experimental results of heats of vaporization of hydro-
carbon liquids,1213 Huggins confirmed this relation.1l
We assume that a relation similar in form to eq 3 is
applicable to the vaporization of the hydrocarbon
moiety in condensed monolayers.

In the adsorption process (step 1, Figure 1), if the
hydrocarbon chain configuration is unchanged ({i.e.,
spherical), the heat content in the adsorbed state will
be a function of the hydrocarhon-wator interfacial
energy and hence will depend on the surface area of
the hydrocarbon molecule in the surface. This area
and the heat will also vary as n /l. Thus, one would
expect from this model of adsorption that AHadh will
also depend on n f\ Indeed, from the data of Jones
and Ottewill, Ureproduced in Table I, the relation

Affadsh = tad.»'7* (4)

is obeyed, as indicated by the constancy (within a
few per cent) of fradSshown in Table I. Although the
adsorption data are limited to only the C5through Cs
hydrocarbons, where nonspherical configurations may
be anticipated, it has been reported that heptane and

(10) 1. Langmuir, J. Chem. Phys., 1, 756 (1933); |I.
Proc. Roy. Soc., Ser. A, 170, 1 (1939).

(11) H. L. Huggins, J. Phys. Chem, 43, 1083 (1939).

(12) B. H. Sage, W. N. Lacey, and J. G. Schaafsma, Ind. Eng.
Chem., 27, 48 (1935).

(13) J. W. Schultz, ibid., 21, 557 (1929).

(14) D. C. Jones and R. H. Ottewill, J. Chem. Soc., 4076 (1955).

Langmuir,



Physical Chemistry of Lipid Films

Table 1 : Dependence of AHads for Normal Aliphatic
Hydrocarbons on the Length of the Hydrocarbon Chain, Na

AHads5, fcads —
Compound cal/mol
n-Pentane -5146 -1760
n-Hexane -5995 -1816
n-Heptane -6585 -1800
n-Octane -7324 -1831

° Data are from ref 14.

octane approximate a spherical configuration in the
vapor as determined by gas viscosity studies.b

From the cyclic process in Figure 1, since both
AHvh and A//adsh are functions of n A it follows that
AHd will be described by the relation

Affch = Knh (5)

where fcis a constant characteristic of the compression
process. To evaluate kg, it is only necessary to measure
AHa for two normal aliphatic compounds, 1 and 2,
which possess identical polar groups and are in the

same surface physical state. Thus
Affew - AHa2>
n/lJ—nfA ©)

Given AH® and AF-(h one can calculate ASch from
the second law. It follows that the analogous param-
eters for the polar group contributions may be deter-
mined from the experimental AFc, AHc, and ASCusing
eq L

Materials and Methods

The following materials, listed with common names,
were obtained from Applied Science Laboratories and
used without further purification: cfs-9-hexadecen-I-ol
(palmitoleyl alcohol), cfs-9-octadecen-l-ol (oleyl alco-
hol), as-9-hexadecenoie acid (palmitoleic acid), cis-
9-octadecenoic acid (oleic acid), 1-octadecanol (stearyl
alcohol), n-hexadecanoic acid (palmitic acid), n-
octadecanoic acid (stearic acid), octadecanoic acid
methyl ester (methyl stearate), and cholesterol.
Octadecylacetamide was prepared from octadecylamine
by treatment with acetic anhydride followed by recrys-
tallization from ether (mp 78.5°). All solutions were
prepared in petroleum ether except for octadecyl-
acetamide. For the latter, a 4/1 mixture of petroleum
ether (bp 30-60°) and benzene was used as the spread-
ing solvent. Solvents were passed over an activated
silica gel column prior to use.

The film balance used in these studies employed a
horizontal float system with end loops made of lightly
paraffined nylon thread (diameter 20 n); the sensitivity
of the system is +0.001 dyn/cm in the range 0-0.10
dyn/cm. A more complete description of the float9
and surface pressure sensing unit8 is presented else-

1233

where. Temperatures were regulated +0.1° by cir-
culating water through the base of the trough. Iso-
therms were determined point by point.

Calculations. (A) Thermodynamics of Film Com-
pression. The Helmholtz free energy of compression
AFO0 is evaluated directly from the experimental
7r-A isotherms. AFarepresents the work required to
compress the film from an ideal gas, where no inter-
molecular contacts occur, to some condensed state
where the intermolecular contacts result in repulsive
and cohesive energies characteristic of that state.7
The free energy of compression is calculated according
to the expression

To illustrate the graphical integration of eq 7 and to
define terms which are used throughout this series of
papers, we present in Figure 2 a generalized ir-A
curve for a single-component insoluble lipid mono-
layer on water. We will consider three regions of the
isotherm, (i) At areas less than Ac, the monolayer
exists as a single homogenous condensed phase. For
monolayers containing normal aliphatic chains, Ac
is typically ~20, ~25, or ~40-50 AZ2molecule, de-
pending on whether the monolayer forms a solid film,
a liquid-condensed film, or a liquid-expanded film,
respectively; these terms refer to the physical state
of the monolayer and are discussed at length by Har-
kins.18 (ii) At areas greater than Av, typically 1,000-
5.000 AZmoIecuIe, the film behaves as a nonideal
two-dimensional gas, eventually approaching ideal
gas behavior as the surface area of the film is increased.
This area, denoted A, in Figure 2, is of the order of
50.000 A2molecule. It has been shown on theoret-
ical grounds that the irA product in this ideal gas
region should be equal to kT,3where k is the Boltzmann
constant and T the absolute temperature, (iii) Be-
tween Ac and Av, the surface pressure is independent
of the molecular area. It has been demonstrated
that in this region there exist two discrete surface
phases in equilibrium, a condensed film and its two-
dimensional vapor;I7 thus 7v is called the surface
vapor pressure. The value of AFc which we wish to
determine is given by the shaded area in Figure 2.

For the studies reported in this paper, AFc was eval-
uated by dividing the integral in eq 7 into two parts

The first integral was evaluated directly from the ex-

(15) R. Melaven and E. Mack, Jr., J. Amer. Chem. Soc., 54, 888
(1932).

(16) W. D. Harkins, “The Physical Chemistry of Surface Films,”
Reinhold, New York, N. Y., 1952, p 131.

(17) N. K. Adam and J. B. Harding, Proc. Roy. Soc., Ser. A, 138,
419 (1932).
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Figure 2. Schematic representation of ir-A isotherm

in the transition region between a condensed state,

area AG and a gas, area AV. The surface vapor

pressure irv, is given by the value of the horizontal

line in the diagram. The magnitude of the shaded

area is AF, (see text) (reproduced from J. Colloid Interface

Sci., 32, 167 (1970), by permission).

perimental x-A isotherms from A = 10,000 A2Zmole-
cule to area Ac. Values of Ac were taken as 50 A2
molecule for liquid-expanded films and 25 A2molecule
for the liquid-condensed monolayers. To evaluate
the second integral, a relation (eq 9) in the form of the
two-dimensional van der Waals equation of state was
first fitted to the experimental data between 6000 and

10,000 A2molecule.
ton- A= 0

Ao and as are constants. Successive values of AO
were selected by trial and error and a new value of
as calculated until the equation of state fit the experi-
mental data to +0.001 dyn/cm. The second inte-
gral of eq 8 could then be evaluated from the integrated
form of the van der Waals equation, where the upper
limit of the integration was 10,000 A2Zmolecule. Ai
was arbitrarily chose as 100,000 A2moleeule for all
systems, where the equation of state indicated that
the #A product was within a few per cent of KkT.
For systems where the transition area Av was
larger than 10,000 A2molecule, and where xv is low
(e.g., for liquid-condensed films) it was assumed that
Av is given by the ideal gas law, kT/«v. AFc was

calculated according to equation 10, where At =
100,000 A2molecule.

AFc = fv(iv - Ac - kT In{AWAY) (10)

For palmitoleic acid, the gaseous portion of the iso-
therm was assumed to be identical with that measured
for oleic acid. This was justified on the grounds that
the isotherms in the gaseous region for the analogous
alcohols were nearly identical (see Figure 3). Thus,

only #wvwas measured for palmitoleic acid.

The Journal of Physical Chemistry, Vol. 76, No. 9, 1972
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Figure 3. F-A isotherms at 25 and 15° and pH 2
for A palmitoleyl alcohol (a's-9-hexadecen-I-ol)
and (=) oleyl alcohol (m-9-octadecen-I-ol).

The heat, AHc, and entropy, ASQ of compression
were computed from the temperature dependence of
AFOusing the relation AFc = AHe — TAS,,.

(B) Experimental Errors. In calculating the experi-
mental error, it is assumed that the error is incurred
exclusively in the region between area Ac and 10,000
A2molecule, and that the equation of state correctly
describes the isotherms beyond this point. The
standard deviation for the surface pressure, <r, was
found to be about 0.001 dyn/cm and was independent
of area. The standard deviation in the Helmholtz
free energy of compression, aAFo, given by <x,AAB
was about +14 cal/mol. This value is an absolute
error and is independent of the magnitude of AFe.
Standard deviations for the heats and entropies of
compression were calculated to be 25 cal/mol and 2 eu,
respectively. Thus, based on a 1-mdyn/cm error
in all measurements of the surface pressure v, our
errors (£S.D.) are 14 cal/mol, +25 cal/mol, and
+ 2 eu, respectively, for AFQ AHQ and A<SC

Any errors in AFc due to an error in fitting the equa-
tions of state have been ignored in the above calcula-
tions. This omission is justified for the following
reasons, (i) The equation of state fits the experimental
data very closely (x0.001 dyn/cm) over a large range
of molecular areas (6000-10,000 AZmolecule). (ii)
Any discrepancies between actual pressures and those
obtained from the equation of state must diminish
as the molecular area is increased, since the irA product
obtained from both the equation of state and the ex-
perimental data approaches kT with increasing areas,
(iii) Estimates of the errors in AFc which might result
between 10,000 and 100,000 A2molecule were made by
assuming that the true value of r was either plus or
minus two standard deviations (+0.002 dynes/cm)

(18) K. Pettigrew and C. S. Patlak, private communication.
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Figure 4 T-A isotherms at 25 and 15° and pH 2
for (A) oleic acid («s-9-octadecenoic acid) and (e) stearic
acid (re-octadecanoic acid).

from the measured values of = Using these numbers
to fit eq 9, new values of the constants aaand AOwere
calculated and a new value of AFO was determined
from eq 10. The results of these calculations gave an
additional error of 10 cal/mol in AFc. This calcula-
tion, however, is arbitrary, where the errors are for
extreme cases. Since there are good reasons (i and ii
above) for assuming that the actual errors are smaller,
only the experimental errors in the thermodynamic
parameters are quoted throughout this series of papers.

Results

t-A isotherms for the pure components palmitoleyl
alcohol, oleyl alcohol, oleic acid, and stearic acid at
25 and 15° and pH 2.0 are presented in Figures 3 and 4.
All measurements were carried out to 10,000 A2
molecule.

The constants as and AQused in fitting the van der
Waals equation of state (eq 9) to the experimental data
for the gaseous isotherms of each pure component are
listed in Table Il. Between 6000 and 10,000 A2
molecule, the calculated values of the surface pressure
T agreed with measured values within + 0.001 dyn/cm.

Table 111 lists the thermodynamic parameters for
each of the pure lipid components studied, calculated

Table Il : Parameters for van der Waals Equation of State
aBX 1077,
T, 40, (erg cm2d/
Compound °K cm2 X 10k molecule2
Palmitoleyl alcohol 298 2200 21.3
288 2200 19.2
Oleyl alcohol 298 2200 21.3
288 2200 19.2
Oleic acid 298 2200 20.1
288 2200 22.5
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according to the treatment outlined in the Calcula-
tions section of this paper. In addition, the surface
vapor pressures and temperatures of each measure-
ment are also given.

Discussion

(A) Hydrocarbon Contributions to Film Compression.
In the analysis of Adam and Jessop’s data, AFeh was
found to be characteristic of the condensed phase.7
In the present study, using the values of AFc at 15°
for the liquid-expanded films containing like polar
groups, f was calculated to be —95 cal/mol of -CH2.
An average value of —450 cal/mol of -CH 2 was taken
for the liquid-condensed films, since it was found that
the data for stearyl alcohol and palmitic and stearic
acids fit the plot of AFc vs. n for the liquid-condensed
films studied by Adam and Jessop.3 Values of AFCh
AH, and ASA are given in Table IV for each alcohol
and acid measured in liquid-condensed and liquid-
expanded states.

Values for average heats of compression per mole of
-CH2 were calculated using eq 5 and 6 for each of
the compounds listed in Table IV. For a given phys-
ical state there is a weak dependence on n in AHcVn,
as expected for eq 5: —580 to —610 cal/mol for the
liqguid-expanded, and —850 to —910 cal/mol for the
liquid-condensed systems.

Large negative entropies of compression for the
hydrocarbon phase, ASch, were found (—24 to —31
eu). Here it is not possible to make a distinction
between the values obtained for the liquid-condensed
and liquid-expanded films, since the errors in ASA
are £3 eu.

Given the heats and entropies of compression for the
hydrocarbon phase of the monolayers, we now compare
them in a meaningful way to the corresponding values
for bulk hydrocarbon systems. In particular, the
energies involved in the combined steps 1 and 2 (Figure
1) for the monolayer are contrasted to the comparable
energies for bulk hydrocarbons, namely those for
vaporization and sublimation. For consistency, we
define the transition process (TRANS) as proceeding
from a bulk standard gas state either to a bulk hydro-
carbon (solid or liquid) or to a monolayer (liquid con-
densed or liquid expanded). For this purpose we
will compare the properties of the normal Ci6 hydro-
carbon, pentadecane, with hydrocarbon properties
derived for the C5acids in Table IV.

AiTtrans and AStrans for the bulk CZ5 hydrocar-
bon were obtained from relations given by Hugginsil
and are listed in Table V.

AHtrans for the monolayers is given by the sum of
the heats for the adsorption and compression processes
(Figure 1, step 1 plus step 2). afi,ds (Step 1) was
calculated from eq 4, assuming fcaks = —1815 (Table
1). The corresponding heat of compression (step 2)
for the CB hydrocarbon in a liquid-condensed or

The Journal of Physical Chemistry, Voi 76, No. 9, 1972
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Table 111: Thermodynamic Parameters for the Film Compression Process
T, 7vi 0.001 AEc + 14 Aflc + 25 ASO+
Compound °K dyn/cm eal/mol cal/mol eu
Liquid Expanded
Palmitoleyl alcohol 298 0.134 2161 -283 -8
288 0.122 2079
Oleyl alcohol 298 0.085 1991
288 0.065 1888 -1,078 10
Palmitoleic acid 301 0.149 2300
290 0.128 2030 -5,750 w27
Oleic acid 301 0.105
298 0.095 2135
288 0.074 1844 -6.537 -29
286 0.070
276 0.053
Liquid Condensed
0.010
Stearyl alcohol 298 874 12,327 44
288 0.003 431
Palmitic acid 300 0.084
298 0.076 2310
288 0.031 1746 ~14.497 56
ic aci .012 1272
Stearic acid 298 0.0 15,684 57
288 0.005 703
Methyl stearate 298 0.036 1876
286 0.010 1066 -18.239 67
Octadecylacetamide 298 0.028 1727
286 0.010 1124 -13,233 -50
282.5 0.007 905
280.0 0.001
Cholesterol 298 0.006 815
-14,915 —
288 0.002 287 ' 53
Table 1V: Hydrocarbon Contributions to Film Table V: Comparison of the Thermodynamics of Transition

Compression at 15°

Affovn,
A =g cal/mol AS,h,
Compound cal/mol of -CHI- eu
Liquid Expanded (/ = -95)
CiH2OCOOH -1425 -602 -26
c,h3oh -1520 -607 -28
cIh B-cooh -1615 -577 -29
clBh Hoh -1710 -584 -31
Liquid Condensed (/ = -450)
clkh 3cooh -6750 -908 -24
Ci,H®COOH -7650 -871 -25
Ci3t;7- OH -8100 —855 -25

liqguid-expanded monolayer was calculated using the
values of (AHchYn) in Table 1V.

From the Sakur-Tetrode equation for the bulk
vapor and the two-dimensional analog,19we calculated
the entropy of adsorption, Abadk, for pentadecane
to be —4.4 eu. This value is based on our monolayer-
gas standard state of 100,000 A2molecule. Entropies
of compression AiSch for the Ci5 compounds were
taken directly from Table 1V. Entropies of transi-
tion (step 1 plus step 2, Figure 1) for the monolayer
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for Bulk and Monolayer Hydrocarbons at 15° for 1 Mole
of a C5Hydrocarbon (N = 15)

Transition process ARthans, AStrans,
from bulk gas to kcal/mol eu
Bulk*

(a) Solid -34.1 -58.6
(b) Liquid —21.6 —32.6
Monolayer

(a) Solid —24.9
(b) Liquid condensed —24.7 —28 =3
(c) Liquid expanded —20.1 —30+ 3

“ Calculated from the relations given by Huggins.ll

are listed in Table V for liquid-expanded and liquid-
condensed states.

We have estimated AHtrans for the solid monolayer
by using the data of Harkins, Young, and Boyd,D
who measured the isotherms for hexadecanol and octa-
decanol monolayers between the liquid-condensed and
the solid monolayer states as a function of temperature.

(19) C. Kemball, Proc. Roy. Soc., Ser. A, 187, 73 (1946).

(20) W. D. Harkins, T. F. Young, and E. Boyd, J. Chem. Phys,,
8, 954 (1940).
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It was estimated that an additional heat of —10 cal/
mol of -CH 2 is involved in compressing the monolayer
from the liquid-condensed to the solid monolayer
state. Therefore, we estimate A/Ztrans for the Cis
solid monolayer to be —25 kcal/mol (Table V).

It is clear from Table V that the heats of transition
for all three monolayer states are closer to that for the
bulk hydrocarbon liquid than for :,hc solid. Moreover,
the entropies of transition for the monolayers are
essentially the same as for the bulk liquid. The small
differences in the heats of transition suggest that the
liguid-expanded film is slightly less condensed and the
liquid-condensed film is slightly more condensed than
the bulk liquid hydrocarbon.

Given the hydrocarbon energies, we can now cal-
culate the polar group contributions to the film com-
pression process.

(B) Polar Group Contributions to Film Compression.
The polar group contributions to the thermodynamic
parameters for film compression were calculated using
eq 1 The formal relations for obtaining AF(P, AHep,
and AS® along with the results of these calculations
are given in Table VI.

Table VI: Polar Group Contributions to
Film Compression at 15°

AFcV AHJ>, ASc",1
Compound cal/mol cal/mol eu
Liquid Expanded
clh 3oh -775 +9430 + 35
CkH3FPHBOH -775 + 9430 +35
clhh B cooh -915 + 3280 + 14
c,h3Bcooh -915 + 3280 + 14
Liquid Condensed
ch Fohn + 3755 +3060 -2.5
ch3dcooh +3725 -880 -16.5
clhPHcooh + 3575 -880 -15.5
clh®Hcooch3 + 3945 -3430 -26.5
cBh3nhcoch3 + 3445 +2160 -8.5

“«AF> = AF, + RT In (AJA-) - AFK 6&§>= ASC -
Rin (AJAI) — AiSh.

Before considering the significance of AHcp and
ASSP it is important to reemphasize that these energies
reflect possible changes due to altered states of film
hydration, hydrogen bonding, and structure of the
underlying water when the monolayer is compressed
from the ideal surface gas to the condensed state.
While we cannot separate these contributions rigor-
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ously, we shall attempt to establish reasonable limits
by considering some physically meaningful possibili-
ties.

Let us suppose that the process of film compression
results in formation of an intermolecularly hydrogen
bonded network of polar groups, as suggested by
Alexander.2l'2 If we assume the formation of the
H-bonded network results in the complete loss of rota-
tional freedom for the polar group, then AS® = —R
In44 = —5.1 eu. If an icelike layer is formed in the
underlying water layer, as suggested by a variety of
monolayer studies,Z then for the extreme case of the
formation of 1 mol of ice, AP = Affusion = —5 eu.

Neither of these models can explain the large positive
values of ASp observed for the liquid-expanded films
(Table VI). On the contrary, for the liquid-expanded
films, a disordering of the polar region is suggested
by the large positive values for AT

For the liquid-condensed films in this study, all
values of AS® are negative, suggesting that both
hydrogen bonding and the formation of an icelike
layer are possible. However, for the ester, the polar
group least likely to form intermolecular hydrogen
bonds, we find the largest value for ASS® (—26.5 eu).
In this instance, one should expect a minimum of 5 mol
of ice per mole of polar group to form. The signifi-
cance of the AiScp values is presently being studied in
greater detail.

In conclusion, the hydrocarbon contributions in the
condensed monolayer states are energetically similar to
those in bulk hydrocarbon liquids (Table V). The
interactions in the polar region make significant con-
tributions to AHc for the condensed monolayers. For
the liquid-expanded films, the polar and hydrocarbon
group contributions to AHc may be of the same order
of magnitude, and opposite in sign; e.g., for palmitoleyl
alcohol, Affep = +9430 and A//G = —9030 cal/mol.
For the liquid-condensed and solid monolayers, the
relative contribution of the hydrocarbon interactions to
AHc increase; e.g., for stearic acid, AHgp = —880,
while AHCh = —15,400 cal/mol.

While the contribution of the water to the surface
phases cannot be evaluated absolutely from the mono-
layer experiments, our studies suggest that changes in
the water structure are likely to occur in the formation
of each monolayer state.

(21) A. E. Alexander, Proc. Roy. Soc., Ser. A, 179,470, 486 (1942).

(22) G. E. Hibberd and A. E. Alexander, J. Phys. Chem.,, 66, 1854
(1962).

(23) J. T. Davies and E. K. Rideal, “Interfacial Phenomena,”
Academic Press, New York, N. Y., 1961, p 369.
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Lipid Mixtures.
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The surface vapor pressure-composition diagrams for a variety of binary lipid mixtures have been determined
and shown, from the thermodynamics of the mixing process, to be analogous to those for bulk systems. It
was observed that (a) two liquid-condensed or two liquid-expanded lipids gave ideal mixing, and (b) the
mixing of a liquid-condensed with a liquid-expanded lipid gave either positive deviations from ideal behavior
or phase separation (immiscibility). These results are shown to be consistent with regular solution theory,
with the mixing process dominated by the hydrocarbon region of the film. Polar group interactions do
net contribute significantly to the mixing process. Regular solution theory predicts that mixtures of cho-
lesterol with either a liquid-expanded or a liquid-condensed lipid will show large positive deviations from

“ideal” behavior, or phase separation.

This is in agreement with the vapor pressure-composition studies.

There is no evidence for specific interactions between cholesterol and neutral lipids in surface films.

Introduction

Binary lipid mixtures in monolayers at the air-water
interface have been treated formally as two-dimen-
sional solutions.2 The great majority of the experi-
mental studies have been in the high surface pressure T
region of the tr-A isotherms. However, the signifi-
cance of the results of many of the binary mixture
studies may be questioned on the grounds that the sur-
face mixtures may be neither homogeneous nor at
equilibrium.3

In part | of this series,4 the surface vapor pressures
#v of single-component lipid films on water were mea-
sured under equilibrium conditions. In the present
paper we consider the mixing of two lipid components
in the region of irT. The surface vapor pressure-
composition (w/x) diagrams will be used for classifying
the lipid mixtures analogous to bulk systems. The
validity of this analogy was established by measuring
the thermodynamic parameters of mixing for a two-
dimensional solution. We shall demonstrate that the
mixing process in the surface follows general principles
of regular solution behavior as developed for bulk sys-
tems.5

Theoretical Section

(d.) Thermodynamic Studies. The relations for ob-
taining the thermodynamic properties of insoluble
mixed lipid films were developed analogously to the
procedure first used by Goodrich.2* From the defini-
tion of AFOgiven in part | (eq 7), the free energy of
mixing for two lipid components may be written

AFM = AFO0(12) -

XAFOQ + RT(xi InXi + z2Inx? (1)

ZiAFc'11 -
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where A/'YT AF0Q2), and AFQ12) are the work of com-
pression for the pure components and mixed films,
and xi and x2are the mole fractions of the components
in the mixture. The last term of eq 1 represents the
ideal free energy of mixing. From the temperature
dependence of AFu and the second law, we obtain all
the thermodynamic parameters for the two-dimensional
solutions.

(B) Miscibility Studies. If two surface-active com-
ponents are premixed in an organic solvent and then
spread as a monolayer at the air-water interface, we
are unable to tell by any direct measurement whether
the components are truly miscible in the surface and
exist as a homogenous surface phase, or whether phase
separation due to limited solubility of one component
in the other has occurred. Defay6*and, more recently,
Crispth have developed the phase rule to explicitly in-
clude surfaces, and hence the phase rule may be em-

(1) (a) Presented in part at the 15th Annual Meeting of The Bio-
physical Society, Feb 15-18, 1971, New Orleans, La; (b) Staff
Associate, National Institutes of Health, 1968-1970.

(2) (a) F. C. Goodrich, “Proceedings of 2nd International Congress
on Surface Activity,” Vol. 1, Butterworths, London, 1957, p 85;
(b) G. L. Gaines, Jr., “Insoluble Monolayers at Liquid-Gas Inter-
faces,” Interscience, New York, N. Y., 1966.

(3) (a) N. L. Gershfeld and R. E. Pagano, Abstracts 160th National
Meeting American Chemical Soc., Sept. 1970: (b) see part Ill of
this series, N. L. Gershfeld and R. E. Pagano, J. Phys. Chem., 76,
1244 (1972).

(4) N. L. Gershfeld and R. E. Pagano, J. Phys. Chem.,, 76, 1231
(1972).

(5) J. H. Hildebrand and R. L. Scott, “The Solubility of Non-
electrolytes,” 3rd ed, Dover Publications, New York, N. Y., 1950;

(6) (a) R. Defay, Thesis, Brussels, 1932; see also, R. Defay, I. Prigo-
gine, A. Bellemans, and D. H. Everett, “Surface Tension and Ad-
sorption,” Wiley, New York, N. Y., 1966, pp 74-78. (b) D. J. Crisp
in “Surface Chemistry,” Supplement to Research, Butterworths, Lon-
don, 1949, p 17, 23.
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ployed to determine the homogeneity of a multicom-
ponent surface film. At constant temperature and ex-
ternal pressure, and in the absence of any externally
imposed electrical potentials, the number of degrees of
freedom, /, for the system will be

/| = CB+ Cs- PB- Ps+ 1 @)

where CBis the number of components in bulk which
are equilibrated throughout the system, Cs is the num-
ber of components restricted to the surface, PB is the
number of bulk phases, and P ais the number of mono-
layer phases in equilibrium with each other.

In order to test the miscibility of two components
in the surface, components 1 and 2 are premixed in a
spreading solvent at mole fractions X\ and x2 and de-
posited at the air-water interface at a surface concen-
tration corresponding to the two-dimensional liquid-
vapor transition region (see Figure 2, part I, this series).
A vapor pressure-composition (irv/x) curve is generated
by measuring the surface vapor pressure as a function
of the mole fraction x. Several results are possible,
(i) Complete Miscibility. If 1 and 2 are miscible in ail
proportions, then two homogeneous surface phases
(Ps = 2) will be present in equilibrium with one an-
other: a two-dimensional liquid with composition
Xi and x2 in equilibrium with a two-dimensional gas
of composition xigand rZ& Since PB = 2 (air, water),
CB = 2 (air, water), and Cs = 2 (components 1 and
2), eq 2 gives one degree of freedom (/ = 1). Thus, if
1land 2 are miscible in all proportions, the surface vapor
pressure should vary continuously with the compo-
sition of the film. The completely miscible binary
lipid mixtures may exhibit positive, negative, or no
deviations from ideal behavior. When there is no
deviation from ideal behavior, the monolayer analog
of Raoult’'s law is obeyed, (ii) Partial Miscibility.
If over a region of the mixing (w/x) curve, 1 and 2 are
immiscible, then there will be three equilibrium sur-
face phases present: two immiscible condensed surface
phases of distinct and different composition X\, x2', and
Xi", x2', and a surface gas phase of composition Xie, x2.
Since Ps - 3, PB = 2 (air, water), CB = 2 (air,
water), and Cs = 2 (1 and 2),/ is calculated to be zero
from the phase rule. Thus, in the range of immiscibil-
ity, v is invariant of the composition and the vapor
pressure-composition (tw/x) diagram must be flat over
this region, (iii) Complete Immiscibility. In the case
of complete immiscibility, the surface vapor pressure
will be independent of x and equal to the sum of the
vapor pressures for the pure components (irA + irvJ.

Thus we see that in the monolayer it is possible to
detect when mixing occurs from the vapor pressure-
composition diagram.

It is important to note that the mole fraction x in
each of the surface phases is not necessarily the same as
that which would be calculated from the composition
of the bulk spreading solution, and that in the mono-
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layer it is impossible to analyze the composition of each
surface phase directly. An indirect method must be
used. Thus, if a surface concentration is chosen close
to the condensed area Ac, but within the transition
region (see Figure 2, part 1), then the amount of the
component in the vapor is small and it can be assumed
that all the lipids are in the condensed phase. Simi-
larly, if the surface concentration is chosen close to the
vapor transition area Av, but again within the transi-
tion region, then all of the lipids will be present as a
two-dimensional gas.

Experimental Section

The film balance and the compounds used in the
studies reported here were all described in part | of this
series.4 Spreading solutions containing mixtures of
the film-forming molecules in the desired molar ratios
were prepared from stock solutions of the pure com-
ponents and stored at —20°.

To study the vapor pressure-composition (ty/x)
curves in the miscibility studies, aliquots of the various
spreading solutions were each spread at molecular areas
slightly greater than AOQO: 50-100 A2 In the vapor
pressure-composition diagrams (Figures 2, 3, and 4),
the surface vapor pressure was plotted vs. the mole
fraction calculated on the basis of the lipid composition
in the spreading solution. Since these vapor pressures
were determined at 50-100 AZ2molecule, this mole
fraction should be nearly equal to that for the two-
dimensional liquid phase. On the assumption that
the vapor molecules in the liquid-vapor transition
region occupy an area Av, we estimate a maximum error
of about 2% ir_the mole fraction.

In the thermodynamic studies of the mixed films, the
isotherms were determined point by point. A few
points on the palmitoleyl alcohol + oleyl alcohol (1:1)
isotherms were determined by compression and ex-
pansion of the film to verify equilibrium. The work of
compression for each film was determined by graphical
integration of the isotherm from area Aa (Figure 2,
part 1) to 10,000 A2molecule, and by application of a
suitable equation of state from 10,000 to 100,000
AZ2molecule, as discussed in part 1.

Results

The #A isotherms for the pure components palmi-
toleyl alcohol and oleyl alcohol, and for the mixture
palmitoleyl + oleyl alcohols (1:1) at 25 and 15° and
pH 2.0 are given in Figure 1. We define A for the
mixed film as the average area per lipid molecule in the
surface; all measurements were carried out to 10,000
A2molecule. The isotherms for the pure components
are taken from part | of this series.4 It should be
noted that, unlike for the pure components, the liquid-
vapor transition region for the mixed film is not inde-
pendent of the surface concentration, but rather varies
continuously with A. This finding is in accordance

The Journal of Physical Chemistry, Vol. 76, No. 9, 197%
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Figure 1. F-A isotherm at 25 and 15° and pH 2 for a
palmitoleyl alcohol (cts-9-hexadecen-I-ol), (¢) oleyl alcohol
(efs-9-octadecen-I-ol), and (m) palmitoleyl alcohol +

oleyl alcohol (1:1).

with the phase rule (eq 2) which predicts one degree of
freedom when Ps = PB = Cs = CB = 2. Thus, in
the mixed films, varying A within the transition region
(Ac < A < Av) changes not only the proportions of
the condensed and surface vapor phases present but
also the composition of each phase.

The parameters as and AOused in fitting the van der
Waals equation of state to the experimental data for
the mixed gaseous film are presented in Table I. These
parameters were used in calculating the Helmholtz free
energy of compression, AFc, between 10,000 and 100,000
A2molecule for the mixed film.

Table I: Parameters for van der Waals Equation of State for
the Film Palmitoleyl Alcohol + Oleyl Alcohol (1:1)

a8 X 107
T, Ao, (ergs cm2)/
°K o x 106 molecule2
298 2200 21.3
288 2200 19.2

Table Il presents the Helmholtz free energy of com-
pression for each of the pure components and the mixed
film between area Ac (Figure 2, part 1) and 100,000
AZ2molecule. Calculations of AFO were made as de-
scribed in part | of this series.4

The free energy, AFM heat, AHM and entropy,
AiISM of mixing were calculated from the experimental
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Table I11: Helmholtz Free Energy of Compression for
Palmitoleyl Alcohol, Oleyl Alcohol, and a 1:1 Mixture

T, AFca = 14
Monolayer °K cal/mol
(@) Palmitoleyl alcohol 298 2161
288 2079
(b) Oleyl alcohol 298 1991
288 1888
(c) Palmitoleyl alcohol + 298 2069
oleyl alcohol (1:1) 288 1977

° Evaluated between AQOand 100,000 A 2Zmolecule.

Table 111: The Thermodynamic Parameters of Mixing
for Equimolar Mixtures of Palmitoleyl Alcohol and
Oleyl Alcohol Monolayers

Measured Ideal

AFM, cal/mol
T = 298° 424 + 24 417
T = 288° -410 + 24 <403
AH«, cal/mol 041 0
AS, eu 1.4 £3 .4 1.4

values of AFc (Table Il) using eq 1 and are tabulated in
Table I11.

The vapor pressure-composition curves for a va-
riety of binary lipid mixtures are presented in Figures
2-4.

Discussion

Thermodynamic Studies. To establish the correct-
ness of treating surface mixtures analogously to bulk
systems, we examined in detail the thermodynamic
parameters for the mixed film palmitoleyl alcohol +
oleyl alcohol (1:1). From the vapor pressure-compo-
sition diagram for this mixture (Figure 2C), one would
infer that an ideal surface solution existed. From
Table 111, the measured AFM AHM and AISM are,
within experimental error, equal to the values calcu-
lated for an ideal surface solution. Thus we conclude
ideal solution behavior for a system whose vapor pres-
sure is a linear function of x over the entire range of
composition.

Miscibility Studies. In this section we present the
vapor pressure-composition diagrams for a large variety
of binary surface solutions to elucidate the physico-
chemical factors which control the miscibility of two
lipid components in the surface. In particular, we will
examine the influence on the mixing process of the
physical state of the pure components and the chemical
nature of the polar group. The results, shown in Fig-
ure 2, illustrate the application of the phase rule to the
miscibility problem in surfaces. The data are seen to
fall naturally into three categories, (a) Ideal Mixing.
For the pairs myristic + oleic acids, palmitoleic +
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MOLE FRACTION X

Figure 2. Vapor pressure-composition curves for (A) myristic
acid + oleic acid, 27.5°, pH 2.0; (B) palmitoleic acid + oleic
acid, 27.5°, pH 2.0; (C) palmitoleyl alcohol + oleyl alcohol,
25°, pH 5.8; (D) palmitoleyl alcohol + elaidyl alcohol, 25°,
pH 5.8; (E) palmitoleic acid + cholesterol, 27.5°, pH 2.0; (F)
oleic acid + cholesterol, 15°, pH 2.0; (G) palmitoleyl alcohol
+ cholesterol, 25°, pH 5.8; (H) oleyl alcohol 4- cholesterol,
25°, pH 5.8; (l) oleic acid + palmitic acid, 15°, pH 2.0; (J)
oleic acid + stearic acid, 15°, pH 2.0; (K) palmitoleyl
alcohol + stearyl alcohol, 25°, pH 5.8; (L) oleyl

alcohol + stearyl alcohol, 25°, pH 5.8.

Figure 3. Vapor pressure-composition curves for palmitic acid
(n-hexadecanoic acid) + stearyl alcohol (1-octadecanol), and
stearic acid (ra-octadecanoic acid) + stearyl alcohol.

oleic acids, palmitoleyl + oleyl alcohols, palmitoleyl
+ elaidyl alcohols (Figure 2A-D), and palmitic acid
+ stearyl alcohol, stearic acid + stearyl alcohol (Fig-
ure 3) the data points for each mixed film fall on a
straight line connecting the vapor pressures of the two
pure components. From the preceding thermodynamic
argument we conclude that these mixtures form ideal
surface solutions. It should be noted that according
to the phase rule, since xv is a monovariant function of
X, the two compounds must necessarily be miscible in
all proportions, (b) Partial Miscibility. For oleic
+ palmitic acids, oleic + stearic acids, palmitoleyl +
stearyl alcohols, and oleyl + stearyl alcohols (Figure
21-L), each vapor pressure-composition curve ex-
hibits a horizontal region where irv is independent of
Zi. By the phase rule this portion of the mixing curve
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Figure 4. Vapor pressure-composition curves for myristic
(n-tetradecanoic) + oleic (eis-9-octadecenoic) acids
at 27.5 and 3°.

must represent a region of immiscibility, since the
number of degrees of freedom is zero (equation 2).
The ends of the horizontal region of the mixing curve
define the composition of the two immiscible condensed
surface phases or, equivalently, the limits of miscibility
of the first component in the second and vice versa.
Thus, for example, in the case of oleyl and stearyl alco-
hol mixtures (Figure 2L), the solubility limits in the
surface are (i) 40 mol % oleyl alcohol in stearyl alcohol
and (ii) 20 mol % stearyl alcohol in oleyl alcohol. It
should be noted that for any mole fraction Xi of oleyl
alcohol between 0.4 and 0.8, both of these two-dimen-
sional condensed phases coexist in equilibrium with
the monolayer vapor phase. Changing X\ between
0.4 and 0.8 changes the relative amounts of the two
condensed phases present, but not their composition,
(c) Miscibility with Positive Deviations. For mixtures
of palmitoleic acid, oleic acid, palmitoleyl alcohol, or
oleyl alcohol with cholesterol, positive deviations from
ideal mixing were observed (Figure 2E-H). Since
these mixing curves are monovariant, cholesterol is
completely miscible in these surface solutions at these
temperatures.

Two additional categories of the vapor pressure-
composition studies which may be expected to occur
but were not observed in this study are complete im-
miscibility and negative deviations from ideal mixing.
An example of the former has been given3where cho-
lesterol was observed not to mix with stearyl alcohol,
stearic acid or dipalmitolyl lecithin. A preliminary
vapor pressure-composition study of cholesterol-
dipalmitolyl lecithin mixtures also indicates complete
immiscibility for this pair.7 Complete miscibility with
negative deviations was not obtained for any binary
system we have examined by the vapor pressure tech-
nique.

Application of Regular Solution Theory. To identify

(7) R. E. Pagano and N. L. Gershfeld, unpublished results.
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parameters which are important in determining the
two-dimensional solution properties of a mixed mono-
layer, we will apply regular solution theory and eval-
uate the “solubility parameter,” introduced by Hilde-
brand in the study of bulk solutions.8 The solubility
parameter 8 is given by the square root of the energy
of vaporization per cubic centimeter

S= (E*fV)¥ 3)

This parameter has been very useful in predicting
deviations from ideal solution behavior from the
properties of the pure component liquids, and in
estimating the heat of mixing AHM according to the
theoretical expression

AHM= FmSi — 522 (4)

where <n and 42 are the volume fractions of compo-
nents 1 and 2 (neglecting volume changes on mixing)
and Fmis the volume of the mixture.

According to the theory of regular solutions, two
liquids will mix ideally if they possess similar solu-
bility parameters and molar volumes.9 If the values of
8 differ, the theory predicts positive deviations from
ideal behavior. If the molar volumes differ, negative
deviations from ideal mixing will be observed due to
corrections in the entropy of mixing. For the systems
in our study, the maximum disparity in molecular size
for any given pair is less than 2, e.g., cholesterol vs.
oleyl alcohol. These differences cannot be expected to
contribute significantly to the free energy of mixing.10
Thus all deviations from ideal solution behavior should
be attributable only to differences in 8

To obtain the analogous solubility parameter for the
monolayer we may replace Ev with A//c, the heat of
surface compression between the condensed monolayer
and ideal surface vapor states (see part 1). Thus, we
write

8 = (AtfdF)'A (5)

where F, the molar volume of the film-forming mole-
cules in the surface, was estimated from the bulk den-
sities.

Values of AHcor AH/, the contribution to the heats
of compression due to the hydrocarbon region alone,
were used to calculate 5 from eq 5. The results are
given in Table IV. With the exception of myristic acid
and cholesterol, AHQand AHchwere taken directly from
part I, Tables Ill and IV.4

For myristic acid, where the isotherm was not avail-
able, AHCwas estimated to be —4520 cal/mol using
AH//n = —600 cal/mol of -CH2 and AHp =
+ 3280 for the carboxyl group in a liquid-expanded film
(part I, Table VI).

Since it is not possible to measure AH/ for cho-
lesterol, we estimated this contribution by subtracting
AHcp for the hydroxyl group. This calculation is com-
plicated by the fact that the area for the -OH group
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Table 1V: Solubility Parameters, s, of Lipid Monolayers
s = 5 —
(AHZV)m , (AHc'yVh)12*
Compound call2(cmd 12 call/z (cm3~12
Liquid Expanded
Myristic acid 4.1 5.7
Palmitoleic acid 4.5 5.8
Oleic acid 4.5 5.7
Palmitoleyl alcohol 1.0 5.8
Oleyl alcohol 1.8 5.7
Liquid Condensed
Cholesterol 6.4 4.9
Stearyl alcohol 6.1 6.9
Palmitic acid 7.3 7.0
Stearic acid 7.2 6.9

“ Fh represents molar volumes for the equivalent aliphatic
hydrocarbons.

(37 A2 in films of cholesgeroé is intermediate between
the liquid-condensed (22 A2 and liquid-expanded
(45 A2 areas. We assumed that AHQP will be inter-
mediate in the case of cholesterol, and used an average
value of +6250 cal/mol (Part I, Table VI). There-
fore, AHdh (= AHc— All,/) was calculated to be —8670
cal/mol. While this is only an approximation, the
value of All,P clearly cannot be that for the liquid-
condensed monolayer because of the disparity in the
molecular areas. The choice of AH,p will not signif-
icantly alter the conclusions which follow.

Applying regular solution theory to predict the re-
sults in Figure 2, we note that when 8 = (AH/ZV)'~ is
used, inconsistencies result, e.g., palmitoleyl alcohol
(8 = 1.0) and oleyl alcohol (5 = 1.8) mix ideally,
whereas one would predict positive deviations from
ideal mixing. Another example of this inconsistency
(Figure 3) is the mixing of stearyl alcohol (56 = 6.1)
with stearic acid (5 = 7.2); these compounds also mix
ideally.

On the other hand, if we assume that the mixing
process is dominated by the hydrocarbon region of the
film and use 5 = (AHcVVh)I2 where Fh is the molar
volume of the equivalent aliphatic hydrocarbon, our
results are entirely consistent with regular solution
theory. For example, mixtures of two liquid-condensed
films (Figure 3) or two liquid-expanded films (Figure
2A-D) form ideal mixtures as predicted from their solu-
bility parameters (Table 1V). Furthermore, mixing of
a liguid-condensed with a liquid-expanded film should
give positive deviations or immiscibility, depending on
the mixing temperature.ll Our results again are in
accord with this prediction (Figure 2E-L).

(8) Reference 5, Chapter XXIII.
(9) Reference 5, Chapters VII and VIII.
(10) Reference 5, p 116.

(11) S. Glasstone, “Textbook of Physical Chemistry,” 2nd ed, Van
Nostrand, Princeton, N. J., p 712.
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When cholesterol is one of the components of the
mixture, the same principles are obeyed. Thus, using
the value of 5 = 4.9 for cholesterol, we would predict
positive deviations or immiscibility on mixing with
either a liquid-expanded or a liquid-condensed com-
ponent. Indeed, these predictions are fulfilled for both
the liquid-expanded films (Figure 2E-H) and liquid-
condensed films.3

We have also examined the effect of temperature on
mixing two components in a surface solution and find
these results consistent with regular solution theory.
We determined the temperature dependence of the
vapor pressure-composition curves for oleic and myris-
tic acids at 27.5 and 3° (Figure 4). These tempera-
tures were chosen because it has been demonstrated
that oleic acid gives a liquid-expanded film over this
temperature interval,22 while myristic acid forms a
liquid-condensed film at 3° and is a liquid-expanded
film at 27.5°.13 Since each physical state has a char-
acteristic S (Table 1V), we would predict ideal mixing
at 27.5° and positive deviations or immiscibility at
3°.  Our results agree with these predictions.

Other factors which might be expected to influence
the mixing of lipids in surfaces are polar group inter-
actions, the presence of double bonds, and isomer ef-
fects. Polar group interactions appear to be insig-
nificant in the mixing of liquid-condensed films. Since
the mixing of an acid and an alcohol is ideal (Figure 3),
the interactions between these two groups in liquid-
condensed films appears to be insignificant. Other
polar group interactions can be assessed similarly.
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We have not observed any influence on mixing behavior
due to the presence of a double bond. Thus, oleic acid
mixes ideally with either a saturated (myristic, Figure
4) or unsaturated (palmitoleic, Figure 2B) fatty acid.
Furthermore, we have not observed any particular
effect of isomers on the properties of the mixtures.
For example, c?s-9-hexadecen-l-ol (palmitoleyl alcohol)
mixes ideally with either the cis (oleyl alcohol, Figure
2C) or trans (elaidyl alcohol, Figure 2D) isomers of
9-octadecen-I-ol.

In conclusion, regular solution theory can be applied
to predict qualitatively the behavior of lipid mixtures
at the air-water interface. Moreover, the mixing of
lipids in surfaces is dominated by interactions in the
hydrocarbon region of the film. In addition, we have
demonstrated that the («/x) studies are consistent
with mixing studies in condensed films. For the latter
it is particularly important to recognize that phase
separations may occur which will complicate any at-
tempt to describe the packing of the two components in
the condensed film. In view of the positive deviations
from Raoult’s law observed for the lipid mixtures in the
surface vapor region, an increase in ir (as in the con-
densed high-pressure region) may lead to phase separa-
tion. 4

(12) W. D. Harkins, T. F. Young, and E. Boyd, J. Chem. Phys,, 8,
954 (1940).

(13) N. K. Adam, “The Physics and Chemistry of Surface Films,”
3rd ed, Oxford University Press, London, 1941, p 65.

(14) G. L. Gaines, Jr., J. Colloid Interface Sci., 21, 315 (1966).
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The condensing effect reported for mixed monolayers containing cholesterol has been based on assumptions
of equilibrium and homogenity in the “spread” film. The inconclusive nature of these experiments has led
us to reexamine the mixing process in mixed lipid films under conditions where equilibrium and film homo-
geneity have been assured. Using aqueous solutions which are well stirred and saturated with respect to the
lipids, the composition of the equilibrium surface film is deduced from radiotracer, surface potential, and
surface pressure measurements. The surface mixtures which form are treated as two-dimensional solutions;
a theoretical analysis predicting the surface tension when the lipid components mix “ideally” is presented.
From these results, it is concluded that (a) in the absence of specific interactions, the liquid-condensed films
(octadecanol, stearic acid, and dipalmitoyl lecithin) are immiscible with cholesterol; (b) cholesterol forms
nonideal mixtures with liquid-expanded (oleic acid, oleyl alcohol, and ?n-oleyl phosphate) and gaseous (octa-
decyl sulfate) films. Since the assumption of film homogeneity in the spread film must be violated for at
least some cholesterol-lipid mixed film systems, it is questioned whether the “condensing” effect which occurs

in these systems can be meaningfully interpreted.

Introduction

The natural occurrence of lipids in cell membranes,
organelles, and other biological structures has led to
extensive investigations of the properties of lipid mix-
tures in monolayers at the air-water interface with the
purpose of establishing a physicochemical basis for the
stability of the lipid-containing biological structures.
Using “spread films,” films prepared by depositing
lipid mixtures on the water surface from a volatile sol-
vent, Leathes2reported for cholesterol in combination
with natural lecithins that the sum of the partial mo-
lecular areas in the mixture was significantly less than
the calculated sum of the molecular areas of the pure
components. This “condensing” effect with choles-
terol has been confirmed by other investigators.3-6
“Expanding” effects with other lipid pairs have also
been reported.78

Attempts to rationalize the condensing phenomenon
of cholesterol in molecular terms have resulted in the
development of two general models—one assumes that
the condensing effect may be attributed to the packing
of the hydrocarbon moieties in the mixed film;3s the
other assumes that an association with an accompanying
heat occurs between the lipid components.9 Neither
model has been established. The inconclusive nature
of the experimental results with respect to the “con-
densing” effect has led us to reexamine the mixed lipid
film experiment.
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Of crucial importance to these condensing and ex-
panding phenomena are the implicit assumptions that
the spread film of mixed lipids is at equilibrium and
homogeneous. Clearly, if more than one surface phase
appears upon mixing cholesterol with another lipid,
the calculation of the average area per film molecule
would be dubious. For this reason, this paper examines
the mixing of lipids in films under experimental condi-
tions which assured that the system is at equilibrium
and that only one surface phase is present. We have
studied the interaction of cholesterol with other lipids
for which condensing effects have been reported. In
the sections which follow, the first presents the theo-
retical basis for our experiments; the second section

(1) (a) Presented at the 160th National Meeting of the American
Chemical Society, Chicago, 111, Sept 1970; (b) Staff Associate,
National Institutes of Health, 1968-1970.

(2) J. B. Leathes, Lancet, 208, 853 (1925).

(3) (a) N. K. Adam and G. Jessop, Proc. Roy. Soc., Ser. A, 120, 473
(1928); (b) L. de Bernard, Bull. Soc. Chim. Biol., 40, 161 (1958).

(4) L. L. M. Van Deenen, U. M. T. Houtsmuller, G. H. De Haas,
and E. Mtllder, J. Pharm. Pharmacol., 14, 429 (1962).

(5) D. O. Shah and J. H, Schulman, J. Lipid Res., 8, 215 (1967).

(6) D. Chapman, N. F. Owens, M. C. Phillips, and D. A. Walker,
Biochim. Biophys. Acta, 183, 458 (1969).

(7) W. D. Harkins and R. T. Florence, J. Chem. Phys., 6, 847
(1938).

(8) M. C. Phillips, B. D. Ladbrooke, and D. Chapman, Biochim.
Biophys. Acta, 196, 35 (1970).

(9) R.A.Demel, L. L. M. Van Deenen, and B. A. Pethica, ibid., 135,
11 (1967).
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describes the experimental details for assuring equi-
librium and film homogeneity in films; in the last sec-
tion we shall demonstrate that, for the condensing
effect, at least one basic assumption may be violated,
and thus interpretations of the film condensing effect
may be questionable.

Theoretical Section

In this section we derive expressions for calculating
the surface mole fractions of two lipid components and
the surface tension when the components mix “ideally”
in the surface. To avoid the experimental problems
associated with spread “insoluble” films, i.e., mono-
layer desorption, and the possible coexistence of two
surface phases,0 well-stirred aqueous solutions satu-
rated with respect to both lipid components were
studied. The phase rulell applied to this system indi-
cates that at equilibrium and constant temperature
and pressure, only one surface phase will exist, char-
acterized by a single value of surface tension 7.

The following analysis of this system treats the ad-
sorbed film of lipid molecules as an *“ideal” two-
dimensional solution, where the activity of component
i in the surface is equal to its surface mole fraction, xt.
Moreover, we assume that no interactions occur be-
tween the lipid components in the bulk reservoir of
lipids, or in the aqueous solution at equilibrium.

The mole fraction of each component in the surface
is evaluated by methods developed by previous work-
ers.12-16 For an aqueous solution containing i lipid
components each of which is at saturation, the chemical
potential of the fth component in solution ~ is written

M = MO+ RT In Oj(satd) (1)

where a4satd) is the chemical activity in the saturated
solution and nf the standard chemical potential. The
chemical potential of the ith component in the surface
film may be written

wi8= mig0+ RT Inxt — yAf @)

here A* is the molar area of i in the surface mixture
of the solution whose surface tension is 7. We choose
as a reference state the surface saturated with com-
ponent i in the absence of other lipid components, such
that Xi = 1; the surface tension of the solution becomes
that for the saturated solution of pure component i,
where 7 = yt Equation 2 then becomes

Mis = Migo — JiAf 3)

where At is the molar area of component i in the film
and corresponds to the molar area at the equilibrium
spreading pressure of component i.

At equilibrium, /i4 = wm«; and from eq 1 and 2
RT In a4satd) = (nf0— /&) +RT Inxt —7A{* (4)

But, from eq 1 and 3
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RT In a4satd) = (msfi - MO - 5)
Subtracting eq 4 from 5

RT Inx( = 7TA{* — 7tAt (6)

For the lipids in our study, we shall assume without
serious error that the mole fraction of water in the
“lipid-continuous” monolayer is zero,1718 and that
At = A*. Writing eq 6 explicitly for lipid com-
ponents 1 and 2

RT InX\ = Ai(y — 70 (7a)
and
RT Inx2= A7 — 72) (7b)

Equations 7a and 7b may be combined by eliminating
7 from both equations; to the resulting equation, we
introduce the identity

72 — Yi = Hi6 — ir® (8)

where #& is the equilibrium spreading pressure of
component i, defined by the relation irf = yw — yt
7Wis the surface tension of water. Combining eq 7
and 8 and the relation 9\ + x2 = 1yields

1 % \AI/A2 .
X _ g(Te—T1pAi/RT g\

Xi

Equation 9 may be solved numerically. Thus, given
values for irj6 ir, Al and A2—all of which are experi-
mentally accessible—values for the mole fractions of
each component in the equilibrium “ideal” mixed film
may be obtained. With these values of xt and eq 7,
the surface tension of the ideal mixed film 7 (ideal) may
be calculated.

In principle, there are three ways in which the cho-
lesterol-lipid interactions in the surface will be mani-
fested. (a) The surface components are completely im-
miscible.  Since only one surface phase can be present
under the conditions of this experiment, one compo-
nent must be excluded from the surface. The surface
composition will be exclusively that of the component
with the highest equilibrium spreading pressure, (b)
The surface components are miscible and form ideal mix-

(10) G. L. Gaines, Jr., “Insoluble Monolayers at Liquid-Gas Inter-
faces,” Interscience, New York, N. Y., 1966.

(11) D. J. Crisp in “Surface Chemistry,” Supplement to Research,
Butterworths, London, 1949, pp 17, 23.

(12) J. A, V. Butler, Proc. Roy. Soc., Ser. A, 135, 348 (1932).

(13) A. Schuchowitzky, Acta Physicochim. URSS, 19, 176, 508
(1944) .

(14) J. W. Belton and M. G. Evans, Trans. Faraday Soc., 41, 1
(1945) .

(15) E. A. Guggenheim, ibid., 41, 150 (1945).

(16) J. H. Hildebrand and R. L. Scott, “The Solubility of Nonelec-
trolytes,” 3rd ed, Dover Publications, New York, N. Y., 1950, pp
406-413.

(17) W. M. Sawyer and F. M. Fowkes, J. Phys. Chem.,, 62, 159
(1958).

(18) F. M. Fowkes, ibid., 65, 355 (1961).

The Journal of Physical Chemistry, Vol. 76, No. 9, 1972



1246

tures in the surface, (c¢) The components are miscible but
form nonideal mixtures in the surface. In our experi-
ments, the equilibrium spreading pressures for each
lipid component as well as 7 for the mixtures were mea-
sured. The values calculated from equation 7, 7-
(ideal), were compared with the experimental values of
the mixtures, 7(meas.). In addition Id, the surface
excess concentration of cholesterol, was measured di-
rectly.

Experimental Section

(A) Materials. Synthetic dipalmitoyl lecithin
(Sigma Chemical Co.) and oleyl alcohol, octadecanol,
oleic acid, stearic acid, and cholesterol (Applied Science
Laboratories) were used without further purification.
Monooleyl phosphate and monooctadecyl phosphate
were obtained from Hooker Chemical Co. and purified
by a procedure reported earlier. 9 A pure sample of
sodium octadecyl sulfate was a gift from Dr. V. Lam-
bert!.

Each of the solvents used in this study, benzene
(Matheson Coleman and Bell, Spectroquality reagent),
petroleum ether (Malinckrodt, bp 30-60°), and metha-
nol (Baker Reagent grade) was passed over a column of
Florisil-silica gel to remove any surface-active con-
taminants. Water, freshly distilled twice from quartz
glass, was used directly or, when necessary, adjusted to
pH 2.0 with concentrated HC1 (Baker Reagent grade).

Labeled cholesterol-~-14?, obtained from New En-
gland Nuclear Corp. and Tracerlab, was isotopically
diluted to give specific activities in the range 1-3 mCi/
mmol.

(B) Methods. (1) Preparation of Saturated Cholesterol
Solutions. To prepare the aqueous suspensions of
cholesterol, the necessary weight of cholesterol to at-
tain the desired concentration, dissolved in ethanol,
was added with constant stirring to the aqueous phase.
The final concentration of ethanol by volume was never
more than 1- 2%. We shall demonstrate that our ex-
perimental results are independent of the volume of
alcohol used. The cholesterol concentration was de-
termined using labeled cholesterol of a known specific
activity. The concentrations determined isotopically,
always gave slightly lower values than expected, pre-
sumably due to possible adsorption of cholesterol on
the vessel walls.

2) Radiotracer Experiments.
pension (30 ml) containing cholesterol-4-14? at a known
molar concentration was poured into each of a series of
petri dishes 50 cm2 in area; each dish contained a
magnetic flea for stirring. Surface excess concentra-
tions of cholesterol, 15 (moles per square centimeter),
were obtained by measuring the surface radioactivity
with a thin-window gas-flow GM tube which was main-
tained at a fixed distance above the solution surface.
The general principles for determining Ti with labeled
compounds has been described.202L All experiments
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were performed at room temperature (23 + 1°). Pre-
liminary experiments showed that in the absence of
stirring the adsorption of cholesterol at the air-water
surface was extremely slow. With stirring, the count-
ing rate for the system reaches a constant value in
about 1.5 days, while in the absence of stirring, we es-
timated that approximately 1 month would be required
to reach saturation.

An estimate of the saturation concentration for
cholesterol was obtained by measuring the equilibrium
surface concentration of cholesterol as a function of
the bulk concentration in the absence of a second lipid
component. At a critical concentration, Cxsad, (ap-
proximately 5 X 10~6 M), a saturated monolayer of
cholesterol (4.5 X 10~ mol/cm32 is obtained in the
surface. Moreover, a fivefold increase in the bulk con-
centration of cholesterol does not change the surface
concentration. All adsorption experiments were thus
carried out above this saturation concentration for
cholesterol. This estimate of csatd is probably high
because of the probable presence of oxidation products
of cholesterol due to autoxidation at the air-water
surface.2 However, autoxidation is not considered a
serious difficulty in our studies, since the autoxidation
of cholesterol in mixed-lipid films is almost completely
inhibited.2

It should also be noted that since a different volume
of alcohol was used to disperse the cholesterol in bulk
for each concentration, and since the excess surface
concentration is constant above f?satd, we conclude that
the 1- 2% ethanol used in these experiments has no
effect on the adsorption process.

To study the adsorption of cholesterol in the presence
of a second lipid component, the following procedure
was used. For a given experiment, labeled cholesterol
solution was poured into a petri dish at time zero. A
monolayer of the desired component was then spread on
the surface of the cholesterol solution, using a suitable
spreading solvent,0 and an excess of this component
in the form of a liquid lens or crystals was added di-
rectly to the interface with a clean platinum spatula.
Measurements of the surface radioactivity were made
shortly after spreading of the film and again at regular
intervals until the experiment was terminated. Be-
tween readings, the solutions were covered and allowed
to stir or stand as desired.

3) Film Balance Experiments. Measurements
the surface tensions for equilibrium mixed-lipid films
prepared according to the above procedure were made
using a modified Langmuir-type horizontal float film
balance. Modifications, shown schematically in Fig-

(19) N. L. Gershfeld, J. Phys. Chem., 66, 1923 (1962).
(20) G. Aniansson and O. Lamm, Nature {London), 165, 357 (1950).

(21) D. J. Salley, A. J. Weith, Jr., A. A. Argyle, and J. K. Dixon,
Proc. Roy. Soc., Ser. A, 203, 42 (1950).

(22) A. M. Kamel, N. D. Weiner, and A. Felmeister, J. Colloid
Interface Sci., 35, 163 (1971).

of
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BARRIER FLOAT

Figure 1. Schematic diagram of modified film
balance (see text).

ure 1, were made to facilitate the adsorption experi-
ments. A Teflon septum mounted on the base of the
trough and immediately adjacent to the float system
separates the trough into two sections, A and B. A
small slot in the upper edge of the septum allowed the
integrity of the surface film on side B to be maintained
all the way to the float. The purpose of the septum is
to limit the diffusion of soluble components from side
B to A. A Teflon-coated magnetic bar was used to
produce vigorous stirring of the solution in section B.

Surface potentials, AF, with a reproducibility of
+10 mV were measured with a 2fRa electrode and
electrometer.

In a typical experiment, a saturated suspension of
cholesterol in water, the equivalent of 1 X 10-5 M,
was poured into the trough and sides A and B swept
clean with a Teflon barrier. A film of cholesterol was
spread on side A along with excess crystals. Since
adsorption of cholesterol in the absence of stirring is
very slow, the surface tension of the solution on side B
is initially very nearly that for water, and the equi-
librium spreading pressure of cholesterol was recorded.
Next, on side B, a monolayer of the second component
was spread and an excess added either as crystals or as a
lens. By vigorously stirring side B, the system was
brought to equilibrium and a final surface pressure and
surface potential were recorded. At the end of the ex-
periment, side B was swept to remove the mixed film,
and the equilibrium spreading pressure for the cho-
lesterol film on side A was again measured. This con-
trol indicated that none of the second lipid component
had diffused from B to A during the experiment.

In another experiment, no second lipid component
was added to side B. Following several hours of
stirring, the surface tension of the solution on side B
approached within 1-2 dyn that for side A (saturated
surface of cholesterol); moreover, the surface potential
measured on side B was that of a saturated cholesterol
film. Thus, on side B a monolayer of cholesterol had

1247

adsorbed from the bulk solution to the surface in this
time. After sweeping side B, the equilibrium spreading
pressure of cholesterol was again measured and it was
found that the surface potential had dropped to zero.
This experiment substantiates the conclusion that the
cholesterol films obtained by either spreading or ad-
sorption are identical.

Equilibrium spreading pressures ire of the pure com-
ponents were obtained by the conventional method of
adding the pure lipid in excess to the surface.l0 .

4 Equilibrium Criteria.
of the adsorption experiments, it is essential that the
systems be at thermodynamic equilibrium. The fol-
lowing criteria were used to establish that equilibrium
had been attained.

In the radiotracer experiments, the counts per
minute (cpm) representing the equilibrium concentra-
tion of cholesterol in the surface was taken to be that
value which remained constant, within experimental
error, for 3-5 days prior to termination of the experi-
ment. During this period, it could be demonstrated
that this cpm value was not affected by the addition of
more of the second component to the surface, or by
vigorous stirring or standing of the solutions.

Equilibrium was reached in a much shorter time in
the film balance (several hours) than the radiotracer
experiments (several days). The difference in rates
is due to less vigorous stirring in the radiotracer ex-
periments in order to prevent accidental splashing of
the isotope. In both series of experiments, all measure-
ments were made after stirring had been interrupted.

The following criteria was used to verify equilibrium
in the film balance experiments, (i) It was possible to
add more of the second lipid component to side B with-
out changing AF and ir. (ii) The surface area of side
B could be decreased or increased by 50% and, fol-
lowing a reequilibration of the components in the sys-
tem, the original values of ir and AF were obtained,
(iii) Following stirring and equilibration, the surface
potential and pressure were constant; in some cases,
the systems were checked after 24 hr with no variation
in these parameters.

Results and Discussion

The measurements of 7re, ir2, y(measd), and Id,
where subscript | refers to cholesterol and 2 to the
second lipid component, are summarized in Table I.
AFi, AF2 and AFm are the surface potentials of com-
ponents 1, 2, and the equilibrium mixture. Also listed
in Table | are and A2 (as determine from “spread-
film” experiments) and y(ideal), calculated according
toeq 7.

When cholesterol is mixed with the liquid-condensed
films of octadecanol, stearic acid, or dipalmitoyl leci-
thin (pH 5.8), the equilibrium surface film contains only
cholesterol. This is supported by the fact that D for
cholesterol equals, within our experimental error, the
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Table I: Properties of Equilibrium Surface Mixtures of Cholesterol with Other Lipids; T = 23°, pH 2
2 +0.5 Ai, Ti X 10° af2+ 10 AFm“ + 10 y(measd) £ 1 y(ideal),
Film dyn/cm AJ mol/cms mV mvV dyn/cm dyn/cm
Liguid Condensed
Octadecanol 37.6 20 4.3 + 0.3 +390 +400 33 23.4
Stearic acid 0.5 22 3.8+ 0.4 + 360 +400 35 30.8
Dipalmitoyl lecithin 35.9 44 4.6 + 0.4 +470 +360 33 26.7
(pH 5.8)
m-Octadecyl phosphate 40.1 22 1.4+ 0.2 +330 + 350 26 22.8
Liquid Expanded
Oleic acid 28.9 30 3.9+ 0.3 + 240 +620 34 30.7
Oleyl alcohol 29.0 30 2.0+ 0.2 + 230 +360 35 30.7
TO-Oleyl phosphate 40.6 30 0.45 +0.05 +400 +485 25 23.9
Gaseous
Octadecyl sulfate 27.4 50 1.3+ 0.1 -80 +220 40 30.7
Cholesterol(saturated)
38.8+ 1 37 4.5 + 0.27 AFi = +400 33.2

« When AVk = AFi(cholesterol), the film is pure cholesterol.

saturation value for cholesterol (4.5 X 10-10 mol/cm2
and that 7(measd) equals the surface tension for a
saturated solution of cholesterol (33.2 dyn/cm). We
conclude that these liquid-condensed components are
immiscible with cholesterol films.

The immiscibility of cholesterol with either octa-
decanol or stearic acid is corroborated by the surface
potentials AFm which equal that for pure cholesterol
(+400 mV). The smaller value of AFmobtained with
diplalmitoyl lecithin (+360 mV) suggests slight misci-
bility which was not seen in our measurement of 1+
however, this must be less than 6%, the error in our
values of 1+

Cholesterol is miscible with the liquid-condensed
wz-octadecyl phosphate, with the liquid-expanded oleyl
alcohol, oleic acid, and oleyl phosphate, and with the
gaseous octadecyl sulfate. These conclusions follow
from the fact that F is less than the saturation value
for cholesterol. In the case of oleic acid, although Ti
was close to the saturation value, mixing was deduced
because AFm (+620 mV) was not equal to AFi (+400
mV) or AF, (+240 mV). For the remainder of these
compounds, I\ and AFmare significantly different from
the values for pure cholesterol or pure component 2.

From the data in Table I, we find that 7 (measd) is
always greater than 7 (ideal), and we conclude that
none of these lipids forms ideal surface mixtures with
cholesterol. Since deviations from *“ideal” mixing
can often indicate the type of interactions which occur
in mixtures, ¥ it would be useful if 7 — 7 (ideal) can be
so interpreted. However, it can be shown that 7 —
7 (ideal) can only indicate deviations in the surface film
relative to any deviations which may occur in the equi-
librium bulk solution.1618 To establish whether posi-
tive or negative deviations from ideal surface solutions
occur, it is necessary to study the surface mixing process
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independent of the bulk solution. In principle, the
spread-film system allows one to study the surface
interactions directly. Indeed, our studies with spread-
films at very low surface pressures (see part Il of this
seriesZ) indicate that there is a continuity of the mixing
behavior of lipids from the very low surface pressure to
the high surface pressure region. In the low surface
pressure region, we have established that lipid mixtures
will form regular solutions which exhibit either large
positive deviations from Raoult’s law or phase separa-
tion. In the present study of the high surface pressure
region, we also have observed two general types of
behavior: the two lipid components are either com-
pletely immiscible where no mixing in the surface will
occur at any mole fraction, or the components are at
least partially miscible and form nonideal surface mix-
tures.

It is important to note one major distinction between
the spread-film experiments and the present adsorption
studies. With spread-films, the subphase is generally
not saturated and, according to the phase rule, more
than one surface phase can exist. In the present study
we have set the experimental conditions such that only
one surface phase can be present. Thus, in a two-
component system where miscibility is evident, our
experiment does not allow us to determine for the com-
ponents which mix whether they do so in all propor-
tions, since a second surface phase, should it form,
would be excluded from the surface. Thus, even for
the case where the adsorption experiment indicates
miscibility of the surface components, the spread film
may still have two coexisting surface phases.

The “condensing” effect with cholesterol has been

(23) R. E. Pagano and N. L. Gershfeld, J. Phys. Chem., 76, 1238
(1972).
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studied as spread-films in the range of high surface
pressures. Since the subphase is usually not saturated
with respect to both lipid components, one cannot es-
tablish unequivocally whether the mixed film is homo-
geneous. However, in at least one system—dipalmi-
toyl lecithin plus cholesterol—we have demonstrated
that the components are immiscible. Thus, the spread-
film for which a condensing effect has been reported6
must contain two surface phases. Therefore, the as-
sumption of film homogeneity has been violated, and
the reported condensing effect cannot be interpreted
meaningfully.24-26

A condensing effect has also been reported for mix-
tures of cholesterol with oleic acid3 and, on the basis of
less direct evidence, with octadecyl sulfate.Z In these
cases, while film miscibility is indicated by our adsorp-
tion studies, it is again important to recognize that this
does not necessarily indicate complete miscibility;
the second phase, if it exists, will be excluded from the
surface.

In summary, we have demonstrated that the be-
havior of mixed-lipid films at high surface pressures is
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consistent with regular solution theory, where one
would predict either large positive deviations from
Raoult’s law or phase separation. For lipid mixtures
at high surface pressures, where condensing effects have
been reported, phase separation has been shown to
occur. While the reported condensing effect may be
shown ultimately to involve a decrease in molecular
areas for surface mixtures of lipids (much as the mixing
of hydrocarbons in bulk results in a decrease in vol-
ume), at present the significance of this effect must
remain in doubt until a more rigorous method for
studying spread films in the high surface pressure region
can be devised.

(24) The immiscibility of dipalmitoyl lecithin and cholesterol has
also been verified in the low surface pressure region: R. E. Pagano
and N. L. Gershfeld, unpublished results.

(25) Surface viscosity studies have recently been used to test for
cholesterol-lecithin interactions. The significance of these studies
must also be questioned on the basis that similar results were ob-
tained with both immiscible and miscible systems.%

(26) P. Joos, Chem. Phys. Lipids, 4, 162 (1970).

(27) M. Muramatsu and N. L. Gershfeld, J. Phys. Chem., 73, 1157
(1969).
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A series of recoil tritium experiments is described with hexamethyldisilane in which hydrogen abstraction and
substitution, heavy group displacement, and reaction at the Si-Si bond are observed. Effects of additives,
total system pressure, and radiolysis were evaluated. Reactivities on a “per bond” basis were determined

for each bond in hexamethyldisilane relative to those in neopentane.
In fact, the Si-Si bond was estimated to be the most reactive single bond toward

Si-Si> C-H > C-Si> C-C.

The relative order was found to be:

high-energy tritium yet encountered. This high reactivity is thought, on the basis of 02and C2H4 additive

effects, to be due to both a low threshold energy and a high reaction cross section.

Results are interpreted in

terms of possible chemical effects on these high-energy reactions, such as a low bond dissociation energy.

Introduction

The importance of various chemical parameters as
controlling factors in high energy atom reactions has
been indicated by several recent investigations.1-12
Bond dissociation energies have been shown to be a
major determinant in both recoil tritium abstraction
and substitution reactions. For the abstraction re-
action, the excellent correlation between Zt(C-I11)
and HT vyields of various organic compounds has been
established by Rowland and coworkers.6-9 For the
substitution reaction, a correlation between D(C-X)

and product yields from the T*-for-X substitution in
both CH3 and the substituted benzoic acids has been
reported.11013

(1) Y.-N. Tang. E. K. C. Lee, E. Tachikawa, and F. S. Rowland,
J. Phys. Chem, 75, 1290 (1971).

(2) S. H. Daniel and Y .-N. Tang, ibid., 75, 301 (1971).

(3) F. S. Rowland, E. K. C. Lee, and Y.-N. Tang, ibid., 73, 4024
(1969).

(4) J. W. Root, ibid., 73, 3174 (1969).

(5) W. Breckenridge, J. W. Root, and F. S. Rowland, J. Chem. Phys.,
39, 2374 (1963).
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As for other chemical factors, a most noteworthy
result is that an electron density effect was demon-
strated by the correlation between NMR proton chem-
ical shifts and the T*-for-H substitution yields in a
number of alkanes and halomethanes.18

All of these observations, although not denying the
possible effect of physical-geometrical parameters
(e.g., the rotational inertia hypothesis used for the
explanation of heavy-group substitution by tritium
atoms),14-17 have positively identified the active role
of certain chemical factors in hot atom reactions.

The present series of studies on recoil tritium re-
actions with silicon-containing compounds has been
designed to search for further evidence of chemical
effects in hot atom reactions by increasing or extending
our working parameters.1819 Our previous work on
trimethylfluorosilane has convincingly demonstrated
the existence of a bond strength effect in the T*-for-X
substitution in highly substituted silanes.88 In the
present case, we wish to examine in detail how the bond
strength effect works in recoil tritium reactions with
hexamethyldisilane, the major feature of this molecule
being the presence of a weak Si-Si bond.D Further-
more, we wish to identify any possible clues for the
presence of additional chemical factors, such as the
use of 3d atomic orbitals.2L

The primary products expected from reaction of
recoil tritium with hexamethyldisilane are as follows

T* + (CH3Xi-Si(CH33—>
HT + (CH3Xi-Si(CH3XH2 (1)
T* + (CH33®i-Si(CHa)3—>
(CHa)aSi-Si(CH3ZCHZI + H (2)
T* + (CHa)Bi-Si(CH33—>
CHaT + (CH33i-Si(CH32 (3)
T* + (CH3aSi-Si(CHa)3—>
(CHs)aSi-SiT(CH32+ CHS (4)
T* + (CH33i-Si(CH3a—>
(CH33BiIT + (CHa)aSi (5)
All of the expected tritiated products, with the ex-
ception of pentamethyldisilane, for which identification
is tentative, are observed.
Experimental Section

General Procedure. The standard procedures used
in recoil tritium reactions were followed.1®9 Samples
containing 3He, hexamethyldisilane vapor, and addi-
tives were filled into Pyrex 1720 bulbs and sealed with
standard high-vacuum techniques. The nuclear re-
action, He (n,p) H, was used for the tritium produc-
tion. Irradiations were carried out at the Texas A&M
University Nuclear Science Center reactor with a ther-
mal neutron flux of 1 X 1013 neutrons/(cm2 sec) for
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5 or 8 min. The tritium-labeled products were an-
alyzed by radiogas chromatography.2 Mass peaks
were detected by a thermal conductivity detector and
measured by disc integration. Measurement of radio-
activity in the eluent was accomplished by gas pro-
portional counting of the helium stream after it had
been mixed with propane. There was no indication
of quenching by the hexamethyldisilane.

Chemicals. Hexamethyldisilane, with a purity level
of >98%, was obtained from Peninsular Chemical Co.
A gas chromatographic purity check showed no de-
tectable impurities, (CH33XiH included. HHe was
obtained from Mound Laboratory, Monsanto Research
Corp., and has a tritium content of less than 2 X
10-11%.

Oxygen (Airco), C02 (Matheson, >99.5% purity),
CH4 (Matheson, >99% purity), and neo-CHi2
(Matheson, >99% purity) were all used without fur-
ther purification.

Gas Chromatographic Columns. For most of the
samples, two columns were sufficient for a complete
analysis, a 50-ft TTP (tri-o-tolyl phosphate) column
at 50° for the evaluation of labeled parent and (CH33
SiT yields and a combination set of columns (glass
beads, activated alumina, and molecular sieves) for the
HT and CH3T separation.

For ethylene-containing samples, a 50-ft TIB (tri-
isobutylene) column at 0° was also used. This per-
mitted separation of (CH3XiT without interference
from tritiated hydrocarbons.

A small radioactive peak which appears somewhat
before the parent on the TTP column and whose ac-
tivity is generally 1-5% of that found in the tritiated

(6) J. W. Root, W. Breekenridge, F. S. Rowland, J. Chem. Phys.,
43, 3694 (1965).

(7) E. Tachikawa, Y.-N. Tang, and F. S. Rowland, J. Amer. Chem.
Soc., 90, 3584 (1968).

(8) E. Tachikawa and F. S. Rowland, ibid., 90, 4767 (1968).
(9) E. Tachikawa and F. S. Rowland, ibid., 91, 559 (1969).
(10) Y.-N. Tang, Ph.D. Thesis, University of Kansas, 1964.

(11) F. Schmidt-Bleek and F. S. Rowland, Angew. Chem., 76, 901
(1964).

(12) F. S. Rowland, “Proceedings of the International School of
Physics, “Enrico Fermi” Course XLIV-Molecular Beam and Reac-
tion Kinetics,” Ch. Schlier, Ed., Academic Press, New York,
N. Y., 1970.

(13) R. M. White and F. S. Rowland, J. Amer. Chem. Soc., 82, 5345
(1960) .

(14) R. Wolfgang, Progr. React. Kinet., 3, 97 (1965).
(15) R. Wolfgang, Annu. Rev. Phys. Chem., 16, 15 (1965).

(16) R. A. Odum and R. Wolfgang, J. Amer. Chem. Soc., 83, 4668
(1961) .

(17) R. A. Odum and R. Wolfgang, ibid., 85, 1050 (1963).
(18) S. H. Daniel and Y.-N. Tang, J. Phys. Chem., 73, 4378 (1969).
(19) S. H. Daniel, Ph.D. Thesis, Texas A&M University, 1971.

(20) 1. M. T. Davidson and I. L. Stephenson, J. Chem. Soc. A, 282
(1968).

(21) E. A. V. Ebsworth, “Volatile Silicon Compounds,” MacMillan,
New York, N. Y., 1963.

(22) J. K. Lee, E. K. C. Lee, B. Musgrave, Y.-N. Tang, J. W. Root,
and F. S. Rowland, Anal. Chem,, 34, 741 (1962).
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-Gas pressure, Torr-

25 25 25 27
26 25 25 50
66 80 100 167
2.6 3.2 4.0 6.2
100 100 100 100
18+ 1 9=+1 19+1 19+ 1
20+ 1 18+ 1 16+ 1 13+ 1
56+ 1 58+ 1 57+ 1 54+ 1

Table I : Recoil Tritium Reactions with Hexamethyldisilane in Systems Scavenged by 02

(CH3Xi-Si (CH?3)3 20 20

He 20 20

02 26 28

02 (CHDJ3esi2ratio 1.3 1.4

HT 100 100

CH3r 16+ 1 16+ 1

(CH3SIT 30+ 1 35+ 1

(CH3)Bi-Si(CH3ZLH T 72+ 1 67 + 1

aRelative to HT as 100.

parent is probably (CH36Si2l, The identification is
only tentative, since no authentic sample was available
for column calibration.

Results

Variation of Product Yields with Scavenger Concen-
tration. Recoil tritium reactions with hexamethyl-
disilane in the presence of various amounts of oxygen
as a scavenger were carried out, and the results are
shown in Table I. The 02parent ratio ranged from
1to 6. In this table, HT, which is normally used as a
pressure-independent reference, was chosen as a com-
parison standard because, for well-scavenged systems,
the HT yield from the abstraction of hydrogen from a
reasonably strong C-H bond should not be very sen-
sitive to the scavenger concentration. Error limits
in this and subsequent tables are computed from count-
ing statistics only, unless otherwise specified.

The data in Table | reveal that as the 02parent
ratio goes from 1 to 6, the relative yields of (CH33SiT
decrease by a factor of approximately 3. However,
the relative yields of all the other primary products
show much less variation.

Radiolysis of Hexamethyldisilane. A small amount
of trimethylsilane (<1%) is observed from the radiol-
ysis of hexamethyldisilane. In order to verify that
radiolysis during pile irradiation will not complicate
our interpretations of labeled product yields, a number
of 02scavenged samples of hexamethyldisilane were
irradiated for different lengths of time.

The level of radiation damage for these samples
ranged from approximately one-half to five times those
observed in actual runs. The ratio of (CH33XiT to
(CH33Xi-Si(CH3XHZr for samples with radiation
damage up to those encountered for actual runs are
essentially the same. This indicates that there is no
significant contribution to (CH33XiT yields from re-
actions of radiolytically produced species.

Pressure Effect in the Hexamethyldisilane Systems. In
Table I, the total pressure of the system is a variable,
as well as the scavenger concentration. In order to

ensure that the observed variation in (CH33XiT yield
is due to increasing amounts of scavenger rather than
increasing pressure, several samples of 1 atm total
pressure with C02 as the pressure builder were ana-
lyzed, and the results are shown in Table Il. The use
of C02is necessary, because hexamethyldisilane has a
vapor pressure of only about 26 Torr.

Table 1l1: Results of Recoil Tritium Reactions with
Hexamethyldisilane in Systems Having a Total
Pressure of 1 Atm

=Gas pressure, Torr-

(CHa)&i-Si(CH?3)3 26 26 26
He 18 20 18
02 22 22 23
co2 731 727 738
Total pressure 797 795 805
HT 100 100 100
CH3r 19+ 1 19+ 1 20+ 1
(CH3)SIT 28+ 1 26+ 1 22+ 1
(CH3XBi-Si(CHYZTHZT 55+ 1 22+ 1 51 + 1

“ Relative to HT as 100.

A comparison of the results in Table Il with those
samples in Table | having a similar 02parent ratio
shows that the yield of (CH33iT is rather similar.
However, a comparison of these samples with the one
in Table 11l having the same total pressure (1 atm),
but filled with 02rather than C02 reveals a large differ-
ence in the (CH33iT yield.

Strictly speaking, the above-mentioned samples
should not be directly compared owing to an expected
difference in the reacting tritium energy spectrum.X4
However, the qualitative picture obtained obviously
indicates that the vast variation in the (CH33iT
yield as shown in Table I is mostly due to a scavenger
concentration effect and not a pressure effect.
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Table I11: Variation of Product Yields with Oxygen Concentration
(CH3XSi-Si(CHJ3 25 22 20 20
He 25 20 20 20
02 0 0 26 28
0 2/(CHDJ3)&si2ratio 0 0 1.3 1.4
HT 215+ 13 137 +1 139+ 2 149 2
CH3r 26 + 2 19+x1 221 24=zx1
(CH3SIT 107+ 50 114+1 421 52 +1
(CH3Si—sSi(CH3XHZT 100 100 100 100

° Relative to (CH3Xi-Si(CH3)ZHZI as 100.
to quenching.

s The average of three samples of the same composition.

S. H Daniel, G. P Gennaro, K M Rance, and Y.-N. Tang

-Gas pressure, Torr-

25 25 25 27 27 27 27
26 25 25 50 49 49 48
66 80 100 167 473 591 720
2.6 3.2 4.0 6.2 17.5 21.9 26.7

-Product yieldsfl-

179+2 173+ 2 176+1 186+ 1 C C C

31 i1 32 i1 33+1 351 C c C

3+x1 31 1 29+1 24+ 1 8x1 11+x1 6% 1
100 100 100 100 100 100 100

'Not determined owing

Table IV: Variation of Product Yields with Ethylene Concentration
-Gas pressure, Torr-
(CH3)Xi-Si(CH33 21 19 21 17 21 17 21 17
He 15 17 14 16 16 10 15 17
CH4 16 22 45 59 93 165 369 508
CH 4 (CH3EBi2ratio 0.76 1.2 2.1 3.5 4.4 9.7 17.6 29.9
HT 165 + 1 176 + 1 221 + 1 221 £ 1 264 + 1 368+ 1
+ 309 + 1
CH3r 205+ 1) 22 + 2 21 +2 26 £2 24 = 2 ( ) 16+2 18 + 2
ch & 103 + 1 206 = 1 204 + 1 360 = 1 433 + 1 796 + 1 791+ 1 1383 = 1
(CH3IIT 38+ 1 22+ 1 26+ 1 23+ 1 20+ 1 19+ 1 12+ 1 12+ 1
(CH3[Ii-Si(CHYXHZT 100 100 100 100 100 100 100 100
Specific activity ratio 3.6 8.0 3.6 4.6 4.8 4.3 3.7 4.0

per bond (C=C/Si-Si)6

° Relative to (CH3)Xi-Si(CH3)ZHZ as 100.

Effect of Oxygen Concentration on (CHf)sSiT Yield.
An internal gas proportional counter will be quenched
by a large 0 2peakDand, as a result, the yields of the
accompanying radioactive products, such as HT and
CHa3r, will therefore be erratic. Because of this, the
use of the tritiated parent as a comparison standard
should be more meaningful than the use of HT in
covering a wide range of oxygen concentrations. Ac-
cordingly, we have listed in Table 111 the relative yields
of products with the tritiated parent as a standard
covering an 0 2parent ratio from 0 to 27. For the
oxygen-free samples, hexamethyldisilane-i! is definitely
the best standard because extra HT is expected to be
formed from thermal tritium reactions.

The trend of decreasing (CH33XiT yield with in-
creasing oxygen concentration is very obvious in Table
I1l. These yields are plotted in Figure 1 as a function
of the 02parent ratio.

Effect of Ethylene Concentration on (CHf)ZSiT yield.
An experiment, parallel to the above oxygen system,
was conducted with ethylene as an additive, and the
results are shown in Table IV. The (CH33XiT yield
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6 [(CH3T)/P(CH4/((CHIBIT)/P((CHIBII]

again decreases as the ethylene/parent ratio increases
from 1 to 30. This is illustrated in Figure 2. The
curves in Figures 1 and 2 are nearly identical, with the
ethylene curve falling slightly below the oxygen curve
in the low additive concentration region. Their basic
similarity indicates that the efficiency of these two
molecules to remove thermal tritium atoms is about
the same.

In Table 1Y, the specific activity ratios per bond for
C=C in ethylene and Si-Si in hexamethyldisilane have
been calculated. On the average, the former is ap-
proximately four times more reactive than the latter
toward recoil tritium for the entire ethylene/parent
ratio range.

Specific Activity Ratio for the T*-for-H Substitution
in Hexamethyldisilane and Neopentane. Hexamethyl-
disilane samples indicated in Table Il were actually
irradiated in a rotisserie together with four samples
of neopentane of similar composition. Each of these
had approximately the same amounts of parent com-
pound, He, 02 and C02 The rotisserie irradiation
is necessary so that each sample is exposed to the same
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Figure 1. Dependence of the relative yields of (CH3)XiT on
oxygen concentration.

Figure 2. Dependence of the relative yields of (CH33IT on
ethylene concentration.

neutron flux. This was done in order to measure the
specific activity ratio for the T*-for-H substitution in
these two compounds. With the 3He mass peak area
measured, the average specific activity for T*-for-H
substitution in hexamethyldisilane can be evaluated
on an arbitrary basis. Similarly, the same parameter
can be calculated for neopentane. A comparison of
the two shows that the specific activity ratio per mole-
cule for the T*-for-H substitution is 1.57 in favor of
the silane.

Discussion

Relative Reactivity of the Si-Si Bond in Hexamethyl-
disilane and the C-C Bond in Neopentane. In Table V,
the 1.57 value for the specific activity ratio per molecule
for the T*-for-H substitution in hexamethyldisilane
and neopentane is used to normalize the various yields.
Then, for each type of reaction, the yield per molecule
is divided by the number of reaction sites in the
molecule to derive the “per bond” yield.

Results indicate that the C-H bonds in both mole-
cules have rather similar reactivities for either abstrac-
tion or substitution. The total reactivity for the Si-C
bond is approximately twice that of the C-C bond in
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Table V: A Comparison of the Reactivity of Hexamethyl-
disilane with Neopentane toward Recoil Tritium
Products® n
CH36Si2 CH34C
(CH3 a_ 4:.%6 (CH3
Per Per Per Per
molecule bond molecule bond
T-for-H sub- 1570+ 10 87+ 1 1000 83
stitution
HT 2970 £+ 40 165 db 2 1400 zb 70 116 + 2
CH3r 573+ 9 96 + 2 222 zb 16 56 dz 1
T-for-CH3sub- 77+ 9 13+ 1 19 =b 3 5zb 1
stitution
(CHa)sSIiT 752 + 60 752 + 60

° Relative to neopentane as 1000. D[(Obsd activity/3He mass

peak)(P(C02/P(Parent))].

neopentane. Similar values have been observed in
some of the direct methylsilane-alkane competition
systems.8

The most significant result of this comparison, how-
ever, is that the Si-Si bond in hexamethyldisilane is
about twelve times more reactive than the C-C bond
in neopentane.

Low Threshold Energy and High Reaction Cross
Section. Further examination of Table V reveals the
qualitative order of the total reactivity of bonds in
hexamethyldisilane and neopentane as

Si-Si > C-H > C-Si > C-C

This means that the Si-Si bond is probably the most
reactive single bond toward recoil tritium atoms ever
studied. On a per bond basis, its reactivity is two or
three times greater than the sum of hydrogen abstrac-
tion and substitution reactivities at C-H bonds.

The high reactivity for the recoil tritium reactions
at the Si-Si bond may be due to either a low threshold
energy or a high reaction cross section, or a combina-
tion of both. The evidence for the former is an ex-
tremely high (CH33iT yield in nonscavenged samples
and a very sharp drop in its yield with the addition of
small amounts of oxygen or ethylene, indicating the
presence of a thermal reaction with a very low reaction
threshold. The indication of a high reaction cross
section comes from the observation that the yield of
(CH3&IT is still rather high in extremely well-scav-
enged systems, under which conditions thermal pro-
cesses supposedly are completely suppressed.

Further evidence for the low threshold energy of the
Si-Si bond reaction may be extracted from the product
yields observed for hexamethyldisilane-ethylene mix-
tures. The fact that the specific activity ratio per
bond for C=C/Si—Si (Table 1V) is approximately
independent of the mole fraction of ethylene in these
mixtures indicates that the reaction probability curves
for recoil tritium reaction with C=C in ethylene and
Si-Si in hexamethyldisilane are nearly parallel to each
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other and lie in a similar energy range. This implies
that the latter process should possess a reasonably low
threshold energy, such as has been convincingly dem-
onstrated for the reaction of recoil tritium atoms at
C=C in olefins.3

Bond Strength Effects. Both the low threshold energy
and the high reaction cross section for recoil tritium
reactions at Si-Si bonds may be explained by a rela-
tively low bond dissociation energy. This may be
viewed as another example of the bond strength effect
in hot atom substitution reactions.

Several values of D(Si-Si) in hexamethyldisilane
have been reported in the literature. From electron
impact studies, Hess, Lampe, and Sommer24 have ob-
tained a value as high as 86 kcal/mol. On the other
hand, Connor®and coworkers have determined values
of 58 and 49 kcal/mol by the toluene carrier technique
in a flow system. Very recently, Davidson and Steph-
ensondhave derived from the rate of pyrolysis of hexa-
methyldisilane a value of 67 + 2 kcal/mol for D (Si-Si).
They commented that (a) in the electron impact studies,
the value used for the appearance potential of (CH3 i+
from hexamethyldisilane was 0.7 eV too high and (b)
some heterogeneous processes might have complicated
the toluene carrier flow experiments. Thus, the value
of 67 £ 2 kcal/mol appears to be the most reliable
figure.

This low bond dissociation energy will give rise to a
low activation energy for tritium atom reactions at
the Si-Si bond. This in turn may be sufficient to ex-
plain the observation of both a high reaction cross sec-
tion and a reaction probability curve with a low
threshold.

Other Possible Contributing Factors. Physical-geo-
metric factors, such as the large size of the silicon atoms
as compared to carbon atoms, may also contribute to
the relatively high reactivity of Si-Si bonds. Further-
more, the slow Si-H bending vibrational frequency
may also increase the probability of Si-T bond forma-
tion as proposed by Witkin and Wolfgang.® How-
ever, both of these contributions should be minor be-
cause the increment in reactivity in going from the
C-C bond to the C-Si bond is much smaller than that
in going from the C-Si bond to the Si-Si bond. Neither
of these causes can account for the extremely large in-
crement in reactivity in the latter case.

Possible Use of Silicon 3d Orbitals. It is possible,
although in no way conclusive, that the high reactivity
of Si-Si bonds is due to the combination of two proces-
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ses. One is an ordinary type of recoil tritium sub-
stitution reaction at the Si-Si single bond. The other
is the interaction of the 3d orbitals of the silicon atom
with the incoming tritium.

The former process should be similar to recoil tritium
interactions at C-C bonds, but with a somewhat higher
reactivity. The expected high reactivity should be
primarily due to a weak Si-Si bond with certain con-
tributions from the larger size of the silicon atom and
the slower vibrational frequency of the Si-Si bond.
This is actually the same process which we have dis-
cussed in the previous sections. However, this process,
although expected to have a high reaction cross sec-
tion, does not necessarily have a low threshold energy.

The additional 3d orbital process might be somewhat
similar to the recoil tritium interactions with wbonds.
The silicon atoms might employ their 3d orbitals to
accommodate the incoming tritium atoms to form a
certain kind of complex which decomposes to give the
final product, (CH33XiT, by breaking the weak Si-Si
bond. A similar type of d complex might have also
formed in the case of recoil tritium reactions with the
C-Si bond. However, since all the a bonds in this
complex, including the C-Si bonds, are reasonably
strong, the d complex would break down by releasing
the tritium, again giving no net observable reaction.
It seems logical that the d-complex process would be
fruitful only when there are some very weak bonds,
such as the Si-Si bond, in the system which could be
preferentially broken during the decay of the complex.
Like the ir-bond addition reaction, this d-orbital addi-
tion process also should possess an extremely low thresh-
old energy, whose actual observation gives the best
clue to the possible presence of such a process.

Although the present results suggest the use of 3d
orbitals by silicon for recoil tritium reactions, conclu-
sive proof of this process will require additional
evidence.
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Films (570-840 A) of cyclohexane and n-hexane at 77°K have been subjected to low-energy electron impact
and the products have been analyzed. The yield of bicyclohexyl onsets at ~8.5 eV, maximizes at ~13 eV,
and minimizes at ~30 eV. Of the CRproducts from n-hexane only n-dodecane was resolved in the gas chro-
matogram. The onset is well below the threshold of optical absorption. Only the n-hexane fragment hydro-
carbon products ethane, propane, n-butane, n-pentane, and their congruent olefins (in the order of decreasing
yields) were measured in detail. Their yield vs. energy profiles were similar with onsets at ~3.5 eV, maxima
at ~6.5 eV, and minima at ~7.0 eV. The results for n-hexane at low energy are attributed to decompositions
from vibrationally excited, low-lying triplet states by direct excitation with spin exchange.

Introduction

The chemical effects of high-energy radiation tend
to be indiscriminate and, with few exceptions, only
the ultimate and penultimate products can be char-
acterized and identified. A simple technique has been
described to measure the chemical consequences of
low-energy electron impact on simple solid molecular
systems.3 Practical considerations require a very low
vapor pressure and therefore low temperature. For
even modest precision in measurement of the electron
energy it is essential to avoid trapping electrons in the
target. Consequently, compounds which undergo dis-
sociative electron attachment are not suitable. Since
even solid alkanes and alkenes can trap electrons physi-
cally, the target should be as thin as possible to mini-
mize this effect.

The present work is concerned with the energy de-
pendence of the yields of bicyclohexyl from cyclohexane,
and of n-dodecane and C2C 5alkanes and alkenes from
n-hexane, under slow electron impact.

Experimental Section

Samples of cyclohexane (Hinton’'s Primary Standard
Grade 99.98%) and n-hexane (Phillip’s Research Grade
99.95%) were outgassed and stored on a grease-free
vacuum line. From the measured P-V -T of the vapor
admitted to the reactor at 77°K theofilm thickness
was ~570 A for cyclohexane and -~840 A for n-hexane.

The reactor, a 1-1 Pyrex flask, was inner-surfaced
with an evaporated gold film as anode. After rough
pumping (mechanical and mercury vapor diffusion
pumps) the vacuum handling system, which contained
only Pyrex glass, Kovar, and stainless steel, was valved
off, baked out, and evacuated to 2.5 X 10~7Torr by
an ion pump. This pressure was also maintained
during electron bombardment. A schematic diagram
appears in Figure 1. The filament and its mounting
have been described.3

The filament temperature was adjusted, prior to
admitting each sample, to give 10 A anode current 7a
(=2 X 10~7A/cm32 at a selected anode voltage Fa
After admitting a sample the filament was restored to
the predetermined temperature gradually over 15 min,
then held there ~3 min to achieve stability before
applying the anode voltage. Tests showed no evidence
of pyrolysis. The anode voltage Fa (n.b., for the bare
anode) defines the nominal electron energy for each
run and it is used throughout this work unless otherwise
explicitly stated. For constant Fa he., a voltmeter
reading, 7a decreases, mostly during the first few sec-
onds. In the space-charge limited regime this results
from a change in the potential difference, presumably
due to injected electrons being trapped in the film. It
is assumed that increasing Fato restore the initial 7a
compensates for this effect, and this adjustment was
made as needed throughout each run to maintain
constant 7a3 For Fa< 10Y the adjustmentwas <1 Y.

Independent work with an electron gun operating
on its 7-F plateau shows that electron transmission
through films of cC@Hi2and n-C@Hu is not space-charge
limited at ~2 X 10-7 A/cm24 Consequently, the 7-F
characteristics reported previously for the bare anode3
apply equally for coated anodes, except for a voltage
shift.

It is considered perferable to describe the dependence
of 100-eV product yields, G, in terms of onsets, rather
than peaks, in the G(product) vs. V spectra. As a

(1) This work is based on a dissertation submitted in partial ful-
fillment of the requirements of the Ph.D. degree at the University of
Notre Dame.

(2) The Radiation Laboratory is operated by the University of
Notre Dame under contract with the Atomic Energy Commission.
This is AEC Document No. COO-38-813.

(3) L. M. Hunter, T. Matsushige, and W. H. Hamill, J. Phys.
Chem., 74, 1883 (1970).

(4) K. Hiraoka, work in progress at this laboratory.
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i

Figure 1. A schematic diagram of the apparatus used for
low-energy irradiation of cyclohexane and n-hexane by
electron impact.

consequence, one-half the IR drop along the filament
(IR ~ 15 V) and an additional Boltzmann spread
will introduce a rather large low-energy shift in onsets
relative to voltmeter readings. The effect of contact
potentials cannot be assessed for the equipment used,
but it is known that relative to a given cathode, contact
potentials for several alkanes and alkenes are the same.4

From five to ten runs were performed at each electron
energy, the average deviation of yields amounting to

15-20%. Sample collection and analysis have been
described.3
Results

The only product from cyclohexane in the region of
higher boiling compounds in the gas chromatogram
(with a silicone gum rubber SE-30 column) was bicyclo-
hexyl. Small yields of cyclohexyl-hexane and cyclo-
hexyl-cyclohexene are produced by y irradiation. (The
yield of cyclohexene could not be measured on the
same column and circumstances did not allow an addi-
tional 102 experiments.) The yield of bicyclohexyl
was linear with dose over a considerable range at low
electron energy, e.g., to "1O"2LeV/g. At higher elec-
tron energy the yield-dose curve fell off more rapidly.
All yields are reported for the linear region.

The electron-energy profile of the yield of bicyclo-
hexyl appears in Figure 2. By rough extrapolation
from the initial steep rise the onset is ~8.5 eV. There
are small yields of bicy clohexyl at low energy, amounting
to 2, 2, 5 28, and 76 in units of molecules/106
eV at4, 5 6,7, and 8eV. The maximum is (?(bicyclo-
hexyl) = 0.43 at 13 eV, compared to G = 1.55 for y
irradiation at 77°K.56

Of the C2products produced by electron impact on
thin films of n-hexane only n-dodecane could be fully
resolved by gas chromatography. Although this com-
pound contributes <10% to the combined C.2 yield,
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Figure 2. The electron energy profile of the 100-eV yield of
bicyclohexyl from cyclohexane (¢); the excitation curve for
490-nm emission (----), and the spectrum d/a/dFavs. Fa
(...) for cyclohexane.

this limited information is adequate for the present
purpose since there is a nearly uniform G-V dependence
for the entire group. The results, limited to the very
low energy range, appear in Figure 3. The onset occurs
at -~2 eV (nominal). The yield for y irradiation
at 77°K is included for comparison.

Of the alkane and alkene fragment products from
n-hexane, only propane and propene could not be
resolved while methane was not retained during recovery
of the sample prior to analysis. The results for ethane
and ethylene were badly scattered at 3 eV and the
yields of all fragment products are small and inaccurate
at 2 V, but circumstances did not permit further work.
The results in Figure 4 still provide evidence for a
maximum in the yield of ethane at eV in addition
to that at 6 eV. The yields of ethylene (not shown)
were 10-20% of the yields of ethane. The energy
profiles for the combined Cj’s in Figure 5 and for butane
and butene in Figure 6 follow the same pattern as
ethane. The profiles for pentane and pentene in Fig-
ure 5 differ only at > 10 eV.

A brief examination of 1,3-cyclohexadiene under
electron impact at 3.0, 4.0, and 4.5 eV showed that
benzene was a product at each energy and the largest
yield, Gr(C6HH = 0.6, occurred at 4.0 eV.

Discussion

Characteristic energy losses by electrons in solids
are quantized, distinctive of the substance and inde-
pendent of the incident electron energy and of the target
thickness. For thin films these losses can be measured

(5) J. A, Stone, Can. J. Chem., 43, 809 (1969).
(6) A. Charlesby, Intern. J. Radiat. Phys. Chem., 1, 45 (1961).
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Figure 3. The electron energy profile of the 100-eV yield of
ra-dodecane from n-hexane. The yield of n-dodecane from
7 irradiation at 77°K is included for comparison.

Electron Energy (eV)

Figure 4. The electron energy profile of the 100-eV yield of
ethane from ra-hexane (O) and the corresponding dependence
for GFa/100 (— —).

directly by energy analysis of backscattered electrons,7
or indirectly from structure in curves of d/addFa vs.
Ea48 The reliability of the method has been tested
on several aromatic compounds for which optical and
photoelectron spectra have been measured. For a total
of 37 energy levels the methods agree within ~0.1 V,
on the average.4 Data for such electron impact mea-
surements have been included in Figure 2 where it
can be seen that they correlate in part with visual
estimates of d(?/dEavs. Fa It is not possible to allow
for the contact potential difference between a tungsten
filament used in this work and arhenium filament coated
with lanthanum hexaboride.4 It is clear, nevertheless,
that there are characteristic electron energy losses to
cyclohexane well below the onset of optical absorption.
In cyclohexane this energy is not efficiently utilized,
unlike earlier results for hexene-18 and present results
for n-hexane.
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Figure 5. The electron energy profile of the 100-eV yields of
combined propane and propene (X ), of ra-pentane (O), and
O, n-pentene ().

Figure 6. The electron energy profile of the 100-eV yields of
n-butane (O) and n-butene-1 (e) from ra-hexane. The upper
curve (from ref 4) is d/a/dFavs. F afor re-hexane.

The yields of bicyclohexyl from cyclohexane are very
small below ~8 eV. Consequently, low-lying triplet
states of cyclohexane contribute negligibly to chemical
yield, although they do contribute appreciably to elec-
tron energy losses.4

The yield of bicyclohexyl drops rather sharply at
13 eV and the small yields of bicyclohexyl above 20
eV may be a consequence of increasing yields of cyclo-
hexene, but this is not supported by other work. Bat-
ten9 has measured the formation of hydrogen from
cyclohexane at 77°K under electron impact. The onset
at ~7.5 eV was attributed to elimination of H and H2
from an excited neutral, and this may correlate with
the onset for bicyclohexyl formation. It appears to
be unlikely that a higher onset in formation of hy-

(7) P.B. Merkel and W. H. Hamill, J. Chem. Phys., 55, 1409 (1971).

(8) L. M. Hunter, D. Lewis, and W. H. Hamill, ibid.,, 52, 1733
(1970).
(9) C. F. Batten, Ph.D. Thesis, University of Notre Dame, 1971.
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drogen at ~18 eV can be attributed to a process pro-
ducing molecular hydrogen which would compete with
formation of bicyclohexyl. The low yields may be an
artifact of thin films caused by the migration of excited
states to the anode at which they would be quenched,
but this is not indicated by related studies of lumi-
nescence.9 10

Under slow electron impact, thin films of cyclohexane
at 77°K emit at 210, 360, and 490 nm,D the relative
intensities being ~1, 1.5, and >102 The onset of ex-
citation for the 490-nm band was ~12.5 eV. Although
the other bands were too weak for measurement near
onset, it was observed that the intensity of the 210-nm
band decreased at >15 eV and was not detectable at
25 eV. In a rough way this follows the behavior of
G(CiH2 w V and suggests that 210-nm fluorescence
and cyclohexyl radicals arise from a common state, or
set of states. The quantum yield for 201-nm fluores-
cence of cyclohexane at 298°K is 0.0035,11 and it should
not be less at 77°K. If the cross sections for excitation
of the thin film states emitting at 210 nm and 490 nm
are comparable, then the probability of emission at 490
nm from >3-eV excited states produced by electron
impact at >12.5 eV may approach unity. That is,
luminescence may compete effectively with chemical
decomposition. The excitation curve for 490-nm lu-
minescence,910 included in Figure 2, is expressed in
terms of uncorrected electron energies. The excitation
curve suggests that luminescence arises from an excited
state of the molecular ion. This state does not con-
tribute appreciably to the yield of bicyclohexyl since
it cannot be excited below ~12.5 eV. The final state
of the electronic transition is expected to be the ground
state of the molecular ion, and this cannot be a major
precursor of bicyclohexyl since luminescence competes
with decomposition. Recalling that 210-nm lumi-
nescence decreased as 490-nm intensity increased, it
may be proposed that the 210-nm fluorescing state
does not have ground-state molecular ion as a major
precursor, and that it is the principal precursor of bi-
cyclohexyl.

The cross section for excitation by electron impact
typically reaches a maximum within a few' volts of
onset, then declines gradually. The dependence of
G(bicyclohexyl) vs. Uais consistent with the assumption
that excited singlet states are responsible since it
resembles the excitation function for a state, or narrow
group of states. The onset of ionization does not com-
pete strongly because the cross section for ground state
ion is small for the first few electron volts. Finally,
several excited states of the ion are available with cross
sections still increasing at <~14 eV and G(singlets)
falls rapidly by competition. One further assumption
is that ion-electron combination produces fewer sin-
glets than direct impact. Since triplets do not contribute
to G(CiH2), and charge combination yields mostly
triplets, this is plausible.
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The results for m-hexane provide more detailed in-
formation than the preceding. The yields of all prod-
ucts provide evidence for energy deposition by electrons
at <4 eV, i.e., well below the threshold for optical
excitation. There is no known mechanism whereby
slow electrons can rupture C-C and C-H bonds by
energy transfer to a high vibrational level of the neutral
ground-state alkane. Electronic excitation must be
invoked and low-lying triplet states are postulated, for
which there is other evidence.1,78 12

If it is assumed that the precursor of n-dodecane at
low energy is n-dodecyl, then the bond dissociation
energy -D(n-C8Hi3H) ~ 4.3 eV requires an energy
scale shift of ~2.3 eV in Figure 3. If the onsets of
the ~6-eV peaks in Figures 4-6 are attributed to the
lowest excited singlet states, then the average of the
corresponding onsets at 5.2 eV must also be shifted
by ~2.3 eV to match the onset of optical absorption
of n-hexane at 7.4 eV.13 The shift arises in part from
the work function of the emitter, the bulk electron
affinity of the target, and the trapped charges therein.
It depends also on the arbitrary choice of a point on
the I V characteristic for the bare anode, on the IR
drop in the filament, on the high-energy tail of the
Boltzmann, and on the necessity of measuring onsets.
Clearly, internal standards must be adopted.

Characteristic electron energy losses for n-hexane
would provide appropriate internal standards but they
could not be measured under the experimental arrange-
ments used in this work. They have been measured47s
and, together with other work,2locate the low'est alkane
triplet states well below' the bond dissociation energies.
The spectrum of dI/dV vs. V in Figure 6 shows these
losses for slow electrons injected thermionically into a
thin film of n-hexane at 77°K.48 Consequently, in the
present work the lower excited vibronic levels are not
expected to give measurable products. Rather, ex-
citation must reach a point on the first triplet potential
energy surface at least as high as the asymptote along
which the specified radical pair can separate in their
ground states to form the observed products. Under
favorable conditions the appearance potentials for
these products will be equal to the corresponding bond
dissociation energies along the ground state singlet
surface. The two surfaces converge rapidly as the
radical-radical separation increases since a singlet pair
of doublets will have the same energy as a triplet pair
of doublets.

It is assumed that decomposition of n-hexane from
the lowest vibronic level of the first excited singlet
state is possible and that the appearance potentials

(10) P. B. Merkel and W. H. Hamill, J. Chem. Phys.. 54, 1695
(1971).

(11) F. Hirayama and S. Lipsky, ibid., 51, 3616 (1969).
(12) D. Lewis and W. H. Hamill, ibid., 52, 6348 (1970).
(13) J. W. Raymonda and W. T. Simpson, ibid., 47, 430 (1967).
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at ~0.0 eV (nominal) in Figures 4-6 are characteristic
of the state and not of the bond. The higher onsets
at <8 eV (nominal) must then be shifted by 2.3 eV
to <10.3 eV, which suggests that ionization is re-
sponsible, and quite possibly an excited state of the
ion. If polarization lowers the energy required for
ionization in the film, the excess energy at onset in
CeHi4f* is ~1.3 eV. This approximates the energy
required for fragmentation.

The fluctuations in electron energy utilization for
production of some products (Figures 4-6) cannot be
reliably accounted for because there may be balancing
changes in the yields of products not measured. Since
the combined yield of all hydrocarbon products from y
irradiation at 77°K corresponds to 4.5 molecules of
R-hexane decomposed per 100 eV absorbed, and only 9%
appears in C2C6products,¥such competition is quite
possible. On the other hand, characteristic energy
losses are markedly energy dependent and this requires
some corresponding changes in Gvs. V.

Luminescence from R-hexane at 77°K with Amax
490 nm is excited by electron impact with an onset
at ~12.5 eV.D The emitting state may be the highest
of the first group of excited states of alkane ions.
Since they can be observed by mass spectrometry,
but at rather low abundance, luminescence may compete
with unimolecular decomposition. The intensity of
490-nm luminescence is ~200 times that at 210 nm.
The quantum yield for 207-nm fluorescence under rather
different conditions (1470-A excitation and 298°K)
is 2 X 10~4n This suggests that the efficiency of
490-nm emission may be very small and so not compete
with decomposition.

The yields of fragment products from R-hexane also
decrease at >14 eV, but not nearly as markedly as
G(bicyclohexyl) in the same interval. In fact, if the
electron yields are expressed as molecules of product
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per electron impact, i.e., GV J100, then the yields are
nearly constant in the interval 14-25 eV. For each
of the products in Figures 4-6, the electron yields at
25 eV (not shown) are very nearly the same as those at
15-20 eV.

Taking ethane as a representative product, and con-
sidering the electron yield profile, it can be inferred
that ground-state ions are not efficient precursors of
product. That is, they neither decompose efficiently
as ions nor upon subsequent neutralization.

The formation of C2C5products as well as R-dode-
cane below 5 eV is considered to be evidence for low-
lying triplet states of R-hexane. This interpretation is
supported by evidence from mass spectrometry for
an excited state of R-hexane at 2.8 eV.I7 It is also
consistent with 4.4-sec recombination luminescence from
3-methylpentanelBand with slow electron energy losses
for R-hexane, cyclohexane, and 3-methylpentane.78 If
the lowest potential energy surface for triplet R-hexane
were repulsive for all molecular configurations the mini-
mum vertical excitation energy would be rather greater
than the minimum bond dissociation energy, contrary
to observation. Neither would such an assumption
be able to account for a slow recombination Ilu-
minescence. Consequently, it is assumed that vertical
excitation to a low-lying triplet potential energy sur-
face and Franelc-Condon effects may produce either
a stable slow emitter or a radical pair, depending upon
the vibrational excitation.

(14) L. Kevan and W. F. Libby, J. Chem. Phys., 39, 1288 (1963).

(15) K. Fueki, J. Phys. Chem. 68, 2656 (1964);
Advan. Mass Spectrom., 3, 443 (1966).

(16) C. E. Melton and W. H. Hamill, J. Chem. Phys., 41, 546
(1964).

(17) D. Lewis and W. H. Hamill, ibid., 52, 6348 (1970).
(18) P. B. Merkel and W. H. Hamill, ibid., 53, 3414 (1970).
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The addition of ethylene, propylene, and cyclopropane to w-butane caused a definite increase in the yields of
ethane, propane, and propane, respectively, in the gas-phase radiolysis of n-butane containing 5 mol % oxygen.
An attempt has been made to determine the extent to which these additives undergo H- and H2transfer reac-

tions.

Assuming the relative rates for H and H2transfer, fc(H)//c(H2, to the propylene molecule from the

n-butane parent ion to be 0.1, the relative rates £(H)/A:(H2 for the n-butane parent ion-ethylene and n-butane
parent ion-cyclopropane reaction pairs are determined, respectively, to be 0.9 and 1.8. The influence of the
occurrence of H- and H2transfer reactions between the n-butane parent ion and the added ethylene or pro-
pylene on the mechanism of the hydrogen formation is also discussed. The fact that the G value of nitrogen
from n-butane-1.1 mol % nitrous oxide mixtures decreased from 12 to 0 upon the addition of 2.6 mol % oxygen
suggests that oxygen scavenges an electron or its equivalent as well as a thermal free radical in the gas phase.

Introduction

Thus far, an olefin such as ethylene has frequently
been used as a suitable thermal hydrogen-atom scaven-
ger in the radiolysis of saturated hydrocarbons.1 Re-
cently, however, mass spectrometric2-4 and product
analysis studies5-7 have provided evidence that olefins
react with saturated hydrocarbon parent ions via H-
and H2transfer reactions

CnHZ2a+ RH2+ C,H2n+i + RH+ (1)

CBH2, + RH2+ >C,H2w2+ R+ 2

where Cnii2h and RH2+ denote olefin molecule and
alkane parent ion, respectively.

Since the yield of the unimolecular hydrogen formed
in the gas-phase radiolysis of propane decreased ap-
preciably upon the addition of ethylene, we have also
suggested in a previous paper8 that ethylene may in-
teract with unspecified ionic species. In the present
investigation, we intend to elucidate the role of added
olefins including ethylene and propylene which may
scavenge both hydrogen atoms and ionic species as
the precursors of product hydrogen in the gas-phase
radiolysis. Since quantitative information on H-
transfer reactions is relatively little compared with
information on H2transfer reactions occurring in the
radiolysis of RH2C ,H 2n mixtures, emphasis is placed
on determining the extent to which the H-transfer reac-
tion occurs. The role of oxygen which has been used
incidentally to elucidate the role of added olefins is
also examined critically.

Experimental Section

The materials, n-butane, oxygen, sulfur hexafluoride,
and nitrous oxide used in this study are identical with
those used in a previous study.9 Ethylene (>99.99%),
propylene (>99.99%), cyclopropane (>99.99%), and
hydrogen sulfide (>99%), supplied by Takachiho
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Trading Co., were used after the usual degassing and
trap-to-trap distillations. The samples to be irradi-
ated were contained in vacuo at —196° in cylindrical
Pyrex vessels with a volume of 140 ml. The pressure
of n-butane was maintained constant at 900 mm
throughout this study. The samples were irradiated
by 6o y rays at a temperature somewhat higher than
room temperature at a dose rate of 4.87 X 1019%V/(g
hr) to a total dose of 487 X 10BeV/g. The energy
absorbed was determined by Fricke dosimeter, making
appropriate correction for electron density. The
analytical methods were identical with those described
before,9 except for those described below. When oxy-
gen was added to n-butane, hydrogen, methane, and
oxygen, which were noncondensable at —196°, were
transferred from Pyrex vessels with a volume of 275
ml to a calibrated gas buret by means of a Toepler
pump. After pressure-volume measurement, the gas
composition was determined with a gas chromatograph
equipped with a 3-m molecular sieve 5A column.

Results

The effects of oxygen, ethylene, and sulfur hexa-
fluoride on the product yields at a total dose of 4.87 X

(1) See, for example, R. A. Holroyd, ./. Phys. Chem, 70, 1341
(1966).

(2) F. P. Abramson and J. H. Futrell, ibid., 71, 1233 (1967).

(8) L. W. Sieek and S. K. Searles, ./. Amer. Chem. Soc., 92, 2937
(1970).

(4) L. W. Sieck, S. K. Searles, and P. Ausloos, ./. Chem. Phys., 54,
91 (1971).

(5) P. Ausloos, Progr. React. Kinet.,, 5, 113 (1969), and references
cited therein.

(6) P. Ausloos and S. G. Lias, J. Chem. Phys., 45, 524 (1966).

(7) P. Ausloos, A. A. Scala, and S. G. Lias, J. Amer. Chem. Soc.,
89, 3677 (1967).

(8) N. Fujisaki, S. Shida, and Y. Hatano, J. Chem. Phys., 52, 556
(1970).

(9) N. Fujisaki, S. Shida, Y. Hatano, and K. Tanno, J. Phys. Chem,,
75, 2854 (1971).
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Figure 1. Effect of oxygen on the yield of products from pure
ra-butane at 900 mm.

0 10 20 30 40 50 6.0

Concentrationof C2Hs (mol*/.)

Figure 2. Effect of ethylene on the yield of products from pure
»-butane at 900 mm.

109 eV/g are shown, respectively, in Figures 1, 2, and
3. Figure 2 indicates that an increased yield of ethane
upon the addition of ethylene is accompanied by a
decreased yield of hydrogen. Comparison of Figures
1 and 2 indicates that -the decrease in the hydrogen
yield, 4.9 in G units, caused by the addition of 2 mol
% oxygen is larger than that, 4.2 in G units, caused by
the addition of 6 mol % ethylene. The yield of hydro-
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Concentration of SFg (mol*/.)

Figure 3. Effect of sulfur hexafluoride on the yield of products
from pure w-butane at 900 mm.

Figure 4. Effect of ethylene on the yield of products from
»-butane-oxygen (5 mol %) mixtures.

gen decreased sharply upon the addition of 0.1 mol %
sulfur hexafluoride, while the yield of C1-C3 hydro-
carbon products remained almost constant upon the
addition of SFe, as shown in Figure 3. Figures 4 and
5 show, respectively, the variation of product yields
from w-butane containing 5 mol % oxygen as a func-
tion of ethylene or propylene concentration. It is
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Figure 5. Effect of propylene on the yield of products from
re-butane-oxygen (5 mol %) mixtures.

seen in Figure 4 that the addition of 5 mol % ethylene
increased the G value of ethane by 0.9 and decreased
the G value of propane only by 0.2. The addition
of 3 mol % propylene increased the G value of propane
by 1.5 (Figure 5). The experimental results on the
product yields in the presence and absence of scaven-
gers are tabulated in Table I. The results obtained
in the gas-phase radiolysis of ii-C4H1B5 mol % 02c-
C3H6 mixtures are also included in Table I. In addi-
tion to the results presented in the table and figures,
the following additional results were obtained, (i) The
G value of propane, 2.9, from n-CHWO2 (5 mol %)-
C3H6 (1.1 mol %) decreased respectively to 1.95 and
1.4 upon the addition of 2.1 and 8.6 mol % hydrogen
sulfide, (ii) The Gvalue of nitrogen, 12, from n-CHiG
N2D (1.1 mol %) decreased respectively to 0.3 and 0
upon the addition of 1.6 and 2.6 mol % oxygen, (iii)
The G value of hydrogen, 2.4, from w-CHBC2H4 (5
mol %) is scarcely affected by the addition of 2 mol %
sulfur hexafluoride. The last result is in good agree-
ment with that obtained in the gas-phase radiolysis
of propane-ethylene mixtures.8

Discussion

The Effect of Added Propylene. As seen in Figure 5,
the G value of propane from n-C4HBO 2 mixtures in-
creased by 1.5 upon the addition of 1 mol % propylene.
The increased propane yield is due to the occurrence
of H2transfer reaction 3 between propylene and the

n-butane parent ion. In this system, where oxygen is
CH6+ n-CHIO+ CH8+ C4Hs+ (3)

CH6E6+ n-CHIiO+ —> CH7+ CHOH 4)
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Table I : The G Values of Products in the
Gas-Phase Radiolysis of n-Butane*

fommem e Galue
Additive H2 CcH4 CiHs CXH, CsHs CsHe
None 6.6 1.1 1.7 1.4 1.7 0.3
02(6 mol %) 1.7~ 04 1.2 1.3 1.4 0.3
CH4 (5 mol %) 2.4 11 33 nd 20 0.3
CH4(5 mol %) + ndc 04 21 nd 1.2 0.3
02 (5 mol %)
CH6B mol %) + nd 0.4 1.2 1.3 2.9 nd
025 mol %)
cCH6E(2 mol %) + nd 0.4 1.2 1.4 2.0 nd
oa (5 mol %)
SF6 (1.5 mol %) 46 1.2 16 1.4 16 0.3

° Pressure of re-butane, 900 mm.
%. cnd = not determined.

6 ConcentrationO o 2 mol

present, propyl radicals produced by the hydrogen-
atom scavenging of propylene or H-transfer reaction 4
may not be responsible for the increase in the propane
yield upon the addition of propylene. Evidence for
the occurrence of H- and H2transfer reactions between
an olefin molecule and a saturated hydrocarbon parent
ion comes from chemical analysis of the stable end
products formed in radiolysis and in photoionization
experiments conducted by Ausloos, et al.,.5~7 and from
recent photoionization mass spectrometric studies.2-4
From the results obtained by the photoionization of
n-CDio-CHGB 0 2 mixtures,6 the rate constant ratio
k&/k3 at higher pressures may be derived to be ~ 0.1.10
Using 0.1 for k&k3 one can obtain ~0.2 as the G value
of the propyl radicals resulting from H-transfer reac-
tion 4. Thus, the G value of the n-butane parent ion
at 900 mm is estimated to be 1.7, wbich is the sum of
the G values of propane produced via reaction 3 and
propyl radicals produced via reaction 4. A recent
mass spectrometric studyll has provided evidence
that the propane parent ion reacts with hydrogen
sulfide via charge- and proton-transfer reactions. As
shown in result i, the G value of propane produced from
Nn-CAHio-02C H6 (1.1 mol %) mixtures decreased by
1.5 upon the addition of 8.6 mol % hydrogen sulfide,
which corresponds to an increased yield of propane
caused by the addition of propylene to n-C4H4iG0O2
mixtures. Similar results have been obtained in the
liqguid-phase radiolysis of the c-C@i2c-CHBH S
system.7 These results may be explainable by the
fact that reactions 3 and 4 are interrupted by the
addition of hydrogen sulfide.

Recently, however, a mass spectrometric study4 has
demonstrated that propane parent ions undergo to
some extent the dimerization reaction 5 prior to the

(10) Assuming that at higher pressures, €.g., 900 mm most of the
total propane produced from the above mixture is due to the D2
transfer reaction between n-C4Dio+ and C3EU, one can derive the
ratio kiZks to be ~0.1.

(11) L. I. Bone and J. H. Futrell, /. Chem. Physa47, 4366 (1967).
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occurrence of an H2transfer reaction between the pro-
pane parent ion and added ethylene, even at much
lower pressures than that in these experiments. There

CHSB+ + CHS (CHY2+ (5)

could thus be some ambiguity in the G value of the
n-butane parent ion derived directly from the value
of ki/kz cited above and the increased yield of propane
upon the addition of propylene to n-C4HiGO 2mixtures.

The Effect of Added Ethylene. The G value of ethane
produced from n-C4HiGO 2 mixture increased by 0.9
upon the addition of 1 mol % ethylene (Figure 4).
The H2transfer reaction 6 from the n-butane parent
ion to ethylene is, as is found in the case of n-butane-
propylene mixtures, responsible for the increased
yield of ethane. Since the G value of the n-butane

CH4+ n-C4io+ —> CHE6+ C4HS8+ (6)
CH4+ n-CHI+ —~ CH5E+ CHB+ (7)

parent ion has been estimated to be 1.7 from the re-
sults on n-C4Hi0C H6 mixtures, the G value of the
ethyl radical produced by H-transfer reaction 7 can
be derived to be 0.8, with some assumptions that the
G value of the n-butane parent ion is constant at a
constant pressure of n-butane and that all parent ions
produced react with the added olefin via H- or 112
transfer reactions. Thus, it is shown that &I&f
the relative rate for H and H2transfer to an ethylene
molecule from an n-butane parent ion, is 0.9, much
greater than f4fc3for the n-butane parent ion-propylene
reaction pair. Further, in the case of cyclopropane,
fc9fc8 is estimated to be 1.8 from the increased yield
of propane (0.6 in G units) upon the addition of cyclo-
propane to the n-C4HiGO 2mixture (Table I).

c-CH6+ n-CHio+ —> CH8+ CHS8  (8)

The trend that the importance of the H-transfer
reaction relative to the H2transfer reaction increases
in the order propylene, ethylene, cyclopropane is
in agreement with one observed in arecent high-pressure
photoionization mass spectrometric study,3 where
the rate constant ratio fc(H)/fc(H2 for reactions of
cyclohexane parent ion with propylene, ethylene, and
the cyclopropane molecule have been measured.

As seen in Figure 4, the G value of propane is de-
creased slightly by the addition of ethylene to
n-CHDBO 2 mixtures. It may safely be inferred from
the studies1213that propane produced from n-C4HB O 2
mixtures is for the most part produced by the hydride-
ion-transfer reaction of the propyl ion resulting from the
fragmentation of an excited n-butane parent ion.

CH™ + n-CHIO—> CH8+ CIT+ (10)

Then the decrease in the yield of propane upon the
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addition of ethylene to n-C4HiG0O 2 mixtures may be
due to the condensation reaction 11 and/or proton-
transfer reaction 12. However, the slight decrease in

CHM + CH4—> CH + (12)
CH7- + CH4—> CH6+ CH6+ (12)

the yield of propane upon the addition of ethylene
indicates that the condensation reaction 11 and/or
the proton-transfer reaction 12 is (are) not important
compared with the hydride-ion-transfer reaction of the
propyl ion in the range of ethylene concentrations
used.

The Effect of Added Olefins on Hydrogen Formation.
The influence of H- and H2transfer reactions occurring
in the n-butane-olefin mixture on the mechanism of
hydrogen formation should be examined here. The
n-butane parent ion may eventually be neutralized
with an electron to give product hydrogen or its precur-
sor in the absence of ethylene. 4

n-CHjo+ + e~ — H, H2 (13)

On the other hand, H- and H2transfer reactions oc-
curring in the n-butane-olefin mixture convert the 7-
butane parent ion into a butene or a butyl ion, which
may not give the product hydrogen upon neutralization
in the presence of an olefin.55 Consequently, it may be
inferred that the added olefin reduces the hydrogen
yield by acting not only as a thermal hydrogen-atom
scavenger but also as a parent-ion scavenger. This
inference is in coincidence with our previous sugges-
tion8that ethylene added to propane reduces not only
the bimolecular hydrogen yield but also the unimolec-
ular hydrogen yield by acting as a positive ion scaven-
ger.

Since the yield of propane produced from an n-
CHiGO2 mixture is not affected appreciably by the
addition of ethylene (Figure 4), the n-butane parent
ion undergoing H- and H2transfer reactions may be
different from the parent ion which decomposes to
give propyl ion.

In order to elucidate further the eventual fate of the
n-butane parent ion which reacts with the olefin, the
effect of sulfur hexafluoride on the product yields is
examined. As shown in Figure 3, the decrease in the
yield of hydrogen is not accompanied by any other
appreciable changes in the yield of Cx-C3 products
upon addition of sulfur hexafluoride. The effect on
the hydrogen vyield is explainable by postulating
the processes 13 and 14. No appreciable effect of

n-CAH1+ + SF6 H, H2 (14)

12) R. P. Borkowski and P. Ausloos, J. Chem. Phys., 39, 818 (1963).

(
(13) T. Miyazaki and S. Shida, Bull. Chem. Soc. Jap., 38, 2114
(1965).

(14) Butyl ion which is produced by the hydride-ion transfer reac-
tions of fragment ions will also be neutralized by an electron to give
product hydrogen and its precursor in the absence of ethylene.

(15) Y. Hatano and S. Shida, J. Chem. Phys., 46, 4784 (1967).
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sulfur hexafluoride on the yield of Ci-C8 products
indicates that the neutralization of the re-butane
parent ion with electron leads to C-C bond rupture.
The above result in the gas phase differs remarkably
from that in the liquid phase, in which not only C-H
bond rupture but also C-C bond rupture has been
observed in the neutralization of a parent ion by an
electron.89%6

The Role of Added Oxygen. It is rather an unexpected
result that the decrease in the hydrogen yield, 4.9 in
G units, caused by the addition of 2 mol % oxygen is
larger than that in the hydrogen yield, 4.2 in G units,
caused by the addition of 6 mol % ethylene. In the
foregoing discussion, we ascribed the decrease in the
yield of hydrogen upon the addition of ethylene to
thermal hydrogen atom scavenging and parent ion
scavenging by ethylene. Thus, the unexpected large
decrease in hydrogen yield caused by the addition of
oxygen suggests that a certain process including oxy-
gen which corresponds to reactions 6 and 7 in addition
to thermal hydrogen atom scavenging by oxygen should
at least be invoked to explain the effect of oxygen on
the hydrogen yield. The neutralization process (15)
is reasonably considered as a process corresponding to
reactions 6 and 7. To invoke reaction 15 means that

re-CJHIO+ + 02~ H, H2 (15)

oxygen added as a thermal radical scavenger behaves
also as an electron scavenger in the gas phase. In
fact, the G value of nitrogen from re-CAHIiON 20 (1.1
mol %) decreased from 12 to 0 upon the addition
of 2.6 mol % oxygen. The decrease in the yield of
nitrogen from liquid re-CAHiGN 20 mixtures upon the
addition of an appreciable concentration of oxygen has
already been observed and ascribed to electron scaveng-
ing by oxygen.9 Although the decomposition mecha-
nism of nitrous oxide added to a saturated hydrocar-
bon still remains obscure,I7 the decrease in the yield
of nitrogen upon the addition of oxygen is explainable
by competitive electron scavenging between nitrous
oxide and oxygen. In general, the ion-molecule reac-
tions of fragment ions resulting from the decomposi-
tion of excited re-butane ions are fast compared with
the neutralization reaction so that 02~ cannot intercept
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the ion-molecule reactions of fragment ions. When,
however, the neutralization of re-C4Hi0+ and C4H 9+
in this experiment is concerned, the effect of oxygen
as an electron scavenger should be considered. The
neutralization process of re-C4HI0+ and CH%H with
electrons which produces the hydrogen or its precursor
in the absence of oxygen is changed into the neutraliza-
tion process 15 by the addition of oxygen.

In the gas-phase radiolysis of propane,8 we have
suggested that hydrogen nonscavengeable by ethylene
consists of both bimolecular hydrogen produced by the
hydrogen abstraction reaction of hot hydrogen atoms
and unimolecular hydrogen produced by the decom-
position of excited molecule. The observation that
the effect of sulfur hexafluoride and ethylene on the
hydrogen yield is almost the same in the radiolysis of
re-butane as in the radiolysis of propane8 leads us to
assume that the mechanism of hydrogen formation from
re-butane-ethylene mixtures is essentially the same as
that of hydrogen formation from propane-ethylene
mixtures. Then the following two observations sug-
gest that oxygen scavenges hydrogen nonscavengeable
by both ethylene and sulfur hexafluoride, (i) The G
value of hydrogen from re-butane-oxygen mixtures is
smaller than that of hydrogen from re-butane-ethylene
mixtures (Table 1). (ii) The G value of hydrogen
from re-butane-ethylene mixtures is not affected by
the addition of sulfur hexafluoride. Further study is
needed to elucidate whether a hot hydrogen atom or
the precursor of unimolecular hydrogen is scavenged
by oxygen. At any rate, it is suggested that in the
gas-phase radiolysis of re-butane the added oxygen
scavenges not only thermal radicals and electrons but
also the precursor of hydrogen nonscavengeable by
both ethylene and sulfur hexafluoride.
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Elementary Processes in the Radiolysis of Aqueous Sulfuric Acid

Solutions.

Determinations of Both GoH and G so-R2

by R. W. Matthews,3H. A. Mahlman, and T. J. Sworski*
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 87830 (Received October 13, 1971)

Publication costs assisted by the U. S. Atomic Energy Commission

Kinetic evidence is presented for concurrent production of two oxidizing radicals in the radiolysis of aqueous
sulfuric acid solutions: OH and S04~ radicals that are presumed to result from direct action of ionizing radi-
ation on water and sulfuric acid anions, respectively. The evidence was obtained from the dependence of
(?(Cem) on cerium(l1l) and either formic acid or 2-propanol concentrations in the radiolysis of cerium(IV)-
cerium(l11)-formic acid mixtures and cerium(1V)-cerium(l11)-2-propanol mixtures. Determinations of Goa
and Gsot- required the use of a computer for least-squares fit of experimental data to complex kinetic equations
containing up to 22 dependent variables. Applicability of the kinetic equations is indicated by the excellent
agreement for two determinations in 4.0 M sulfuric acid: Gob = 1.76 £ 0.19 and Gso,- = 0.95 + 0.18 with
2-propanol solutions; Goh = 1.78 + 0.03 and Gsot- = 0.94 + 0.03 with formic acid solutions. A small but
significant yield of SO4* was determined in 0.4 M sulfuric acid: GOH = 2.60 + 0.04 and G®,~ = 0.20 =+ 0.04.
No evidence was obtained for oxidation of sulfuric acid anions by precursors of OH radical such as HD +,

since G o» Was found to be proportional to electron fraction water.

Introduction

The importance of the S04 radical as an interme-
diate in the radiolysis of aqueous sulfuric acid solutions
has been the subject of numerous investigations.
Three different processes have been proposed for the
production of S04 radicals: reaction of OH radical
with sulfuric acid anions,45 direct action of ionizing
radiation on sulfuric acid anions,6 and reaction of sul-
furic acid anions with HD +, a commonly assumed pre-
cursor of the OH radical.7

The proposal that OH radical reacts with sulfuric
acid anions has been substantiated. Rate constant
ratios for reaction of OH radical with cerium(lll),
formic acid, and sulfuric acid anions were determined
from the dependence of (?(Cein) on cerium(l1l) and
formic acid concentrations in the radiolysis of cerium-
(IV)-cerium(I11)-formic acid mixtures in air-saturated
0.4 M sulfuric acid with @Co y radiation.8 More direct
evidence for the reaction of OH radical with sulfuric
acid anions was obtained by pulse radiolysis tech-
niques.9

Boyle6proposed the concurrent production of OH and
S04~ radicals in the radiolysis of aqueous sulfuric acid
solutions with Goh proportional to electron fraction
water and G'so,- proportional to electron fraction sul-
furic acid. The evidence, though convincing, was in-
direct: the formation of hydrogen peroxide, peroxo-
sulfuric acid, and peroxodisulfuric acid in the spur was
attributed to combination reactions of some OH and
S04' radicals before the remainder escaped by diffusion
into the bulk of the solution. No evidence was pre-
sented, however, for those S04 radicals that escaped
by diffusion into the bulk of the solution.

The energy absorbed by each component in the radi-
olysis of mixtures is commonly assumed to be propor-
tional to its electron fraction. It has long been rec-
ognized, however, that the G values for intermediates
that are characteristic of each component may not be
proportional to the energy absorbed by each compo-
nent, owing to either ionization transfer or excitation
transfer.10 The suggestion7 that S04 radical may re-
sult from reaction of sulfuric acid anions with HD +, an
example of ionization transfer, has been neither sub-
stantiated nor refuted. Our interest in this suggestion
is due to the recent model for the radiolysis of water in
which hole trapping by anions is postulated to occur.ll

This paper reports an extension of the previous
kinetic study8to include the radiolysis of cerium(lV)-
cerium(l11)-formic acid mixtures in air-saturated 0.04,
0.4, and 4.0 M sulfuric acid solutions and cerium(1V)-

(1) Research sponsored by the U. S. Atomic Energy Commission
under contract wbh Union Carbide Corporation.

(2) This paper was presented in part at the 17th annual meeting of
the Radiation Research Society, Cincinnati, Ohio, May 18-22,
1969.

(3) Guest Scientist from the Australian Atomic Energy Commission
Research Establishment, Lucas Heights, New South Wales.

(4) H. Taube and W. C. Bray, J. Amer. Chem. Soc., 62, 3357 (1940).

(5) A. O. Allen, C. J. Hochanadel, J. A. Ghormley, and T. W. Dauvis,
J. Phys. Chem,, 56, 575 (1952).

(6) J. W. Boyle, Radiat. Res., 17, 427 (1962).
(7) A. O. Allen, ibid., 1, 85 (1954).

(8) T. J. sworski, J. Amer. Chem. Soc., 78, 1786 (1956);
Res., 6, 645 (1957).

(9) E. Heckel, A. Henglein, and G. Beck, Ber. Bunsenges. Phys.
Chem., 70, 149 (1966).

(10) J. P. Manion and M. Burton, J. Phys. Chem, 56, 560 (1952).
(11) W. H. Hamill, ibid., 73, 1341 (1969).
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cerium(l11)-2-propanol mixtures in air-saturated 0.4
and 4.0 M sulfuric acid solutions. As reported in our
preliminary communication,12 kinetic evidence is pre-
sented for the concurrent production of OH and SCh-
radicals in the radiolysis of aqueous sulfuric acid solu-
tions. The proposal of Boyle6is substantiated. The
suggestion7that sulfuric acid anions react with HD + to
yield SO4 is refuted, since (/'on is proportional to elec-
tron fraction water.

Experimental Section

Materials. Fisher purified ceric ammonium sulfate,
G. Frederick Smith Co. reagent cerous sulfate, Math-
eson Coleman and Bell spectroquality reagent 2-prop-
anol, Baker Analyzed reagent formic acid, Baker and
Adamson reagent ferrous ammonium sulfate, and Du
Pont reagent sulfuric acid were used without further
purification. All solutions were prepared with water
from a Barnstead still that was further purified by suc-
cessive distillations from an acid dichromate solution,
from an alkaline permanganate solution, and finally
from an all-silica system into silica storage vessels.

Irradiations. Solutions in a 2-cm Pyrocell cylin-
drical absorption cell were irradiated in 8Co sources of
the Ghormley-Hochanadel design.13 The cell had
S18-260 silica windows that did not become colored
enough during irradiations to interfere with spectro-
photometric analyses of the solutions with a Cary re-
cording spectrophotometer. Dose rates were deter-
mined with the ferrous sulfate dosimeter using G-
(Fem) = 15.6.14 The energy absorbed in solutions
relative to the ferrous sulfate dosimeter was assumed to
be in the ratio of electron densities.

Analyses. Changes in cerium(lV) concentration
with absorbed dose were determined spectrophoto-
metrically in the irradiation cell. Molar extinction co-
efficients for cerium(lV) at 320 nm of 5580 in 0.4 M
sulfuric acidl4 and 6590 in 4.0 M sulfuric acidl were
used. The molar extinction coefficient of cerium(lV)
at 320 nm in 0.04 M sulfuric acid was markedly affected
by the high concentrations of cerium(111) sulfate that
we used (ranging from 5099 in its absence to 5446 for
0.058 M) and was determined for each concentration of
cerium(l11) sulfate. A molar extinction coefficient for
iron(111) at 305 nm of 2210 in 0.4 M sulfuric acidl6was
used for ferrous sulfate dosimetry. While all irradia-
tions were made at ambient room temperature, all
spectrophotometric analyses were made thermostati-
cally at 25°.

Results

(?(Cem) is markedly dependent on both cerium(lll)
and formic acid concentrations in the radiolysis of
cerium(lV)-cerium(lll)-formic acid mixtures in air-
saturated sulfuric acid solutions.8 Figure 1 shows the
results obtained in 4.0 M sulfuric acid solutions. Sim-
ilar results were obtained in both 0.4 M and 0.04 M
sulfuric acid solutions.
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Figure 1. Dependence of (/(Celll) on [Celll] and [HCOOH]
in the reduction of cerium(1V) in air-saturated 4.0 M sulfuric
acid solutions induced by “ Co y radiation. Initial [Celll]:
(X) 3.0 X 10-2M, (m) 1.5 X to-2M, (A) 6.0 X 10“3M,
(0) 3.0 X 10-3M, (+) 15 X 10-3M, (O) 6.0 X 10“4M,
(=) 3.0 X 10-4 M. Curves are theoretical and represent
least-squares fit of the data to eq I11.

Figure 2. Dependence of (?(Cem ) on [Cem] and
[CH3CHOHCHS3] in the reduction of cerium(IV) in
air-saturated 4.0 M sulfuric acid solutions induced by 6Co y
radiation. Initial [CelnJ: (O) 2.92 X 10-2 M, (+) 1.46 X
10-2 m, (=) 5.86 X 10-3M, (X) 2.92 X 10~3M, (O) 6.10 X
10~4M. Curves are theoretical and represent least-squares
fit of the data to eq I1I.

(/(Ce11d) is also markedly dependent on both cerium-
(I11) and 2-propanol concentrations in the radiolysis of
cerium(lV)-eerium(lll)-2-propanol mixtures in air-
saturated sulfuric acid solutions. Figure 2 shows the
results obtained in 4.0 M sulfuric acid solutions. Sim-
ilar results were obtained in 0.4 M sulfuric acid solu-
tions.

The initial concentration of cerium(lV) in all solu-
tions was about 10~4M. Changes in cerium(lV) con-
centrations with dose were determined in each solution

(12) R. W. Matthews, H. A. Mahlman, and T. J. Sworski, J. Phys.
Chem., 74, 3835 (1970).

(13) J. A. Ghormley and C. J. Hochanadel, Rev. Sci. Instrum., 22,
473 (1951).

(14) C. J. Hochanadel and J. A. Ghormley, J. Chem. Phys., 21, 880
(1953).

(15) R. W. Matthews, H. A. Mahlman, and T. J. Sworski, J. Phys.
Chem., 74, 2475 (1970).

(16) T. J. Sworski, J. Amer. Chem. Soc., 77, 4689 (1955);
Res., 4, 483 (1956).
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by five to six successive irradiations. In most cases,
the cerium(lY) concentration changed linearly with
dose within experimental error. In some cases, the
initial rate of reduction was determined by extrapola-
tion from a plot of the rate of cerium(lY) reduction as a
function of dose.

There is reportedlyI7 no effect of oxygen on G(Cem).
The absence of an oxygen effect was attributed to re-
duction of cerium(lV) by either H atom or the H02
radical that results from reaction of H atom with
oxygen. A small effect of oxygen on G(Cem) is to be
expected, however, owing to the dependence of Gh2on
oxygen concentration.B8 We conducted some experi-
ments in deoxygenated 4.0 M sulfuric acid solutions to
evaluate the role of oxygen in the radiolysis of cerium-
(IV)-cerium(l1l)-formic acid mixtures.

In 0.0015 M cerium(l1l) solutions, the values for
G(Cein) at all formic acid concentrations are slightly
higher in initially air-saturated solutions than in ini-
tially deoxygenated solutions, as shown in Figure 3.
This small effect of oxygen, an increase in G(Cem) of
0.22 + 0.03 independent of formic acid concentration,
is attributed to the reactions of oxygen in the spur that
reportedlyIBcause Gh2to decrease.

In 0.03 M cerium(l1l) solutions, we were surprised
to observe net cerium(l11) oxidation at low formic acid
concentrations in initially deoxygenated solutions as
shown in Figure 3. We have established1920 that net
oxidation of cerium(lll) results from reaction of H
atom with hydrogen peroxide since reactions of cerium-
(1Y) with both H atom and hydrogen peroxide are slow.
Oxygen in air-saturated solutions inhibits reaction of H
atom with hydrogen peroxide through intermediate
formation of HO2 For this reason, we used air-sat-
urated solutions in this kinetic study. As indicated by
the data in Figure 3, formic acid at high concentrations
also inhibits reaction of H atom with hydrogen per-
oxide. This is attributed to reaction of formic acid
with H atom,2l presumably to yield an intermediate
that reduces cerium (1V).

Discussion

The reaction mechanism for radiation-induced re-
duction of cerium(lV) in aqueous sulfuric acid solu-
tions is well established. Allen7 proposed that cerium-
(IV) is reduced by both H atom and hydrogen peroxide
while cerium(111) is oxidized by OH radical and

G(Ceni) = 2Gho2T Gh — Goh (1

His hypothesis was substantiated by Challenger and
Masters2 who observed concomitant oxidation of
radioactive cerium(l11) during net reduction of cerium-
(1V). Allen’s hypothesis was further substantiated by
studies of the enhancement of G(Cem) by formic acid,
thallium(l),%6 and 2-propanol2 through their reaction
with OH radical to yield intermediates that reduce
cerium(1V).
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Figure 3. Dependence of G(Celn) on [Celll] and [HCOOH]
in the reduction cf cerium(1V) in deoxygenated 4.0 M sulfuric
acid solutions induced by 6Co Y radiation. Initial [Celll]:
(0) 1.5 X 10-3 M, (=) 3.0 X 10-2 M. The results for
air-saturated solutions are indicated by curve 1 for [Celll] =
1.5 X 10-3 Mand by curve 2 for [Cel1]] = 3.0 X 10-2 M.

We have considered reactions 1-9 of OH and S04~
radicals in order to explain the dependence of G(Cem)
on cerium(l1l), formic acid, and 2-propanol concentra-
tions.

OH + HS04 ~ HD + S04 @)
OH + Celll —> OH- + CelV )
SO4 + Celll S04 + Celv ©)
OH + HCOOH —> HD + COOH (4

SO4 + HCOOH HSO4 + COOH  (5)

COOH + CelVv H+ + C02+ Celll (6)

OH + CHXHOHCH3 H®D + CHIOHCH3 (7)

S04 + CHXHOHCH3—>
HSO4 + CH3OHCH3 (8)
CHXOHCH3+ CelV—>
H+ + CHOCH3+ Celll (9)

One Primary oxidizing Radical Model: OH. In the
radiolysis of cerium(1V)-cerium(lll)-formic acid mix-
tures in air-saturated 0.4 M sulfuric acid solutions,
Sworski8 implicitly assumed that Gso,-, & j[HD]/
(fc3[Cem 1), and fIS[HCOOH ]/(fc3[Ceni]) were negligibly
small and obtained
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G(Cem) = <(Cel1D)0 +
MHSOr] + fe[Cem]

kS ) (an

For cerium(IV)-cerium(lll)-formic acid mixtures,
kJS denotes TAHCOOH], For cerium(lV)-cerium
(1) -2-propanol mixtures,
OHCHZ3]. cGan*', afunction of cerium(l11) and sulfuric
acid concentrations, denotes the value of 6'on that is ob-
tained by the use of eq Il. G (Cell])0 also a function of
cerium(l1l) and sulfuric acid concentrations, denotes
the value of (?(Cem) in the absence of formic acid and
2-propanol.

All of our data adhered well to eq Il. The experi-
mental data were fit to eq Il by the method of least
squares, using the computer program of Lietzke.5 The
data were weighted by assuming that all (?(Ceni)
values had a constant percentage error. Values of
G(Cem)°, Goh* and the Kkinetic parameter (ki-
[HSO4' ] + /2[Cein])/fcawere obtained as a function of
cerium(111) and sulfuric acid concentrations.

Equation 1l seems to be a valid approximation for
cerium(lV)-cerium(ll1)-formic acid mixtures in 0.04
and 0.4 M sulfuric acid solutions. As shown in Figure
4, the Kinetic parameter (fci[HS04'] + k2[Celll])/ki is
approximately a linear function of cerium(lll) concen-
tration and has a finite positive value indicated for
[Celll] = 0. Figure 4 also shows that eq Il is clearly
not valid for cerium(1V)-cerium(l11)-formic acid mix-
tures in 4.0 M sulfuric acid solutions.

Similarly, eq Il seems to be avalid approximation for
cerium(1V)-cerium(111)-2-propanol mixtures in 0.4 M
sulfuric acid solutions. As shown in Figure 5, the
kinetic parameter (fci[HS04 ] + f2[Ceni])/fc7 is ap-
proximately a linear function of cerium(l1l) concentra-
tion and computer analysis yielded a finite positive
value for [Celll] = 0. Figure 5 also shows that eq Il is
again clearly not valid for 4.0 M sulfuric acid solutions.

Gau* increases with increase in cerium(l11) concen-
tration for cerium(lV)-cerium(lll)-formic acid mix-
tures in 0.04 M sulfuric acid solutions, as shown in
Figure 6, and for cerium(lV)-cerium(ll1)--2-propanol
mixtures in 0.4 M sulfuric acid solutions, as shown in
Figure 7. This is just what we anticipated for the de-
pendence of GoH on cerium(lll) concentration, since
Gha2decreases with increase in cerium(l11) concentra-
tion.’6 It was clearly shown in the radiolysis of cerium
(1v)
tions that Goh increases with increase in thallium(l)
concentration by an amount equal to twice the con-
comitant decrease in GSlo2 causing G(Cem) to be in-
dependent of thallium(l) concentration.’6

Goh* seems to be independent of changes in cerium-
(I11) concentration for cerium(1V)-cerium(l11)-formic
acid mixtures in 0.4 M sulfuric acid solutions as shown
in Figure 6. Goh* decreases markedly with increase in
cerium(l11l) concentration in 4.0 M sulfuric acid solu-
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kJS denotes ~[CHaCH-

-thallium(l) mixtures in 0.4 M sulfuric acid solu-

R. W Matthews, H A MahlIman, and T \] Swokski

Figure 4. Dependence of the kinetic parameter (fcif[HS04 ] +
fe[Ceni])/fc4ain eq Il on [Celll]. Sulfuric acid concentrations:

0)4.0 M, (=) 0.4 M, (o) 0.04 M.

Dependence of the Kinetic parameter {R\[H S04 ] +
Sulfuric acid concentrations:

Figure 5.
fe[Cem ])/i;7in eq Il on [Celll].
(=) 4.0 M, (0) 0.4 M.

Figure 6. Dependence of GON*in eq 11 on eerium (111)
concentration for cerium (1V)-cerium(lll)--formic acid mixtures.
Sulfuric acid concentrations: (=) 4.0 M, (0)

0.4 M, (o) 0.04 M.

tions both for cerium(1V)-cerium(lll)-formic acid
mixtures, as shown in Figure 6 and for cerium(1V)-
cerium(l11)-2-propanol mixtures, as shown in Figure 7.
These results were unexpected and indicate that eq Il

(25) M. H. Lietzke, ORNL-3259, Mar 21, 1962.
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Figure 7. Dependence of Goh*in eq Il on cerium(lll)
concentration for cerium(1V)-eerium(l11)-2-propanol mixtures.
Sulfuric acid concentrations: (=) 4.0 M, (0) 0.4 M.

Figure 8. Dependence of O(Cem )°in eq Il on cerium(lll)

concentration in 4.0 M sulfuric acid solutions containing either
(O) formic acid or (=) 2-propanol.

is a poor approximation for 0.4 M sulfuric acid solutions
containing cerium(l1V)-cerium(lll)-formic acid mix-
tures and not valid for 4.0 M sulfuric acid solutions.

G(Cein)°® in 4.0 M sulfuric acid solutions decreases
linearly with the cube root of the cerium(lll) concen-
tration as shown in Figure 8. The theoretical signifi-
cance of this cube-root dependence is its implication
that Gh2! decreases with increase in cerium(l1l) con-
centration, just as previously reportedi6 for 0.4 M sul-
furic acid solutions.

Two Primary Oxidizing Radicals Models. OH and
S04-. Our initial experiments were with cerium(1V)-
cerium(l1l)-formic acid mixtures. The dependence of
the kinetic parameter on cerium(l11) concentration in
4.0 M sulfuric acid solutions as shown in Figure 4 was
found to be quantitatively explicable by postulating that
reaction (1) is sensibly reversible. The dependence of
GW=* on cerium(lll) concentration in 4.0 M sulfuric
acid solutions as shown in Figure 6 was found to be
guantitatively explicable by postulating two oxidizing
radicals: the OH radical and an unidentified interme-
diate that either disappears by a first-order process to
yield OH radical or reacts with cerium(lll) but not
with formic acid. The best fit of the experimental data
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to these postulates was obtained by assuming that the
unidentified intermediate was not S04~ This sug-
gested the possibility that the unidentified interme-
diate may be either HD+ or HD*.

To test the validity of these two postulates, we ex-
tended our study to include the cerium(lV)-cerium
(111)-2-propanol mixtures. Comparison of Figures 6
and 7 shows that Gon* in 4.0 M sulfuric acid solutions
is not a function of cerium(lll) concentration alone.
We concluded, therefore, that the unidentified inter-
mediate may also react with formic acid and 2-prop-
anol.

The dependence of G(Ceni) on cerium(l11) and either
formic acid or 2-propanol concentrations in 4.0 M sul-
furic acid solutions is quantitatively explicable by the
sequence of reactions 1-9 induced by primary yields of
both OH and S04-. This reaction mechanism and the
stationary-state hypothesis for OH and S04~ concen-
trations require that

G(Cem) = G(CeHI)° + 2(<zGOH + bGS0.-)/c  (111)
in which
hs f KS+_ k-iwN
hC + M V + hC )
_ kJtsw faoS / KS + kZ\
© KKIiCA + KTV + M )
c — W + (1+M 1 M )Y(M £ M )
hC \ he 1\ kiA )
C = [Cel1, A = [HSO04], and W = [HD]. For

cerium(lV)-cerium(l1)-formic acid mixtures, K\JS de-
notes fS[HCOOH]. For cerium(lV)-cerium(l11)-2-
propanol mixtures, kbS denotes ks[CHICHOHCH!].
Equation Ill was obtained with the assumption that
Goh and Gsot- are constants, independent of variations
in concentrations of cerium(lll), formic acid, and 2-
propanol.

The experimental data were fit to eq Il by the
method of least squares. For cerium(I1V)-cerium(l11)-
formic acid mixtures in 4.0 M sulfuric acid solutions, 13
unknowns were determined: the values of Goh, ~so,-,
and four rate constant ratios listed in column 1 of Table
I and seven values of G(Ceni)° for the seven different
cerium(l1l) concentrations. For cerium(lV)-cerium
(111)-2-propanol mixtures in 4.0 M sulfuric acid solu-
tions, 11 unknowns were determined: the values of
GW, G'so,, and four rate constant ratios listed in
column 2 of Table I and five values of G'(Cem )° for the
five different cerium (111) concentrations.

The experimental data adhere well to eq IlI, as indi-
cated by the theoretical curves in Figures 1 and 2 that
illustrate the least-squares fit of the data to eq III.
The excellent agreement between the two sets of values
for GW and Gso4 that are listed in columns 1 and 2 of
Table | is evidence for the validity of eq I11.
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Table I: Results from Least-Squares Fit of Experimental Data to Eq 111-V
iy 3 id
Goa 1.78 +0.03 1.76 +0.19 1.76 + 0.03 2.60+0.04
Gsot- 0.94 + 0.03 0.95 + 0.18 0.94+0.03 0.20 + 0.04
fo»/(fci[HSOr]) 30+ 3 84 + 17 30+ 3 (9.3 £ 1.1) X 102
/ffc ik 1/fc3 (1.7 + 0.5) X 10- (2.7 £ 3.9) X 10" (1.2 £ 0.5) X 10“4 (1.1 £ 0.6) X 104
fe/(Jfc,[HSO«-]) 14.4+0.5 14.7 + 0.6 (6.9 £+ 0.8) X 102
h/h (6.0 £ 0.5) X 10'3 (6.5 £+ 0.5) X 103 (7.2 + 6.7) X 10"3
fc,/(fci[HSo 4-1) 360 + 34 202+ 12 (1.1 + 0.2) X 104
ks/h 0.61 +0.11 0.64 + 0.03 0.71 + 0.30
*1.[H+]A, 0.35+0.04
kioZKi 14+ 0.3

“ Cerium(lV)-cerium(l11)-formic acid mixtures in 4.0 M sulfuric acid;
c All data in 4.0 M sulfuric acid; eq IV.

in 4.0 M sulfuric acid; eq I11.

Absolute rate constants for reactions of SO4 with
cerium(l1l), formic acid, and 2-propanol have been re-
ported:B5k3 = 143 X 108M - 1sec“*1l h =
M~1 sec-1, and ks = 4.60 X 107 M~I sec-1. These
values yield h/k} = 9.4 X 10-3 and fask3 = 0.32, in fair
agreement with our determinations listed in Table I.

The large standard errors listed in Table I for
[HD]//S8 suggest that k-XHD ]/k3is almost negligibly
small for most of our solutions, hydrolysis of S04~ being
significant only for a few of the more dilute cerium(l1l)
solutions. We previously assumed2 that fc_i[HD]/
k3 = 0 and obtained Gohn values of 1.70 + 0.02 and
1.64 + 0.08 and Gso»-values of 0.97 + 0.03 and 1.06 *
0.09 for formic acid and 2-propanol solutions in 4.0 M
sulfuric acid, respectively. These two sets of values for
(?oh and Gso<- are in agreement within standard errors,
but the agreement is not as good as for the values ob-
tained by use of eq I11.

The poor agreement between the two values for k2/
(fci[HSO04)) listed in columns 1 and 2 of Table 1 is dis-
appointing in view of the excellent agreement between
the two sets of values for (?oh and Gso,-- We have
speculated on the cause of this poor agreement and sug-
gest that it may be due to reactions 10-12. The net

OH + CH3CHOHCHS3 — >
HD + CH3HOCH3 (10)
CHaCHOCHs + CHXHOHCH3—>
CHCHOHCH3+ CH3OHCH3 (11)
H+ + CHXHOCH3+ Cem —>

CHXHOHCH3+ CelV (12)

effect for the sequence of reactions (10) and (12) is the
oxidation of cerium(l11) by OH, thus causing a higher
value of (2/("1[HSO4]) for 2-propanol solutions.

This suggestion was substantiated by a least-squares
fit of the combined data from formic acid and 2-prop-
anol solutions in 4.0 M sulfuric acid to

G(Cell) = G(Celll)« + 2(@GOU + M W )/
¢ + 2(d(7oh + eGsot-)/f (1V)
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1.35 X 106

eq I1l. bCerium(1V)-cerium(l11)-2-propanol mixtures
dAll data in 0.4 M sulfuric acid; eq V.

in which
_ k$P  kiP
1+
~ kzC + M
kgP -f- k—=
1+
k3
e:f(:7/c_|PW,1+l?</(|+,\ )y ] .
kzkxCA hi
kP / ke + kiP + kX\
hC\ + M )
f_o1, e ,fcaP+fc—1’\
1+ Sc + 11+ fee - ) x
[P - kwP T K2\
\ M /

P denotes ICHXHOHCH3J] so that d, e, and/ are used
for cerium(I1V)-cerium(ll1)-2-propanol mixtures. In
eq IV, k& and kbS only denote /AHCOOH] and f&5
fHCOOH] so that a, b, and c, are used for cerium(I1V)-
cerium(l1)-formic acid mixtures.

Twenty-two unknowns were determined: the values
of Gok, Gao,-, and 8 rate constant ratios listed in
column 3 of Table I and 12 values of (7(Ceni)° for the 12
different cerium(lll) concentrations. There are two
major effects of assuming the sequence of reactions
10-12 and using eq 1V: the value for ~/(ftijHSCh-])
becomes identical with that listed in column 1 of Table
I for formic acid solutions and /c7(/ci[HS04]) de-
creases significantly.

The difference in the dependence of Gol1l* on cerium-
(I11) concentration between formic acid and 2-prop-
anol solutions in 0.4 M sulfuric acid, shown in Figures 4
and 5, may be evidence for a significant value of Gso,-.
Therefore, a least-squares analysis of the combined
data from formic acid and 2-propanol solutions in 0.4 M
sulfuric acid was made with the constraint that the de-
pendence of Gon on cerium(lll) concentration be iden-

(26) L. Dogliotti and E. Hayon, J. Phys. Chem 71, 3802 (1967).
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tical for formic acid and 2-propanol solutions. Gon
was assumed to increase linearly with increase in the
cube root of the cerium(l11) concentration.

The experimental data were fit by the method of
least squares to

G(Celn) = G(Cein)°® +
2[a((7CH + A[Cenilld + bGSO-1/c (V)

Twenty-one unknowns were determined: the values of
Goh, Oso,-, and 6 rate constant ratios listed in column 4
of Table I, 12 values of G(Ccni)° for the 12 different
cerium(l11) concentrations, and A = 0.57 + 0.08.

The agreement between the values of fc_i[HD]/A)3,
ka/k3 and ka’k3for 4.0 and 0.4 M sulfuric acid solutions
listed in columns 3 and 4 of Table I is surprisingly ex-
cellent and is further evidence for the validity of our
two primary oxidizing radicals model. The larger
standard errors indicated in the values for 0.4 M sul-
furic acid solutions listed in column 4 of Table | are
attributable to the role of S04~ in 0.4 M sulfuric acid
solutions being less important than in 4.0 M sulfuric
acid solutions, though still significant. The present
determination of f2:fc4:&ilHS04~] = 930:690:1 for 0.4
M sulfuric acid solutions supersedes the previous deter-
mination of k2:ki:hi[HS04~] = 1600:950:1 that wasob-
tained by approximation.8

In view of the low electron fraction sulfuric acid in
0.04 M sulfuric acid solutions, no attempt was made to
determine Gso,-. The experimental data for cerium-
(1V)-cerium(lll)-formic acid mixtures in 0.04 M sul-
furic acid solutions were fit by the method of least
squares to eq V with the previous approximations that
Gso,-, &.i[HD]/(/e3[Ceni]), and fe[HCOOH]/(*a
fCelll]) were negligibly small. Ten unknowns were
determined: 6'on = 2.67 + 0.04, A = 105 = 0.13,
*/(*1'[HS04]) = (1.2 + 0.2) X 104 /A(/ci[HS04]) =
(9.2 + 0.9) X 103 and six values of G(Ceni)° for the six
different cerium (111) concentrations.

6'oh iNncreases with increase in cerium(l11) concentra-
tion in both 0.04 M and 0.4 M sulfuric acid solutions.
As stated above, this is just what we expected. Our
assumption that both con and Gso,- are constants, in-
dependent of variations in cerium(l11) concentration,
in 4.0 M sulfuric acid solutions may be unjustified.
Therefore, we determined the effects of assuming that
both 6'on and Gso,- in eq 1V vary linearly with the cube
root of the cerium(l1l) concentration. We also deter-
mined, at the same time, the effect of assuming that
G'(Ceni)° in eq IV and V varies linearly with the cube
root of the cerium(lll) concentration. The depen-
dence of 6'on on cerium(lll) concentration is given in
Table Il. The dependence of G(Cem)° on cerium(lIl)
concentration is given in Table IlIl. Gso4 in 40 M
sulfuric acid solutions was found to be (0.95 + 0.14)
- (0.35 £ 0.45) [Cein]v\

The assumption that 6 on and 6'(Cein)° vary linearly
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Table 11: Dependence of Goh on Cerium(I11) Concentration
[HjSO.],
M Goh
4.0 (1.78 + 0.14) + (0.02 + 0.42)[Cel11] 13
0.4 (2.57 £ 0.05) + (0.60 = 0.09)[Celn]'A
0.04 (2.60 = 0.04) + (1.29 + 0.14)[Cem]1)j
Table 111: Dependence of G(Cem )° on

Cerium(111) Concentration

[ILsO.l,

M G(Celn)°
4.0 (1.76 £ 0.01) - (0.72 + 0.04)[Cen1] 13
0.4 (2.40 + 0.02) - (0.74 = 0.06)[Celn] 13
0.04 (2.48 + 0.02) - (1.30 + 0.09)[Celn]l/*

with the cube root of the cerium(l11) concentration is a
good approximation, except for the dependence of 6'on 0N
cerium(l11) concentration in 4.0 M sulfuric acid solu-
tions, as evidenced by the low standard errors for the
coefficients of [Cein]lj. In 4.0 M sulfuric acid solu-
tions, it is apparently a gross oversimplification to as-
sume that 6'on would vary linearly with [Cem ]13
The value 0of 30 £ 3for &(fci[HSO04 ]) indicates that the
sulfuric acid anions are as reactive with OH radical as
0.033 M cerium(lll). We assume, therefore, that sul-
furic acid anions in 4.0 M sulfuric acid solutions inhibit
significantly the formation of hydrogen peroxide in the
spur and enhance the formation of peroxosulfuric and
peroxodisulfuric acids. The negligibly small depen-
dence of Gon on [Celll]1#3in 4.0 M sulfuric acid solu-
tions is attributed to inhibition of reactions of OH with
cerium(l11) in the spur by sulfuric acid anions.

If the only effect of cerium(lll) on reactions of OH
radical in the spur were to inhibit the formation of hy-
drogen peroxide, then the decrease in 6(Cein)° by any
particular concentration of cerium(l11) should be equal
to twice the concomitant increase in Goh- Tables Il
and |1l show' that 2AGoh is much larger than —AG-
(Cel1n)Ofor 0.04 M and 0.4 M sulfuric acid solutions and
suggest that cerium(l11) is also inhibiting re-formation
of water in the spur.

We previously reported that G(Cem)° = 1.66 =+
0.035in air-saturated 4.0 M sulfuric acid solutions con-
taining 3.0 X 10~3 M cerium(lll) and 6(Cenl)° =
2.39%6in air-saturated 0.4 M sulfuric acid solutions con-
taining no initial cerium(lll). These values are in
agreement with the results listed in Table I11.

Let Ew denote electron fraction water and con° de-
note the 6 value for OH production that results frpm
energy absorption by water. Then son® = Gem#Ew,
provided that energy absorption by w'ater is propor-
tional to electron fraction water, neither ionization
transfer nor excitation transfer occurs between water
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and sulfuric acid anions, and the fraction of OH radicals
escaping from the spur by diffusion into the bulk of the
solution is independent of sulfuric acid concentration.
The dependence of Gob, 22w >and (?on° on sulfuric acid
concentration is given in Table IV.

Table 1V: Dependence of GW on Electron Fraction Water
[H2s04],
M Goh Ew <QOH
4.0 1.76 =+ 0.03 0.700 2.51 + 0.05
0.4 2.60 + 0.04 0.963 2.70 £ 0.04
0,04 2.67 £ 0.04 0.997 2.68 + 0.04
0 2.59 + 0.09¢ 1.000 2.59 £ 0.09
“ From ref 27.

The values of Gobo for 0.04, 0.4, and 4.0 M sulfuric
acid solutions are all equal within standard errors to
Gob = 2.59 %+ 0.09, the most recent value of Gon for
pure water that has been determined in our laboratory. 7
These results substantiate the proposal of Boyle6 that
Goh is proportional to electron fraction water in the
radiolysis of aqueous sulfuric acid solutions. They
refute the suggestion of Allen7 that S04~ may result
from reaction of HS04~ with HD +, a commonly as-
sumed precursor of the OH radical.

Evidence has been reported® for the dry charge
pairll in the radiolysis of water: a decrease in G-
(HD 2 by chloride ion in neutral agueous solutions
containing oxygen has been attributed to trapping of
the dry hole, HD+, by chloride ion at high concentra-
tions. Our evidence that (?on is proportional to elec-
tron fraction water in 4.0 M sulfuric acid solutions and
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in 4.0 M nitric acid solutions® indicates that hole
trapping by anions, if it occurs at all, is not a general
phenomenon. Definitive evidence for hole trapping
would be a dependence of Gob on both electron fraction
water and anion concentration.

Under our experimental conditions, equilibrium be-
tween OH and S04~ is not established. If equilibrium
were established, it can be easily shown that a one
oxidizing radical model would be applicable even
though there were primary yields of both OH and
S04-. We can, however, evaluate [SO*- ]/[[OH] for
equilibrium conditions by noting that [S04~]/[OH] =
&i[HS04 ]/(fci[HD]) at equilibrium. Using the re-
ported values of 1.43 X 108M ~1 sec” 1for ft3band 2.2 X
10s M ~xsec-1 for 2 Dour values for ;2(fci[HS04 ]) of
30 and 930 and for /t_i[HD]/A:30f 1.7 X 10 and 1.1 X
10-4 yield values for [S04 ]/[OH] of 302 and 15.0 for
4.0 and 0.4 M sulfuric acid solutions, respectively. At
these sulfuric acid concentrations, [HS04 ] is approxi-
mately equald® to seven-tenths of the sulfuric acid
molarity, and the equilibrium concentration quotient
[S04 ]/([OH] [HS04~]) for reaction 1 is approximately
equal to 100 and 50 for 4.0 and 0.4 M sulfuric acid so-
lutions, respectively. The high concentrations of sul-
furic acid in our solutions preclude the calculations of
equilibrium values for [S04 ]/[OH] using the equilib-
rium constant evaluated by Wilmarth and Haim.3L

(27) C. J. Hochanadel and R. Casey, Radiat. Res., 25, 198 (1965).
(28) T. Sawai and W. H. Hamill, J. Chem. Phys., 52, 3843 (1970);
J. Phys. Chem., 74, 3914 (1970).

(29) M. Anbar and P. Neta, Int. J. Appl. Radiat. Isotopes, 18, 493
(1967).

(30) T. F. Young, L. F. Maranville, and H. M. Smith, “The Struc-
ture of Electrolytic Solutions,” Wiley, New York, N. Y., 1959, p 35.

(31) W. K. Wilmarth and A. Haim, “Peroxide Reaction Mecha-
nisms,” Interscience, New York, N. Y., 1961, p 175.
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G(—Ce4+) in the aqueous ceric sulfate system is constant in the region 0-30° and thereafter drops steadily,
whereas (7(Fe3+) in the deaerated ferrous sulfate system remains strictly constant at 81 + 0.05 from O to
120°. From this it follows rigorously that (7(OH) is constant at least from 0 to 30°. This fact makes it
possible to identify the formation, in addition to phenol, of two aldehydes in the y radiolysis of the aerated
neutral aqueous benzene system and to characterize them as the a and 0 isomers of hydroxymucondialdehyde
(HMD). The sum of the yields of the three products is equal to (7(0H). From 40° upward G(phenol) rises
sharply and reaches a value of ~5 at 220°. At 60° and above the HMD appears to be replaced by ketonic
products from fragmentation of the benzene ring. An analysis of the temperature coefficient of G(Fe3+) of
the aerated Fricke system suggests that it is in the main due to a competition between two reactions, H +
02—»HO2and H2+ + Fe2+ — 112+ Fe3+. The anomaly noticed at the higher temperatures in the ceric
and aqueous benzene systems is interpreted as evidence of onset of oxidizing action of HO2 Adverse conse-

guences of this study for the diffusion theory of radiolysis are discussed.

Introduction

High yields of 10 and 33.7 at 200 and 220°, respec-
tively, reported22for phenol formation in the 7 radiol-
ysis of the agueous benzene system indicate a possible
temperature dependence for the primary yield of hy-
droxyl radicals. In continuation of earlier work,34
temperature effects in the radiolysis of the aqueous
benzene, ferrous, and ceric systems have been studied
in this context. The work reveals complexities of
mechanism in all of the three systems and attempts to
explain them.

Experimental Section

Materials. In addition to the reagents and solvents
described earlier,4 a sample of spectroscopically pure
ceric oxide supplied by the Chemistry Division of the
Bhabha Atomic Research Center, Bombay, was used
to make solutions of ceric sulfate by leaching with hot
concentrated sulfuric acid. The 10-s M ceric solutions
were preirradiated to a dose which, reduced half the
ceric ion into cerous.

Procedures. A B8Xo 7 source of 500 Ci was used, at
3 X 10B eV g-1 min-1, for the irradiations. In the
range 0-70° the samples were irradiated in test tubes
dipping in water held at the required temperature in a
thermosflask closed with a plastic cap. At 70° the
cooling in 1 hr was 3-5°. In long irradiations with the
agueous benzene system the temperature of the water
was restored every 50 min when the sample was taken
out to shake to make up for depletion of oxygen. For
irradiations in the range 80-225° a furnace was used.
The 4-cm3 samples of solution were sealed in Pyrex
tubes of 1-cm diameter and positioned reproducibly
inside the furnace. When the samples attained the
temperature of the furnace the chamber was lowered
into the source. The variation of temperature in these

runs was within 3°.  The sample tubes were sufficiently
small to hold the pressure of 25 atm developed at 225°.
Details of the analytical procedures used have been de-
scribed earlier.4

Results and Discussion

The Hydroxyl Yield as a Function of Temperature.
The aerated ferrous sulfate and the ceric sulfate dosi-
metric systems are known to show a small temperature
coefficient, positive and negative, respectively, in their
yields over the range 0-60°.5-8 These observations
were repeated here. The results are described in Fig-
ure 1. They were obtained by comparing groups of
spectrophotometric curves representing runs at differ-
ent temperatures conducted using an identical experi-
mental setup and obtained within a period of 3 hr.
By this procedure the error in G values was reduced to
less than +1%. Samples irradiated at temperatures
above 27° need to be run against blank solution heated
identically. In particular, we observed thermal oxida-
tion of aerated ferrous ammonium sulfate solutions
(10-3 M in 0.8 N HZ049 even at 50°. Correction for
this effect reduces the G in many cases. For the ceric
sulfate system a zero-order heterogeneous reduction

(1) M. A. Proskurnin and Y. M. Kolotyrkin, Proc. Ini. Conf. Peaceful
Uses At. Energy, 29, 58 (1958).

(2) H. C. christensen, Aktiebolaget Atomenergi Stockholm, AE 193,
10 (1965); Chem. Abstr., 63, 108969 (1965).

(3) T. K. K. Srinivasan, |. Balakrishnan, and M. P. Reddy, J.
Phys. Chem., 73, 2071 (1969).

(4) 1. Balakrishnan and M. P. Reddy, ibid., 74, 850 (1970).
(5) T. J. Hardwick, Can. J. Chem., 30, 33 (1952); 31, 881 (1953).
(6) H. A. Schwarz, J. Amer. Chem. Soc., 76, 1587 (1954).

(7) H. A. Dewhurst, Ph.D. Thesis, McGill University, Montreal,
Quebec, 1949.

(8) C. J. Hochanadel and J. A. Ghormley, Radiat. Res., 16, 653
(1962).
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Figure 1. Temperature effect in three aqueous inorganic
systems; 10“3M FeSCb, chloride excluded; 3 X 10~4M
CeffiChh- Compare G(OH) curve here (0.8 N H2SO4) with the
one in Figure 4 (neutral aqueous solution).

reaction with a rate proportional to the area of glass
surface in contact with the solution was observed above
60° and an appropriate correction was applied.

There appears to be a possibility of explaining these
temperature coefficients, positive and negative, in
terms of an increase in the primary yields of radicals
caused by an increase in the diffusion coefficient with
temperature. This requirement as predicted by the
one radical prescribed diffusion model of Samuel and
Magee9is described in Figure 2. The companion curve
in the figure is what one gets for a supposed variation
of (7(H) with temperature on this model if the tempera-
ture effect in the Fricke system is attributed to en-
hanced diffusion of the hydrogen atoms from the spurs.
Clearly the effect is far too little. One naturally looks
for other plausible causes, one of which is considered in
detail in the last section of this discussion, but first the
question of the possible validity of this idea for the hy-
droxyl radical is considered. If the (7(H) is essentially
independent of temperature, any increase in (7(OH) at
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Figure 2. Variation in Gr with temperature expected on the
basis of the prescribed diffusion model.9 Companion curve
describes “supposed” variation in 6(H) calculated from the
aerated ferrous system (Figure 1).

the expense of (7(HD 2 ought to decrease the (7(—Ce4+)
in the ceric system. This is qualitatively the behavior
of the system as described by earlier workers.5s
However, in this case again the observed effect is much
smaller than what is required by Figure 2. Impurities
in the ceric system reacting with hydroxyl radicals
could account for the low temperature coefficient.
Acting on this supposition we purified several samples
of ceric salts by repeated precipitation with ammonia
as well as by hydrolysis with triply distilled water and
heating the precipitate with sulfuric acid. In all cases
purification resulted in a decrease of (7(—Ce4+) from
~2.6 to ~2.5 and a perceptible diminution of the tem-
perature coefficient. Ultimately a sample of spectro-
scopically pure ceric oxide was tried and gave the dis-
tinct result that (?(—Ce4+) is actually constant from 0
to 30° at 240 = 0.05. There is no systematic de-
crease in (7 with temperature in this theoretically crucial
region.

The deaerated ferrous system was the next to be
studied. The (7(Fe3+) here was found to be constant
at 8.1 + 0.05 from 0 to 120°. (Careful degassing, after
thawing and freezing the solution four times, is abso-
lutely essential.) From these two results it follows
rigorously that (7(OH) in the radiolysis of water is in-

(9) A. H. Samuel and J. L. Magee, J. Chem. Phys., 21, 1080 (1953).
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dependent of temperature from 0 to 30° at least. Re-
sults for the higher temperature region are discussed
in the last section.

The Effect of Temperature on the y Radiolysis of
Aqueous Benzene. An earlier study of this system4re-
ported formation of phenol and /3-hydroxymucondi-
aldehyde (/3-HMD) from an attack of the hydroxyl rad-
ical upon benzene. The appearance, in neutral solu-
tions, of an absorption peak at 345 m/j was taken as a
measure of the aldehyde. On the assumption of an
extinction coefficient of 4080 for this peak the yields of
phenol and the aldehyde together gave a value of 2.45,
which is the G(OH) for neutral water at room tempera-
ture.

In the present study neutral aqueous benzene was
first irradiated at 0° and the 345-m/x absorption was
found to be only a fourth of its value in the room tem-
perature radiolysis while the G(phenol) of 1.62 was
only slightly less than the room temperature value of
1.77. With the knowledge that the G'(OH) is indepen-
dent of temperature at least from 0 to 30° it became
evident that there must be a third compound formed
from the reaction of OH with benzene. The spectrum
of the aqueous layer from the radiolysis at 0° does show
an abnormally large absorption at 270 my. Upon ad-
justing pH to 7 by adding alkali, a peak appears at
270 m/x which grows considerably upon further increase
in pH while the peak at 345 m/x remains small and tends
to become a shoulder on the 270-m/x peak (see Figure
3). The precipitate of dinitrophenylhydrazone yields
a G(aldehyde) of 0.84 on a molecular weight of 666 (hy-
droxy mucondialdehyde), as against a value of 0.68 for
the radiolysis at 27°. The sum of the yields of phenol
and aldehyde, 2.46 (= 1.62 + 0.84), is again clearly
equal to G(OH). The infrared spectrum3 of the 0°
hydrazone has no OH absorption. Thus it is clear that
the two aldehydes are the a and j3isomers of hydroxy-
mucondialdehyde. They are not interconvertible by
heat in acid or alkaline solution. As the temperature
of the radiolysis is raised the total yield of aldehyde
drops but the proportion of the isomer with the 345
m/x increases. The G(aldehyde) is 0.68 at 60° and the
alkali sensitivity of the 270-m/i peak is greatly reduced,
indicating a drop in the proportion of the second isomer.
Figure 3 describes all of these features.

The Identity of the Two Isomeric Aldehydes. The hy-
drazone method gives accurate values for the total al-
dehyde yield. Using these and the spectrum of the
aqueous layers from a large number of irradiations at
0, 27, and 60° the identity of the two isomers could be
determined. If the yield of 0.84 at 0° were to be at-
tributed entirely to one isomer it can be deduced that
720nifi of this compound cannot be greater than 4600.
Likewise, if the total yield of 0.68 at 60° is entirely due
to the other isomer it can be shown from the spectra
that the @b nMcannot be less than 12,000. Thus there
is the required difference of one order of magnitude be-
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Figure 3. a, b, and ¢, Uv spectra of aqueous layer from
irradiated benzene solutions. ~2 X 10~2M C@H§ neuiral
water, air saturated. (Spectra for irradiations above 60° are
highly erratic; above 150° the 345-m/x peak is replaced by a
broad band at 250 my, obtainable also by heating to 150°
solutions irradiated at room temperature. Oxidation of HMD
by HD 2is indicated.) d, A, B, «-hydroxymuconic
semialdehyde;4 C, D, acetyl acetone.10 e, Variation of a and
? isomers with temperature of radiolysis.

tween the two values. In accordance with observa-
tion and theoretical requirement (described in item 9
of ref 3 and Figure 5 of ref 4) it is now evident that the
345-m/x peak belongs to the a isomer and the 270-m/x
one to /3-HMD. An equation in the two unknown ex-
tinction coefficients could be set up and solved using
the G values and the absorbance values at 270 and 345
m/x for the radiolyses at 0 and 27°. The limits quoted
above act as a check and help to determine the extent
to which the a compound contributes to the absorption
at 270 m/x. The conclusions from these calculations
are as follows.

1. &0m, of /3-HMD at a pH of 12 is 4200 + 100.
&abnaof «-HMD is 19,000 + 1000; pH 11-13 is a buf-
fer range for both peaks. It is best to secure this with
sodium hydroxide solutions made with carbonate-free
water. The &@bnuvalue of 4080 submitted in ref 4 is
hereby withdrawn. The PNDC method of estimating
the aldehyde described there is valid, but the of
7850 applies only to the dye of the particular mixture
of a- and /3-HMD which is formed at room temperature.
Also valid is the ratio of ~5 for the G values in the pres-
ence and absence of 1 mM ferrous ion obtained for
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Figure 4. Variation of phenol and HMD in the radiolysis of
aqueous benzene at different temperatures. (G(phenol) at
220° is ~5. Thus Proskurnin’slvalue of 33.7 for 220° must
come largely from reactions other than the radiation chemistry
of water, perhaps peroxide chain mechanisms operative in the
gas phase at the high oxygen pressure used by him.)

phenol as well as the aldehyde. Study of the ferrous
ion effect repeated for the 0° case yields the same result.

2. a-HMD has a second absorption maximum at
270 mju of the same intensity as the first at 345 ma in
alkaline solutions. /3-HMD has no maximum at 345
nTY but a tail significant only at high concentrations.

3. The enolization of a-HMD appears to be com-
plete at pH ~5 as shown by the appearance of the two-
peak spectrum in near full strength. The /3-HMD in
contrast appears to enolize over the broad range of pH
from 7 to 11. The latter is similar to acetyl acetone®D
in this behavior as well as in its extinction coefficient
(see part d of Figure 3).

4. In neutral solutions of benzene linearity of yields
of phenol and aldehyde is obtained up to a very high
dose. Accurate estimates of the extinction coefficients
were possible only with solutions irradiated to a dose
superior to 102 eV/1. The pH behavior of the spec-
trum for low doses is anomalous, perhaps because of a
relatively larger proportion of hydrogen peroxide
among the products.

Mechanism. The fact of formation of the two iso-
mers of HMD can be deduced without doing violence
to the mechanism presented earlier.34 In the reaction
scheme drawn up in ref 4 the ortho isomer of the hy-
droxy peroxy radical was depicted as giving phenol ex-
clusively. If an attack of the peroxide radical on the
adjacent double bond is visualized for this entity, a-
HMD would result exactly like the /3isomer and Scheme
I would become symmetric.
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Scheme 1

Scheme | yields a convincing explanation for the ob-
served effect of temperature upon the ratio of the prod-
ucts 93 a and /3 (see part e of Figure 3). Speculation
regarding the activation energy of the reactions of
Scheme | indicates the following trends: reaction 4
involves disturbance of conjugated unsaturation.
Hence it is easy to see that Et > E3 whereas Ey is likely
to be larger than Ev because of the large amount of
steric energy required in reaction 3' in reaching across
the ring to the para position. Hence at low tempera-
ture one would expect phenol and /3-HMD to be the
major products. As the temperature is raised, reac-
tions 3' and 4 are favored with consequent replacement
of /13-HMD by phenol and the latter in turn by a-HMD.
Thus there is no direct competition between a and /3
but through phenol. This is in agreement with the
observations (see part e of Figure 3). In reaction 5 a
shift in the radical site has been indicated. Conjuga-
tion between the carbonyl and the adjacent double
bond would require such a shift.

At the high-temperature end, reaction 8 leading to
fragmentation of the carbon skeleton should set in and
reduce the yield of HMD. This again accords with
observation. At 100° G(aldehyde) is 0.66 by the hy-
drazone method (see Figure 4) but the behavior of the
uv spectrum of the aqueous layer for runs above 60° is
erratic, indicating likely presence of several aldehydes
which are products of such fragmentation.

Photolysis of the aqueous benzene-hydrogen perox-
ide system reveals the formation of hydroxy mucondi-
aldehyde and phenol in a ratio similar to that in the
radiolysis, providing support for the mechanism of re-
action of OH with benzene advanced here. Details of
this study will appear in a later publication.

The Higher Temperature Range. Even from ~50°
there is a large increase in the yield of phenol while the
aldehyde yield is nearly constant (Figure 4). This is
not due to any secondary reactions between the first
products, brought about by the high temperature.
Samples irradiated at room temperature and subse-

(10) F. Cramer, Chem. Ber., 86, 1577 (1953).
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quently kept at 120° for 2 hr show the same (?(phenol).
Also, the effect is not due to any thermal reaction be-
tween benzene and hydrogen peroxide decomposing
slowly at 120°. Solutions of hydrogen peroxide con-
taining benzene yield no phenol or aldehyde when
heated at 120° for several hours. It is clear from this
that hydrogen peroxide decomposing at 120° does not
yield hydroxyl radicals or atomic oxygen. A plausible
explanation for the increase in G(phenol) in the radiol-
yses above ~50° is the possible onset of the reaction
well known in high-temperature chemistry, 1 H + 02
-* OH + O, which would also explain the dispropor-
tionately large increase in the yield of phenol. Oxygen
atoms are known to react with benzene to give phenol.2
Evidence for the possible occurrence of the above reac-
tion obtained in the ceric system will be discussed in
the last section where we return to a consideration of
the inorganic systems again. More probably, in both
cases what is causing the abnormality (which one does
not see in the deaerated ferrous system) is not a change
in the nature of the reaction between H atoms and 02
but the onset of the oxidizing tendency of H02; thus

cH6+ HO02— » CAHBOH + OH
Ce3++ HO02—> Ce4+ + OH- + O

However, at this stage, no definite choice between these
alternatives is possible.

Temperature Coefficient of the Fricke and Ceric Sys-
tems. If, as shown above, (7(OH) is independent of
temperature from 0 to 30° and so is (7(Fe3+) in the de-
aerated ferrous system, it is highly unlikely that (7(H)
is temperature dependent. Thus the small tempera-
ture coefficient observed in the Fricke system must be
due to other reagents in the system competing with
oxygen for the hydrogen atoms. The two obvious
candidates, Fe2+ and Fe3+, have been proved to be in-
capable of producing any measurable direct competi-
tion in 10~3 M ferrous solutions in 0.8 N H2504 con-
taining only traces of ferric at the start, 1315 even up to
a dose of ~4 X 102 eV/1. The first of these three
studies3revealed that a sudden jump in (7(Fe3+) from
8.2 to 14.8 occurs even when an extremely low concen-
tration (~1.2 X 10-6 M) of oxygen is introduced into
deaerated 10-3 M ferrous sulfate solution in 0.8 N
H204 and it appeared as if the normal (7(Fe3+) of
15.6 represents a plateau value corresponding to com-
plete supression by oxygen of all other reactions that
could involve H atoms.

Being obliged to find an explanation for the temper-
ature coefficient in terms of yet another entity com-
peting for H, we worked on the assumption that the
rate constant for the reaction forming the hydrogen
molecule ion might, after all, be high enough to enable
protons to compete with oxygen for the H atoms and
that the resulting hydrogen molecule ion might con-
ceivably react slower with oxygen molecules than does
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the H atom, thus giving a fair chance to the ferrous ion
to compete. With this idea in mind, we extended
Allen’s study® by oxygenating the Fricke system at
10~3 M ferrous concentration in 0.8 N HZ04 thus
raising the oxygen concentration by a factor of ~5.
Two striking results ensued (see Figure 1). The
(7(Fe3+) shot up and the temperature coefficient van-
ished, an identical value of ~16 being obtained at O,
27, and 60°. Evidently, therefore, the competition
for H atoms is twofold. The first, Allen’s reaction 5 in
the scheme given below, is largely suppressed by oxy-
gen even at 10 6 M. The second is an indirect ferrous
ion effect acting through H2+ which needs a significantly
higher concentration of oxygen for its suppression and
occurs appreciably even in the air-saturated system.
Equation (h) of Allen’s studyI3deals only with the first
of these and is hence incomplete. We believe the fol-
lowing scheme, retaining Allen’s numbering,134 is a
genuine description of these complications.

HD H, OH, H2 HD 2 )
2Fe2+ + HA — »2Fe3+ + 20H" (1)
OH + Fex —> Fe3+ + OH- (2)
H+ 02—>mH02 3)

HO2+ H+ + Fe2+ —> Fe3+ + HD2  (4)

H+ + H + Fe2+ —> Fe3+ + H2 (5)
H + Fe3+ —*mFe2+ + H+ (6)
H+ H+ —> H2+ (40

H+ + 02—> HO02+ H+ (30
H2+ + Fe*+ — > H2+ Fe3+ (50

Reactions 3' and 5' are given without numbers and
are recognized as highly plausible in the third®5of the
Allen-Rothschild papers. Ignoring reactions 5 and 6
completely, the stationary-state treatment applied to
this scheme can be made to yield, with some algebraic
manipulation, the equivalent of Allen’s expression (h)

(7(Fe3+) = 2(7(HA) + (7(OH) + (7(H) + 2(7(11) X

MH+) + 7
*(02

h(Q9 w
\ + mh +)A

fcy(Fe2+)\ !
M 02 /)

or

(11) M. Venugcpalan and R. A. Jones, “ Chemistry of Dissociated
Water Vapor and Related Systems,” Interscience, New York, N. 7',
1968, pp 350-352, 371, 372.

(12) L. I. Avramenko, I. I.
Nauk SSSR, 66, 1111 (1949).

(13) A. O. Allen and W. G. Rothschild, Radiat. Res., 7, 591 (1957).

(14) A. O. Allen, V. D. Hogan, and W. G. Rothschild, ibid., 7, 603
(1957).
(15) A. O. Allen and W. G. Rothschild, ibid., 8, 101 (1958).

loffe, and R. V. Lorentso, Dokl. Akad.

The Journal of Physical Chemistry, Vol. 76, No. 9, 1973



1218

(7(Fe3+) = Gi + 2(7(H) X

1 1
MH+) + ( h(02 N/ ky(Ye>+)\
h(02 V.  A*(H+)A h'(02 )
M
or
(?(Fe3+) = (1d+ 2(?(H) X
1
kz{0/} ky(07/) kgkgs/0/)2
+ *4,(H+) + fe'(Fe2+) + W v(H +)(Fe2+)
()
where Gd is the ferric yield in the deaerated ferrous

system.

Putting ky (H+)/T302 = x, dealing with expression
I, it is easy to see that as (02 increases the first term in
parentheses rapidly shoots up from zero and tends to
1 — x, while the second, very much smaller in mag-
nitude, gradually rises from zero and tends to x (with
x itself decreasing in the process), so that the value of
the factor in parentheses tends from zero to a limit
equal to unity. Most regrettably, we are obliged to
stop on this qualitative note because no reliable values
for the rate constants ky, ky, or ky are available.
Nevertheless, the following conclusions appear to be
reasonable.

1. The highest value of ky reported so far,1677
—10®, is too small, at least to one order of magnitude.
The value of 106for air-saturated solutions makes the
first term in parentheses in expression | differ from
unity only in the third decimal place whereas the ex-
perimental saturation value of ~16 requires this differ-
ence to be about five times as much; 106to 5 X 106
would be an acceptable value for ky.

2. The (7(H) of 3.7 accepted now for 0.8 N HXS04
solutions is low by at least 0.2. The oxygenated fer-
rous system gives (7(H) = (16 — 8.1)/2 = 3.95. The
value, of course, is temperature independent.

3. The second factor of the second term in paren-
theses in expression | represents the competition be-
tween reactions 3' and 5' and is responsible for the tem-
perature coefficient. It prevents the second term in
parentheses from attaining the limiting value of x.
Thus the value of the factor in parentheses falls short
of the limit of unity. As the radiolysis temperature is
raised ky is exclusively lowered because of the decrease
in the dielectric constant of water with temperature
((51n is a reaction between two species carrying like
charges whereas in (30 only one carries a charge). The
following qualitative demonstration of this phenomenon
is possible.

It is easy to see that in expression Il the last term in
the denominator within the factor in large brackets is
larger than any of the others by one or possibly two
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orders of magnitude. So, to a crude approximation,

(1) reduces to
G(Fe3+) - Gd ) kzk
(7(Fe3+)j

(H+)(Fe2+) (
(022 i(2d + 2(7(H) -

Using the symbol X for the left-hand expression one
may write

y
11
kykz> (1

kikg Ey

log X lo log Zy +
g2 « 109 94y % 53 RT 2.3rDKT

(V)

in which one recognizes at once the application of
Moelwyn-Hughes’' treatment.18 The dielectric con-
stant D itself can be expressed as an exponential func-
tion of the temperature

D = Ce-hT (V)

so that log X values plotted against I/T ought to give
not the customary straight line but a graph with an
exponential curvature to it. This can be briefly seen
in the inset in Figure 1, which includes a plot of the
function eLT/T against I/T taking the L value to be
0.00463,. i.e., the value for water, in expression V for
the dielectric constant. The similarity of form of the
two curves clearly shows that there is negligible con-
tribution to log X from the third term, which would re-
quire it to be a straight line with a positive slope. We
may conclude that the conventional nonelectrostatic
activation energy Ey is negligible for reaction 5'. Per-
haps Ey « Ey, and since Ezis negligible, the fourth
term determines the dependence of log X on I/T.

4. If we set the first three terms in expression 1V
to be equal to zero (this amounts to the pretence that
ky and ky are identical and so also kz and ky except for
the Py factor represented by the fourth term), then the
room temperature value of X yields a “respectable”
figure of 1.2 A for the critical interionic separation, r.
(See ref 18, p 94, Table 2.)

5. For room temperature values, for a (7(H) of 3.9
expression |11 yields an approximate value of 1.64 X
10s for the ratio kzky/kyky. Assuming the numerator
to be ~2 X 10Done concludes that ky ky could be as
high as 1056in conformity with what was said in item 1
of the conclusions.

The Ceric System at High Temperatures. By far the
most surprising result obtained in this study is the fact
that G(—Ce4+) distinctly constant from 0 to 30° drops
by a measurable amount even at 45° and at 120°
reaches a value as low as 1.5. A limited number of
runs with the deaerated system gave measurably higher
values. This may be taken to indicate possible onset

(16) J. Jortner and G. Stein, J. Phys. Chem., 66, 1264 (1962).

(17) K. L. Huang and L. T. Bugaenko, Russ. J. Inorg. Chem,, 10,
401 (1965).

(18) E. A. Moelwyn-Hughes, “ Kinetics of Reactions in Solution,”
Oxford University Press, London, 1947, p 106 and Chapter IV.



Pulse Radiolysis of Dioxane and Dioxane + Water Mixtures

of an oxidizing action of HO2upon the cerous ion. 02
being a product of the radiolysis in this system, one
cannot hope to restore the normal value of 2.4 by work-
ing with deaerated solutions. As described earlier,
there is evidence of disturbance of a similar nature in
the aqueous benzene system as well, even at ~50°.

The Temperature Effect in Relation to the Spur Diffu-
sion Model. Figure 2, describing the variation ex-
pected in the radical yield in water on the basis of the
one radical “prescribed diffusion” model, was obtained
using Tables | and Il of the Magee-Samuel paper9after
calculating values at various temperatures for their pa-
rameter x which contains the diffusion coefficient for
the radical in water. The variation of the latter with
temperature is obtained from Einstein’s formula, D =
KT/Gwrir. Actually, only ratios of diffusion coefficients
are required so that the effective radius of the radical,
r, gets canceled.

The variation expected in Gr in the crucial region
0-30° is quite large, whereas we can now say with cer-
tainty that all the primary yields are independent of
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temperature at least in this region and most probably
even beyond 100°. We are at a loss to find any pro-
cedure whereby such a diffusion model can be retained
in spite of this result.

There appears to be a remote possibility that a de-
crease in dielectric constant of the medium has the con-
sequence of lowering r0 as the temperature is increased.
If this is able to compensate for the rise in L (cf. eq 5
and 6 of ref 9), then x, and hence the yields, could still
be insensitive to variation of temperature. Equation
29 of ref 9 may be examined. It is more likely, how-
ever, that the primary molecular products are actually
the result of separate molecular reactions involving
excited or ionized water molecules.

Acknowledgment. The authors are grateful to Dr.
G. S. Murthy, who was their colleague here during the
period of this investigation, for many useful suggestions
and to Dr. H. B. Mathur for procuring a sample of
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The yield of the solvated electrons in pure dioxane which escape geminate recombination with the positive
ions has been determined to be 0.19. The dioxane radical reduces tetranitromethane to nitroform anion,
C(NO023~, through an electron transfer process. The kinetic data support a reaction mechanism involving
an “intermediate complex” in equilibrium with the reactants. Both the equilibrium constant K and first-
order rate constant k of decomposition of the complex were calculated. K and k were found to decrease with
decreasing water contents of dioxane-water mixtures. The equivalent conductivity of the ion pair, C(N02s-
+ Hgiv+ over a whole range of dioxane-water compositions has been measured. From extrapolations a

value of 5 ohm-1 cm2equiv-1 for A(c(noj)2+ hsiv+in pure dioxane was obtained.

Introduction

The y radiolysis of dioxane and of dioxane-water
mixtures has been extensively studied,2-5 particularly
with regard to the yield of hydrogen and the influence
of scavengers on this yield. The reported values for
the yield of the solvated electron are at a great variance
with one another. Baxendale, et al.,4 measured G(H2
in pure dioxane and in that containing 2.2 M water
plus 20 mJli HC1. They found an increase in (?(H2

from 1.26 to 3.5 and derived from this a yield for esoiv~
of 2.2/100 eV. However, in their later work6 on ex-
cited states produced in dioxane, they concluded that

(1) Postdoctoral fellow from the Pakistan Atomic Energy Com-
mission, Karachi, with a grant from the Alexander von Humboldt-
Stiftung, Bad Godesberg, Germany.

(2) Y. Llabador and J. P. Adolff, ,/. Chim. Phys., 61, 681 (1964).
(3) (@) E. A. Ro;o and R. R. Hentz, /. Phys. Chem,, 69, 3024 (1965) ;
(b) R. R. Hentz, F. W. Mellows, and W. V. Sherman, ibid., 71, 3365
(1967).
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1.05 H2molecules/100 eY might arise from a reaction of
HC1 with excited dioxane molecules. Hentz, et aL,3s
estimated a “limiting” value of the yield of solvated
electrons of 3.1-3.4. Since they used relatively high
scavenger concentrations, a strong interference with
geminate recombination processes occurred which is
evidenced by the fact that the G value still increased at
N2 concentrations above 10~2M.

Several experiments led to a G value of the free sol-
vated electron which is much lower than unity. From
pulse radiolysis studies67 using electron scavengers
such as anthracene and benzophenone, Baxendale,
et al.} found G(anion) ~ 0.1. The measurement by
the clearing field technique gave a value of 0.04.8

Tetranitromethane (TNM) is an efficient scavenger
of solvated electrons and produces the anion C(N023~
according to

C(N024+ esii~— C(N023 + NO2 (1)

The yield of this anion which is stable and has a strong
absorption near 350 npi can readily be measured. It
is the base form of nitroform

C(NO2H ~ C(N023- + H+ @)

which is fairly dissociated even in polar organic solvents.
As has been shovm earlier, the rate of neutralization
(i.e., of the back reaction of eq 2) can be measured in
organic solvents.9 While the solvated electron gen-
erally reacts very fast with tetranitromethane, the
electron transfer from organic radicals to TNM is
slower. The present work was carried out in order to
determine the yield of the free solvated electron in
dioxane, to obtain information about electrical con-
ductivities of ions in dioxane, and to investigate the
dependence of the rate of the electron transfer reaction
between a dioxane radical and TNM on the composi-
tion of dioxane-water mixture.

Experimental Section

Materials. Dioxane (Merck “pro analysis”) was
treated with activated alumina (A1 3V 200, Woelm,
Germany) and then refluxed with Na for 15 hr under a
constant flow of very pure dry argon (Linde “reinst”).
It was then distilled twice under argon, the middle frac-
tion collected each time.

For experiments on the dioxane mixtures with water
no significant difference in the results was found when
dioxane “pro analysis” grade was used directly without
further distillation. Triply distilled water was used
for these experiments.

Tetranitromethane (Fluka purissimum p.a.) was
washed repeatedly with triply distilled water immedi-
ately before use. The samples (0.5-1 1) w'ere bubbled
with pure argon for about 1 hr before the addition of
solutes. The experiments were carried out at 18°.

Equipment. The pulse irradiation was done with a
1.5-MeV Van de Graaff (10 mA) accelerator. The
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optical setup, the conductivity cell, the flow system,
and the associated electronic equipment have been de-
scribed elsewhere.1011

Dosimetry. The deaerated solutions were irradiated
with pulses of 0.3-2 /xsec duration and the absorbed
dose (0.2-2 krads) was monitored with a secondary
emission foil. Absolute dosimetry was based on the
simultaneous optical and conductivity measurements
of (C(N023_ ions, («3m = 15 X 104M-1 cm-1) in
pulse-irradiated aqueous solutions of 10-8 M C(N024
and 101 M 2-propanol,2 (G(C(N023) = 6%,- +
Gh + Ggh- = 6). Appropriate corrections were made
for the difference in electron density of the solutions.
To minimize photolysis a filter, BG 12, Schott, was
used which cut off light below 300 nm.

Spectrum and Extinction Coefficient of C(NO*)z~ in
Dioxane and Dioxane + Water Mixtures. Solutions of
C(N02X in dioxane and dioxane + whter mixtures
showed an absorption maximum at 350 + 2 nm, simi-
lar to that in water. The ratio of the extinction co-
efficients of C(N023_ in these media to that in water
was very close to unity, and e was estimated to be 1.48
+ 0.04 X 104M _1 cm-1. This agrees with our earlier
results in alcohols® and acetone% which showed that
medium has virtually no effect on the absorption spec-
trum and the extinction coefficient of the nitroform
anion.

Results and Discussion

Pure Dioxane. Figure la shows the optical absorp-
tion at 350 mw as a function of time for a pulsed 10~3
M TNM solution in pure dioxane. Since reaction 1
occurs during the pulse, the absorption of C(N023~
formed appears immediately after the pulse. The ab-
sorption decreases by about 20% after the pulse with
©d2= 20 yusec which is due to the partial neutralization
of C(N023_ions until the equilibrium of eq 2 is reached.
Figure Ib showrs an oscilloscope trace for a solution con-
taining 8 X 10-6 M NaOH. No decay of the absorp-
tion occurs after the pulse which indicates that the
equilibrium of eq 2 is completely shifted toward the
right-hand side. (G(C(N023) was found to be 0.19
+ 0.01 from the absorption increase immediately after
the pulse (average of 80 measurements). Curve d in

(4) J. H. Baxendale and M. A. J. Rodgers, Trans. Faraday Soc., 63,
2004 (1967).

(5) R. R. Hentz and W. V. Sherman, J. Phys. Chem, 72, 2635
(1968).

(6) J. H. Baxendale and M. A. J. Rodgers, ibid., 72, 3849 (1968).

(7) J. H. Baxendale, E. M. Fielden, and J. P. Keene, Science, 148,
637 (1965).

(8) W. F. Schmidt and A. O. Allen, J. Phys. Chem., 72, 3730 (1968).

(9) (a) K.-D. Asmus, S. A. Chaudhri, N. B. Nazhat, and W. F.
Schmidt, Trans. Faraday Soc., 67, 2607 (1971); (b) S. A. Chaudhri,
and K.-D. Asmus, J. Phys. Chem,, 76, 26 (1972).

(10) A. Henglein, Ally. Prakt. Chem., 17, 296 (1966).
(11) G. Beck, Int. J. Radial. Phys. Chem,, 1, 361 (1969).

(12) K.-D. Asmus and A. Henglein, Ber. Bunsenges. Phys. Chem.,
68, 348 (1964).
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Figure 1. Changes in optical density at 350 nm in
pulse-irradiated dioxane and dioxane-water mixtures: a, dioxane;
[TNM] = 10~3M; pulse dose = ca. 2.0 krads, time scale =
20 jusec/div. b, dioxane; [TNM] = 10~3M, [NaOH] =

8 X 10~6M; pulse dose = 1.7 krads, time scale = 20
/tsec/div; c, dioxane + water (34 mol %); [TNM] = 3.8 X
10~4M; pulse dose = 0.55 krad, time scale = 50 ,usec/div;

d, dioxane + water (82.5 mol %); [TNM] = 3.4 X 10-4 M;
pulse dose = 0.24 krad, time scale = 100 jusec/div.

Figure 2 shows the dependence of G(C(N023-) on the
concentration of TNM. G = 0.19 is the limiting value
reached at TNM concentrations above 1(R4M. Scav-
enging of electrons in spurs is not expected to occur in a
significant amount at the low concentrations of TNM
used in these experiments. The G value of 0.19 is be-
lieved to be the yield of the free solvated electron in
dioxane. As will be shown later, the reaction of the
dioxane radical with TNM is very slow in dioxane solu-
tion. It is therefore not expected that any other tran-
sient of radiolysis with the exception of ocag" contributes
to the formation of C(N023- during the pulse.

Dioxane-Water Mixtures. Figures Ic and d show
oscilloscope traces for the absorption in mixtures of
dioxane and water at different time scales. The ab-
sorption which is present immediately after the pulse
is again attributed to C(N023 resulting from the reac-
tion of eq 1. A second step of C(N023 formation
which corresponds to a first-order reaction can be rec-
ognized from Figure Ic. This reaction is complete in
about 50 gsec. Finally, a slight additional buildup of
absorption occurs within several hundred microseconds
according to Figure Id.

The second step is attributed to the reaction of a
dioxane radical with TNM. In order to prove that the

Figure 2. The effect of [TNM] on the total (xfCfNOih-):
a, water containing 10-1 M dioxane; b, 83 mol % HD; ¢,
34 mol % H2D in the mixture; d, dioxane.

dioxane radical can transfer an electron to TNM to
form C(NO023, experiments were carried out with
dilute aqueous solutions of dioxane which were satu-
rated with N2. In such solutions, ea~ is converted

into OH: N2 T ea~ >mN2 -f OH 4 OH-.
The OH radicals attack the dioxane (10-1 M), and the
resulting radicals react with TNM. Under these con-
ditions the final absorption amounted to (7(C(N023~) =
6.0.

The overall yield of C(N023 increased with in-
creasing TNM concentration and rapidly reached a
plateau value at [TNM] > 10-4 M. Figure 2 shows
the variation of 0(C(N02r) with [TNM] for dioxane,
for two representative mixtures and for water contain-
ing 10-1 M dioxane. The overall yield decreases with
increasing dioxane contents due to the diminishing con-
tribution from the relatively higher yield of reducing
species from water.

The Kinetics of the reaction between dioxane radical
and TNM were studied in detail. The observed first-
order rate constant for the second step of C(N023
formation in Figure Ic was less than proportional to the
TNM concentration.

The plot o: ry, against 1/[TNM] vyields a straight
line with a positive intercept on the ordinate axis.
Figure 3 shows such plots for four dioxane-water mix-
tures.

A similar kinetic behavior has been observed by
Karmann and Henglein18 for the abstraction of hydro-
gen atom from HZS by alcohol radicals. The results
were explained by the formation of an intermediate
complex in equilibrium with the reactants which then
further decomposed into the products.4 A similar

(13) A. Karmann and A. Henglein, Ber. Bunsenges. Phys. Chem.,,
4, 421 (1967).
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Figure 3. T\nagainst 1/[TNM] for different
dioxane-water mixtures.

mechanism is suggested for the electron transfer reac-
tion between a dioxane radical and TNM

The kinetic treatment13 leads to the equation

In2/ K\
TA= ~T 11+ [TNM]/ ()

where n/, is the observed half-life for the formation of
C(N023~, K is the equilibrium constant, and k is the
first-order rate constant for the decomposition of the
intermediate complex into the products. It is assumed
that the equilibrium in eq 3a is rapidly established (K
is defined as the product of the equilibrium concentra-
tions of the radical and TNM divided by that of the
“complex”). The values for k and K were calculated
from the intercepts and slopes in Figure 3 using eq 3b.
Figure 4 shows a plot of K and k vs. the mole % of
water in the mixtures.

It can be seen that both the equilibrium constant and
the rate constant decrease rapidly with decreasing wa-
ter contents in the mixture. At lower water contents
the equilibrium lies more to the side of the “interme-
diate complex” but its subsequent decomposition into
products is slower. The lower value of k can be ex-
plained, if the first step of the decomposition of the
complex is the transfer of a proton from the complex to
a water molecule.

The third and the slowest step of the buildup of
C(N023_ absorption in Figure Id has a half-life ranging
from 90 nsec at 85 mole % water to 150 Msec at 45 mole
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Figure 4. Variation of the equilibrium constant K and the
rate constant k with mol % HZ2 in the mixture.

Log Mol % Dioxane------------

Figure 5. Dependence of the equivalent conductivity A on
the mol % dioxane in the mixture: a, linear plot;
b, semilog plot.

% water. The observed first-order rate constant of
this process is independent of TNM concentration and
was determined to be (5-8) X 103sec-1. Its order of
magnitude agrees with what has been observed for the
unimolecular decomposition of nitroform to form
C(NO023~ + H+ according to eq 2 in different polar
and nonpolar media.9 The decrease in half-life with
-increasing water concentration is explained by the fact
that the dissociation constant in water is higher than
in organic solvents.

The small amount of C(N028&H, whose slow decay
into C(N023_ constitutes the third step shown in
Figure 1d, could possibly originate as one of the decom-
position products from the “intermediate complex”
through a reaction path parallel to that shown in (3a).

(14) No spectral evidence was obtained for a charge-transfer com-
plex between dioxane molecule and TNM prior to irradiation.
TNM spectra are essentially similar both in water and in dioxane,
with the difference that a small shoulder at 275 nm is a little broader
in dioxane than in H20. The spectrum below 248 nm in dioxane
was not measured due to strong absorption by the solvent itself.
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Conductivity Results. Knowing the concentration
of C(N023 from the optical absorption and also of its
positive counterion which probably is a solvated proton,
the equivalent conductivity of the ion pair can be cal-
culated from the measured conductivity increase of the
solutions. It turned out that the conductivity in-
crease in pure dioxane is very low indicating a small
equivalent conductivity of the ion pair in this solvent.
In water-dioxane mixtures containing more than 35
mole % water, the conductivity signals were large
enough to be accurately measured. Figure 5a shows
a plot of the calculated equivalent conductivity vs.
dioxane contents of the mixtures. The curve is similar
in shape to the curve giving the dependence of the di-
electric constant.’6 Extrapolation to 100% dioxane
yields avery low value of the equivalent conductivity of
less than 10 ohm-1 cm2equiv-1. A plot of A(C(no2j-+hp
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vs. log mole % dioxane is also shown in Figure 5b.
The plot yields a straight line. The intercept of 5
ohm-1 cm2 equiv-1 on the ordinate axis at 100%
dioxane is taken as the equivalent conductivity of the
ion pair in this solvent. It may be pointed out that the
decomposition of NO2 produced by the reduction of
TNM, to formionsis too slow (r>/2for (N022—=*-N02~ +
N 03~ = 700 /nseckin water and ca. 10 sec in 2-propanol9
to affect our results.

Acknowledgment. The author wishes to express his
thanks to Professor A. Henglein for many helpful dis-
cussions and for his criticism of this work.

(15) Calculated from the data in J E. Linde, Jr., and R. Fuoss,
J. Phys. Chem,, 65, 999 (1961).

(16) M. Gratzel, A. Henglein, J. Lilie, and G. Beck, Ber. Bunsenges.
Phys. Chem., 73, 646 (1969).
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The formation of several peroxides derived from acetone and hydrogen peroxide has been investigated by proton

magnetic resonance spectroscopy.
vestigated in detail.
activation parameters are reported.

Introduction

Organic peroxides derived from acetone and hydro-
gen peroxide have been extensively studied.1-3 The
1:1 adduct (2-hydroxy-2-hydroperoxypropane, com-
pound 1) has recently been shown to be present in the
liqguid mixtures.14 The following three higher adducts

OOH
ch ?clc h3
OOH
11, 22-bis(hydroperoxy) propane

CH3ch3

cm:ooc@
0

1 1
OH OH

111, o,a'-bis(hydroperoxy)diisopropyl peroxide

The kinetics of formation of 2,2-bis(hydroperoxy)propane have been in-
The slow step was found to exhibit general acid catalysis.

Values of rate constants and

A general mechanistic scheme for formation of the adducts is proposed.

B\ °-°\

hx— ¢r ¢c— ch3

h3t nch3

1V, 1,1,4,4,7,7-hexamethyl-l,4,7-cyclononatriperoxane

have been identified.23 Adduct Il was isolated3 (in
about 12% yield) when 50% H2 2 was reacted with
acetone at 0° and a mole ratio of 1:1 in the absence of
added hydrogen ion; in the presence of hydrogen ion,

(1) (a) Abstracted from part of the Ph.D. thesis of Maria C. V. Sauer
at Brown University, June 1970; (b) Paper I, M. C. V. Sauer and
J. 0. Edwards, J. Phys. Chem,, 75, 3004 (1971).

(2) A. Rieche, Angew. Chem,, 70, 251 (1958).

(3) N. A. Milas and A. Golubovic, J. Amer. Chem. Soc., 81, 6461
(1959).

(4) J. Hine and R. W. Redding, J. Org. Chem,, 35, 2769 (1970),
and references listed therein.
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all three adducts above have been isolated with the
cyclic trimer being the predominant product in con-
centrated solutions.

The mechanisms of formation of these different per-
oxides derived from acetone and hydrogen peroxide
have not been investigated. Further, little is known
about the equilibria between the several species. We
have studied the different stages of the hydrogen per-
oxide-acetone interaction in (necessarily) concentrated
solution by means of nmr spectroscopy. The data on
primary adduct | are published elsewhere.lb The
mechanism of formation of the higher adducts (II, 111,
and 1V) must be different, as in these three cases re-
placement of OH by OOR obtains whereas formation
of | occurs as an addition across the carbonyl double
bond. Data on the higher adducts are presented here.

Experimental Section

General. All reagents, buffers, and equipment were
the same as those reported earlier.1 The evaluation of
the equilibrium constants was also carried out as before.

Kinetics. The kinetics of formation of Il were in-
vestigated as follows. The pH of the peroxide solutions
was adjusted with HC1 (1 M) in cases where buffers
were not employed. The pH values were corrected for
the influence of hydrogen peroxide on the glass electrode
reading.8 The ionic strength was adjusted in appro-
priate cases with KC1. All Kkinetic runs were started
by adding the acetone to a known volume of peroxide
solution. This operation was carried out in a separate
test tube to facilitate mixing, and a small amount of the
reaction mixture then was transferred to an nmr tube.
A period of 10 min was allowed for temperature equil-
ibration before points were taken.

The rate of disappearance of acetone was measured
by nmr peak areas. The peak areas for both acetone
and product were evaluated by the automatic integra-
tor on the A-60A spectrometer. The concentration of
acetone at any time, |, is given by the equation

[acetone], = (-— y —-) [acetone]0

where/Acis the integrated area of the acetone peak and
I pis the area of the product peak. Brackets are used
to denote concentrations, and the subscripts 0 and t
refer to initial state and state at time of measurement,
respectively. Values of log [acetone], were plotted
against time; from the slopes of the resultant lines, val-
ues of observed rate constants fcobsd were found using
the equation

- 2.303( A(L°S

Results

Stoichiometries. Each adduct exhibits a character-
istic line in the methyl proton region of the nmr spectra,
and identification of the lines was made by evaluation
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of equilibrium constants at different initial concentra-
tions of peroxide and acetone. Adduct I, which is the
1:1 addition product, is formed very rapidly (albeit in
low concentration), and it has a known nmr spec-
trum. b4 The spectra of freshly prepared solutions
of acetone (from 3 to 10 M) and hydrogen peroxide (5
to 13 M) consist of two low-field signals at 2.23 and
1.43 5; the 2.23 5 resonance corresponds to the methyl
protons of acetone and the 1.43 S resonance has been
assignedl4to adduct I.

The spectra of these same solutions taken over the
course of an hour after mixing show a slow decrease in
the intensity of the two signals mentioned above and
the appearance of a new signal which has a resonance
1 cps upfield from that of | and which quickly becomes
larger than that of I. The reaction under investigation
was found to be

OH OOH

CHXCH3+ HA ~ CH3XCH3+ HD (1)

OOH OOH

and the product can be identified (see below) as com-
pound Il previously isolated.23

Over and above the fact that a compound of this na-
ture having the appropriate properties and analysis has
been isolated and identified,3 our assignment of the
nmr line to Il is based on considerable evidence. First,
we observed the compound under the same conditions
as it had been isolated by Milas and Golubovic.3 The
position of the methyl proton nmr line is 0.80 5 lower
than that of acetone itself; this agrees with the result of
Hine and Redding4 and with the general size of the
methyl proton shift observed4 for all reactions of the

type

CHS CHs  OR'
\ \/
C + HOR' C
/" \ /\

R o] R OH

The equilibrium constants Ku based on a stoichiometry
of one acetone and two hydrogen peroxides are con-
stant, and no reasonable alternative structure for this
composition presents itself. The values of AH and AS
given below are consistent with a replacement process
rather than an addition or elimination reaction. Fi-
nally, the kinetic data (rates, acid catalysis, and activa-
tion parameters) are analogous to those observed for
acetal formation, and compound Il may indeed be con-
sidered as a modified ketal.

Compound Il is the dominant product (as indicated
by the size of the nmr signal) when the ratio [acetone]/
[HD 2] is equal to or less than 0.07. In those experi-
ments where this ratio is greater than 0.07, a third ad-

(5) J. R. Kolczinski, E. M. Roth, and E. S. Shanley, J. Amer. Chem.
Soc., 79,531 (1957).
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duct which is apparently the reaction product derived
from condensation of adducts | and Il is formed.

OH OOH CH3CH3

CHXCH3+ CHXCH3® HOOCOOCOOH 2)

OOH OOH CH3CH3

This product, denoted 111, is a,a'-bis(hydroperoxy) di-
isopropyl peroxide and is observed in the nmr spectra
as a signal at 3 cps lower field from that of II.

On further increasing the acetone concentration,
([acetone]/[HD 2]) > e, a fourth resonance which we
assign to cyclic adduct 1V is observed after several days.
In solutions where the ratio [acetone]/[H D 2] is about
unity, the spectra taken 24 hr after the mixing of the
reactants indicate the presence of all four products with
the 2-hydroxy-2-hydroperoxypropane resonance as a
shoulder on the 2,2-bis(hydroperoxy)propane resonance.

Equilibrium Constants. To prove the stoichiometry
of the reactions that lead to the formation of 2,2-bis(hy-
droperoxy)propane and a,a'-bis(hydroperoxy)diisopro-
pyl peroxide, the spectra of several solutions were taken
at equilibrium over a range of acetone concentrations
from 0.5 to 6 M, of hydrogen peroxide concentration
from 9 to 15 M, and of water concentration from 20 to
40 M. The resonances were integrable by planimeter
or, in some cases of very good resolution, with the auto-
matic integrator of the spectrometer. The equilib-
rium constants Kn and Km were calculated using the
relationships

T [HIHD]  rr
K* m lifti Kin - “ifiifir

[I]le = Ki [acetone]e[HD 2)e

[HD2le = [HD2lo- [I] - 2[1] - 3[l]

[HDle = [HD Jo+ [ + 2[1I1]

Values for the equilibrium constants Kn and Km at
several temperatures are given in Table I. Every con-
stant therein reported represents an average of at least
four determinations; at 40°, each Ku value represents
an average of five runs in the absence of compound 111

and five runs in the presence of compound I1l. Table
Table 1: Equilibrium Constants” for the Formation of
2,2-Bis(hydroperoxy)propane and
«,a'-Bis(hydroperoxy )diisopropyl Peroxide
Temp, °C Ku Km
5 114 + 8 44 + 4
25 170 + 8 62 d=8
32 180 + 8 67 + 6
40 218 + 12 78 H 6

“ For the definitions of Ku and Km, see text.
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Table 11: Thermodynamic Parameters” for the Formation of
2,2-Bis(hydropero.xy)propane and
a,a'-Bis (hydroperoxy )diisopropy1Peroxide at 25°

Adduot AH°®  As® AG® TASO
2,2-Bis(hydroperoxy)propane 32 21 -3.0 6.2
a,a'-Bis(hydroperoxy)diisopropyl 2.9 18 -2.4 5.3

peroxide
“ The units for AH®, AG®, and TASa are kcal mol-1 and for

AS° are cal mol-1 deg-1. The standard deviations are estimated
to be about 0.3 for AH", AG®°, and TAS® and about 1 for AS°.

Il shows the thermodynamic parameters obtained for
each reaction.

Kinetics of Adduct Il Formation. To explain the
formation of the 2,2-bis(hydroperoxy)propane, the fol-
lowing mechanism was initially hypothesized.

0 OH
[ Ki
CHXCH3+ HOOH ~ CHXCH3 3)
|
OOH
OH
CHXCH3+ HX (1 CHXCH3+ HD + X-  (4)
[ 2 [
OOH OOH
OOH
CHXCH3+ HOOH ;1 CHXCH3 ©)
OOH +OO0H
H
OOH OOH
CHXCH3”~ CHaCCHs + H+ ©)
+ OOH OOH
H

Different rate laws were derived assuming first step 4
and then step 5 to be the rate-determining step of the
reaction. When step 4 is rate determining, the rate

law should be
kX [acetone] [HD 2][H X]
1+ Xi[H202] (

—d[acetene]
dt =

with the denominator having a value near to unity.
When step 5 is rate determining, the rate law should be

—d[acetone] _
df
/ k2\ 1 kX i [acetone ] [HX2]2[H+]\
\kj\ I+Xr[HD2 )
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Figure 1. Dependence of rate constant K4 (as defined in
text) on pH at three temperatures.

A significant difference lies in the nature of catalysis by
acid: for the first mechanism general acid catalysis is
predicted, whereas for the second specific acid catalysis
is predicted.

The dependence of the reaction on hydrogen peroxide
concentration was studied at 24°, at constant pH and
in the absence of any other acid. It was found that the
rate law followed by the reaction is the same as the law
derived assuming step 4 as the rate-determining step,
that is

foobsdU + X i[HD2)) = fa'Ki[HD 2]

where fdb3l is the first-order-pseudo constant for de-
crease in acetone concentration. The reaction was
found to be catalyzed by both H+ and undissociated
acids, and eq 9 shows the observed dependence

W = fa + KK[H+] + fcJHX] 9

Dependence of the rate constant fa' on pH at three dif-
ferent temperatures is shown in Figure 1.

At low pH and in the absence of any molecular acid
the reaction proceeds largely via the path involving
catalysis by the solvated proton. Thus, for these data,
fa' - /ch[H+], and the slope of —1 is observed as ex-
pected at pH values lower than 5. A “spontaneous”
reaction was observed in the region where the amount
of proton catalysis becomes unimportant (pH >5).
This spontaneous reaction can be attributed to catal-
ysis by hydrogen peroxide and water. The rate con-
stants and fa can be obtained by plotting fa' against
[H+] (Figure 2) according to the equation

fa' — fa + fen[H+] (10)
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Figure 2. Separation of rate constant fe' into fand ks terms
(see eq 9) at three temperatures.

The slope of the line is equal to kn, and the constant fa
is obtained from the intercept by extrapolation to [H+]
= 0. Values of fa\ and fa at three different tempera-
tures are listed in Table II1.

Table 111: Proton-Catalyzed and Spontaneous Rate
Constants of Formation of 2,2-Bis(hydroperoxy)propane at
Three Temperatures

Temp, °C &H M 1sec 1 ko X 104 sec 1
28 4.25 0.30
41 10.5 0.85
54 27.6 2.70
Table 1V: Acid Catalytic Rate Constants at 40° and m = 1

for the Formation of 2,2-Bis(hydroperoxy)propane

Acid p° 9" P-Xa ka, M 1sec 1
HsO + 3 1 —1.74 10.5
clxcooh 1 2 +0.66 2.00
ChCHCOOH 1 2 + 1.31 45 X 10->
HSCtr 1 2 + 1.52 35 X 10~2
H3P 04 3 2 + 1.78 13.9 X 10"2
CICHZOO0H 1 2 +2.76 2.1 X 10'2

° These are the statistical corrections in the Bronsted equation

kJv = GMa/p)K*r-



Reactions of Acetone and Hydrogen Peroxide

Figure 3. Variation of aeid-catalyzed rate constant  with
pK&of the corresponding general acid. This Bronsted plot
has data for (1) CICBUCOOH, (2) HP 04 (3) HS04-, (4)
ChCHCOOH, (5) ChCCOOH, and (6) HD+.

At constant pH and working with increasing concen-
trations of XH, it is possible to obtain the corresponding
acid catalytic constant fraby use of eq 9. Values of faa
for five different acids are listed in Table IV. A Bron-
sted plot of the system is shown in Figure 3.

Activation parameters of the reaction were calculated
for both types of reactions and are listed in Table V.
In this case the overall entropies of activation are equal
to

AiSi* = AiSi° + ASh” (H+-catalyzed reaction)
and
A = ASi° + i*1 (spontaneous reaction)

where AiSi° is the change in entropy of the rapid equi-
librium step (eq 3) prior to the rate step.
Discussion

General Pathway. The formation reactions of ad-
duct 1l and adduct 111 are similar to each other as may
be visualized from the general equation

OH OOR
CHsCCHs + HOOR CHXCH3+ HD (11)

OOH OOH
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Table V: Activation Parameters” at 25° for the Formation
of 2,2-Bis(hydroperoxy)propane

AS* -
= AR* AS* ASi°
“ Spontaneous” reaction 17.5 16.9 —22 6
H +catalyzed reaction 13.8 13.2 —10 18

°Units for B8 and A/?* are kcal mol-1, and for AS* and
AS* — ASP are cal mol-1 deg-1 The standard deviations for
Ua and Aif* are estimated as 0.3, whereas for AS* and AS* —
ASP they are 1.

Both reactions involve the replacement of an OH group
by an OOR group with concurrent formation of water.
For adduct I, HOOR represents hydrogen peroxide;
for adduct 111, HOOR represents adduct |1 itself. The
similarity in the chemistry of these two reactions is re-
flected in the similarity of the thermodynamic param-
eters.

All of the products from the reaction of acetone and
hydrogen peroxide can be formed by the steps of eq 1,
2, 3 plus the following

0 ?OH OH OH
1 1 1
ch%ch,; + CHXCH3 3=i- CHXOOCCH3 12)
[
OH ch3ch3
[e-°\
(CH3C C(CH32
ch3ch3 OOH o
chXoocch3 + CHICH3 v J) 13)
1 v
OH OH OOH 1
<cnh  + 2Hze
0 OOH OOH
Il 1 /
chZch3 + CHXOOCCH3 13)
1 1
ch3ch3

Only two general types of stoichiometry are neces-
sary for the description of products from the reactions
of hydroperoxides ROOH and carbonyl compounds
R'C(=0)R". These two types are addition of ROOH
across the double bond (such as in eq 3) and conversion
of COR™ to COOR as in eq 11. Although the details
vary from adduct to adduct, the general pathways
should be related.

Stage 12 was not observed by the nmr technique.
The product of this reaction should be present in smaller
quantity than adduct | as the acetone concentration is
small. The equilibrium constants obtained for forma-
tion of adduct I would have shown deviations from con-
stancy if the process were important; no such devia-
tions were observed.

The Journal of Physical Chemistry, Vol. 76, No. 9, 1972



1288

Cyclic adduct IV could result from either of the two
steps proposed (eq 13 and 13') or from some related
process. The complexity of the stoichiometry coupled
with the fact that adduct IV can under some circum-
stances be the predominant product (90%) strongly
suggests that the other adducts are intermediates in
the formation of this stable cyclic peroxide.

Mechanism of Formation of 2,2-Bis(hydroperoxy)pro-
pane. According to the results obtained for (a) depen-
dence of rate on peroxide concentration, (b) pH depen-
dence of the rate, (c) general acid catalysis of the rate,
and (d) activation parameters, it can be concluded that
the mechanism of formation of 2,2-bis(hydroperoxy)-
propane is indeed that described in the Results section.
The probable steps are (3), (4), (5), and (6) with (4)
being the rate-determining step.

The Bronsted law applied to our system is represented
in Figure 3. The slope of the line is 0.8, with a nega-
tive deviation for HD+. The observed spontaneous
reaction is mainly attributed to catalysis by hydrogen
peroxide (pKa = 11.4)6which is present in a consider-
able concentration ; this cannot, however, be considered
as proved.

The activation parameters reflect the changes from
ground state to transition state. The entropy of ad-
duct | formation is —28 cal mol-1 deg-1, and the ob-
served activation entropies AS"obsd must be corrected
for this contribution. The remnant values ASh* and
AiSol are +18 and +6 cal mol-1 deg-1, respectively.
These arc for the processes

l + HY +—> CHXCH3+ 2Ha&

OOH

and
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| + HD2 CHXCH3+ HD + OOH-

OOH

These activation entropies, although most certainly
complicated as to contributing influences,78seem to be
dominated by the entropy increase resulting from the
increase in number of particles.

The reaction of eq 1is analogous to the formation of
an acetal from a hemiacetal, which process is known to
be catalyzed by acid. Both general acid catalysis and
specific acid catalysis9-13 have been reported. There-
fore, the general acid catalysis found here is unusual,
albeit unexceptional.
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The interaction of sulfur dioxide and carbon dioxide with clean silver in ultrahigh vacuum (UHV) was in-
vestigated by Auger electron spectroscopy and work function measurements. Polycrystalline silver, after
being cleaned by argon ion bombardment and heating to the extent that no contaminants were observed by
Auger spectroscopy, was subjected to sulfur dioxide at a pressure of 10~9 Torr. Auger spectra and relative
work function measurements were recorded as a function of exposure, revealing that sulfur chemisorbed to
the silver surface and that the relative work function increased 0.39 eV during an exposure of 6 X 10~6Torr

sec. Desorbing the sulfur from the silver by heating led to an estimation of a minimum heat of desorption

of 59 kcal/mol.

Torr.

The polycrystalline silver was then cleaned again by ion bombardment and heating until
no contaminants were observed by Auger spectroscopy.

The silver was subjected to carbon dioxide at 10-8

No change in the Auger spectrum or the relative work function of the silver surface occurred during

exposure to carbon dioxide, indicating that no adsorption occurred.

Introduction

The understanding of the interaction of various
pollutant gases in the atmosphere on silver is important,
since silver is not only highly regarded as a decorative
metal, but also used in electron emissive devices, highly
reflecting surfaces, and photosurfaces.

Two of the most common pollutants in our at-
mosphere are sulfur dioxide and carbon dioxide. Very
little work has been performed relative to the adsorp-
tive characteristics of these two polyatomic gases on
silver. Czandernal has shown that no adsorption of
carbon dioxide was observed on a reduced silver powder
surface, but that after oxygen was preadsorbed, carbon
dioxide adsorption occurred. These studies were per-
formed with a vacuum ultramicrobalance at pressures
of 10~7to 100 Torr. Czanderna has also studied the ad-
sorption of oxygen on silver.2 A search of the litera-
ture revealed no studies of sulfur dioxide on silver
under high-vacuum conditions.

The most efficient way to study adsorption on a
metal is to first clean the metal surface in an ultrahigh
vacuum (UHV) and then subject the surface to the
potential adsorbate of interest. Such an experiment
prevents intervention by impurities of adsorption
phenomena between adsorbate and adsorbent. It
allows interaction of the adsorbate with essentially
the virgin adsorbent.

The purpose of the work reported herein was to in-
vestigate the adsorptive characteristics of sulfur di-
oxide and carbon dioxide on clean polycrystalline
silver under UHV conditions, which gives rise to a
large recontamination time compared with the exper-
iment time. The adsorption was detected by Auger
electron spectroscopy, which is reported to be capable

of elementally identifying surface constituents to a few
hundredths of a monolayer.3 This technique was com-
plemented by measurements of the work function of
the silver surface during exposure. The residual pres-
sure of the vacuum system was 1 X 10-10 Torr. Prior
to subjection to each of the gases, the silver surface was
cleaned by ion bombardment and heating. The tem-
perature of the silver during Auger and work function
measurements was 65-95°.

Experimental Section

The experimentation was performed in a 200-1.
UHV system.4 The silver sample was machined from
pure (99.999%) polycrystalline silver and assumed the
shape of a cylinder, about 0.25 in. in length. One end
of the cylinder was used as the test surface, which was
0.25 in. in diameter and highly polished.

Figure 1is a schematic of a top view of the apparatus
enclosed by the UHV chamber. The sample could be
rotated such that it was positioned in front of the
Auger analyzer, in front of the work function electron
gun, and in front of the cleaning electron gun. The
work function electron gun enabled measurement of
the work function of the test surface. The cleaning
electron gun enabled ion bombardment of the test sur-
face and heating of the sample by electron bombard-
ment.

Surface constituent analysis of the silver test sur-
face was performed with an Auger electron spectrom-
eter utilizing a cylindrical velocity analyzer as a focus-

(1) A. W. Czanderna, J. Colloid Interface Sci., 22, 482 (1966).
(2) A. W. Czanderna, J. Phys. Chem., 68, 2765 (1964).

(3) C. C. Chang, Surface Sci., 25, 53 (1971).

(4) W. S. Lassiter, J. Vac. Sci. Tech., 3, 418 (1969).

The Journal of Physical Chemistry, Vol. 76, No. 9, 1972



1290

20L UHV

AUGER CYLINDRICAL GAS INET

CLEANING
BELECTRON GIN

HJ
WORK FUNCTION
ELECTRON GLN

AUGER ELECTRON
GN

Figure 1. Schematic of apparatus.

ing agent.5 The cylindrical analyzer was designed
according to monochromator design principles, second-
order focusing, and for optimum resolving power.6-10
The spectrometer was operated at an incident beam
current and energy of 2 pA and —1500 eV, respectively.

The test surface was cleaned by alternate applica-
tions of ion bombardment with 1500-eV argon ions,
and heating by electron bombardment to 600°. The
sample was cleaned by this technique until no contam-
inants appeared in the Auger spectra, after which the
test surface was subjected to sulfur dioxide.

The retarding-field diode techniquell,12 was used to
monitor the relative work function A§>of the test sur-
face. The relative work function is the difference in
the anode and cathode potentials of a diode operating
in the retarding-field region. The cathode temperature
was held constant such that any change in the relative
work function was a result of a change in the anode,
or test surface, work function. An advantage of this
technique is that the relative work function of a surface
can be constantly monitored during exposure of the
surface to any pollutant, contaminant, and so forth.

Results

Figure 2 shows Auger spectra of the silver surface
after the vacuum system had been baked at about
250° for 20 hr and subsequently evacuated to 1 X 10-10
Torr. The ordinate is the derivative of the secondary
electron energy distribution, N(E), with respect to
energy, and the abscissa is the secondary electron en-
ergy, E& The data in Figure 2 show that contaminants
residing on the silver surface are sulfur, carbon, tita-
nium, and oxygen. All these contaminants, except
titanium, exist as large impurities in silver. The
titanium was probably deposited on the silver surface
during pumpdown of the vacuum chamber, during
which time the titanium sublimator attached to the
vacuum system was operated frequently.

Figure 3 shows Auger spectra of a clean silver sample
after cleaning by ion bombardment and heating. The
spectra in Figure 3 were taken after subjecting the
sample to an ion bombardment dosage of greater than
500 X 10-4 C and more than 100 hr of heating to 600°.
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Figure 2. Auger spectra of silver surface prior to ion
bombardment or heating.

Figure 3. Auger spectra of a clean silver surface.
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N. C., May 1971.

(6) C. E. Kuyatt and J. Arol Simpson, Rev. Sei. Instrum., 38, 103
(1967)

(7) V. V. Zashkvara, M. I. Korsunskii, and O. S. Kosmachev, Sov.
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The long cleaning time was required because of im-
purities diffusing from the bulk to the surface.

The relative work function of the silver surface
showed very little consistent behavior during cleaning.
lon bombardment caused a decrease in the relative
work function of as much as 0.8 V, after which heating
would increase the relative work function as much as
1V. The erratic behavior of the relative work func-
tion during cleaning is probably due to various changes
in structure, surface geometry, and polycrystallinity
caused by the cleaning process. Normally, when the
silver surface approached a clean state, as indicated
by the Auger spectrometer, the variation in the relative
work function with further ion bombardment or clean-
ing was less than 0.25 V. When the sample was clean,
no change in relative work function with time was
evident.

After the silver sample was clean, as depicted by
Figure 3, sulfur dioxide was introduced into the vacuum
chamber until the pressure increased from 1 X 10~D
to 1 X 10~9 Torr. The pressure was then held con-
stant at 1 X 10_9 Torr while Auger spectra of the sur-
face were recorded as a function of exposure. Figure
4 shows typical Auger spectra of the silver surface
after the surface was exposed to sulfur dioxide The
spectra indicate that only sulfur resides on the surface.
This condition suggests either of two mechanisms oc-
curring at the surface First, the sulfur dioxide mole-
cule could have been adsorbed and subsequently broken
up such that the sulfur was chemisorbed as a sulfide
and the oxygen either diffused into the bulk or evap-
orated from the surface. Second, the sulfur dioxide
molecule could have been adsorbed such that the
oxygen atoms were bound to the silver atoms and the
sulfur atoms were positioned above the silver surface
atoms by some distance smaller than the bond length.
The primary electron beam would then excite the outer-
most atoms, the sulfur atoms, but possibly not the
oxygen atoms underneath the sulfur atoms. The
latter mechanism is highly unlikely, since the bond
distances in sulfur dioxide are about 1.43 A,13and be-
cause of evidence in the literature} of surface penetra-
tion by the primary electron beam of up to 10 A.

A search of the literature revealed no information
regarding a reaction between silver and sulfur dioxide
at temperatures between 65 and 95°. Further ex-
perimental data pertaining to the products of reaction,
bonding forces, and surface structure are required to
establish the behavior of sulfur dioxide on the silver
surface.

Some insight into the mechanism of adsorption can
be gained by considering the standard free energies of
formation, bond energies, and heats of adsorption. A
reaction involving the formation of silver sulfide (AgX),
would be more likely than one involving the formation
of silver oxide (Agd), since their standard free energies
of formation are —9.5 and —2.59 keal/(mol °K), re-
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Figure 4. Auger spectra of silver surface during exposure to
sulfur dioxide.

spectively.’6 The bond energy of sulfur dioxide is
119 kcal/mol. A search of the literature revealed no
data on the bond energies of silver sulfide or silver oxide,
but revealed a bond energy of 32 kcal/mol for silver
monoxide (AgO).’6 Since the bond energy of silver
monoxide is not near that of sulfur dioxide, a reaction
involving the breaking up of the sulfur dioxide because
of attraction of the oxygen to silver is highly unlikely.
Perdereau and RheadZ studied the reaction of silver
with hydrogen sulfide (H;S) and found the reaction

Ag + HB (Ag-S)aks + H2 (1)

to occur, where the subscript ads means adsorbed sulfur
on silver. The results of their study yield a differential
heat of adsorption AH of 32-34 kcal/mol for the sulfur
adsorption on silver, which suggests a rather strong
chemisorption. These data indicate that sulfur has a
high affinity for silver.

Since heating the silver sample to temperatures
above 500° for periods of at least 10 hr was required to
completely remove the adsorbed sulfur, the sulfur was
probably chemisorbed to the silver. A calculation was
made which led to an estimate of the minimum heat of
desorption, qd of the adsorbed sulfur by the equation
for the time of sojourn, ri8

(13) P. W. Schenk and R. Stendel, “Inorganic Sulfur Chemistry,”
Elsevier, New York, N. Y., 1968, pp 367—418.

(14) P. W. Palmberg and T. \mRhodin, J. Appl. Phys., 39, 2425
(1968).

(15) N. A. Lange, “Handbook of Chemistry,” Handbook Pub-
lishers, Sandusky, Ohio, 1946.

(16) T. L. Cottrell, “The Strengths of Chemical Bonds,” Butter-
worths, London, 1958.

(17) J. Perdereau and G. E. Rhead, Surface Sci., 7, 175 (1967).
(18) J. P. Hobson, Br., J. Appl. Phys., 14, 544 (1963).
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t = Toexp(q/RT) (2)

where R is the universal gas constant, T the surface
temperature, and w the time of sojourn when zero
desorption energy is required to remove the atom.
Using T0 = 10~12sec,©a time of sojourn t of the most
tightly bound sulfur atom of 10 hr, and a temperature of
500° yields g\ ~ 59 kcal/mol, which infers chemisorp-
tion of the sulfur to silver.

The same types of tests were performed with carbon
dioxide as with sulfur dioxide, except that the carbon
dioxide was introduced into the vacuum chamber such
that the pressure rose from about 1 X 10~Dto 1 X
10~8 Torr. As before, the silver sample was cleaned
such that no contaminants were detected by the Auger
spectrometer. Neither carbon nor oxygen was de-
tected on the silver surface with the Auger spectrom-
eter, nor was there any variation in the relative work
function of the silver surface with exposure to the car-
bon dioxide.

Some indication has appeared in the literature that
the peak height of Auger peaks can be used to quantita-
tively describe constituents on a surface. An experi-
ment in which the Auger peak height of a contaminant
is used to quantitatively describe the buildup of the
contaminant on a surface may be very difficult, since
little is known about sticking coefficients of various
contaminants to substrates. In this experiment, it
vias assumed that the Auger peak height of an adsorbed
species would increase as adsorption progressed. The
sulfur Auger peak height was thus monitored as a func-
tion of exposure of the silver sample to sulfur dioxide.
The results are shown in Figure 5. The steplike ap-
pearance of the data could not be explained, although
it suggests that adsorption is proceeding by a nucle-
ation and growth, layer mechanism as suggested by
Moazed.D Each step would represent the nucleation
of a new adsorbed layer of sulfur on the silver surface.
The data show that adsorption of sulfur on the silver
surface occurred during exposure up to about 6 X
10~6 Torr sec, at which point it appears that the peak
height becomes constant.

Following the Auger measurements of sulfur ad-
sorption, the silver sample was cleaned again by ion
bombardment and heating to the extent that the Auger
spectra indicated no contaminants on the surface.
Sulfur dioxide was then inlet into the chamber, as
before, and the relative work function of the silver
surface was monitored as a function of exposure to
sulfur dioxide.

Figure 6 represents the results and shows a plot of
the relative work function vs. exposure. The relative
work function increased about 0.39 V as a result of the
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Figure 5. Auger peak height of sulfur as a function of

exposure to sulfur dioxide.

Figure 6. Relative work function as a function of exposure to
sulfur dioxide.

adsorption of sulfur on the silver surface. A rapid
increase in the relative work function of about 0.29 V
occurred between 0.5 X 10-6 and 1.0 X 10~6 Torr
sec. Between 1 X 10~6and 6 X 10-6 Torr see, a
gradual increase in A$>of 0.10 V occurred, after which
no change was observed.

Conclusions

It is shown that when a clean polycrystalline silver
surface is subjected to sulfur dioxide at a pressure of
1 X 10~9 Torr, sulfur is chemisorbed to the silver.
Heating the contaminated silver leads to an estimation
of the minimum heat of desorption of 59 kcal/mol.

Sulfur Auger peak height and relative work function
measurements of the surface during exposure show that
adsorption occurs during 6 X 10-6 Torr sec exposure
at 10-9 Torr.

It is also shown that when a clean polycrystalline
silver surface is subjected to carbon dioxide at a pres-
sure of 1 X 10_s Torr, no adsorption occurs.

(19) A. V. Kiselev and B. P. Poshkus, Trans. Faraday Soc., 59, 176
(1963).
(20) K. L. Moazed, Ann. N. Y. Acad. Sci., 101, 785 (1963).
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The quantum efficiency of fluorescence from the D 0Olevel of Eu3+ was obtained by two methods: by lifetime

measurements and by comparison with a liquid standard.

was 0.95 + 0.02.
levels have been calculated.
glasses has been calculated.

Introduction

In i previous paper2 we suggested that europium-
activated glasses can be used as a solid standard for
narrow band fluorescence. The objectives of this
work are (1) to continue investigations for the develop-
ment of a solid standard for fluorescence and (2) to
study the rate of energy dissipation between various
excited levels of europium in glass matrices.

It has been pointed out3that a stable standard of
fluorescence which can be used interchangeably for
standardizing both liquids and solids is needed. While
liquid standards have been studied extensively, there
are almost no data on transparent solid samples, ex-
cept for the yield determination developed by Bril,4
which can be used only for highly reflective phosphors.

In this paper the experimental methods and results
of the quantum efficiency determinations are discussed
and the probability of nonradiative energy transfer is
calculated from the oscillator strengths of the transi-
tions, the fluorescence intensities, and the decay times.

A partial energy level diagram for the levels of the
Eu3+ ion with a 4f6 electron configuration is given in
Figure 1. The Eu3+ ion in glass fluoresces with mea-
surable intensity from the 6D0and Di levels5to the 7F
multiplet. The fluorescence from the D0 level is
stronger by two orders of magnitude than the i
fluorescence. The number and types of radiative and
nonradiative transfers from these levels are restricted
by selection rules. The principal fluorescence emis-
sions from the B O0level to the 7 multiplet are: D0 -*m
w0 D, — 71 D0— F2 Do 3 and OO0 — 7F4
The fluorescence from the @0 to the 75 and 76 is
negligible (less than 1% of the total emission). The
D0 — 7Fi transition is a magnetic dipole transition,
while the others are forced electric dipole or quadrupole
transitions.2

The quantum efficiency of fluorescence from the @0
level was determined experimentally using a solution

The quantum efficiency obtained by both methods

The probabilities of populating the 5 0 level via excitation to the D1 2 I3 and 9.6
The probability for the Di -*m D0 transition of the excited Eu3+ in phosphate
The interaction of the electronic levels with the glass host is discussed.

of europium(l11) nitrate as a standard having a quan-
tum yield of 0.04.6 An independent determination of
quantum yield was made by calculating the natural

radiative lifetime, measuring the experimental decay
time, and using eq 2.

Experimental Section

Glasses and Solutions. Glasses were prepared from
NaHZPO0rH 2D (analytical reagent, Mallinckrodt,
99.5% purity) and Eud 3 (Molycorp., 99.9% purity).
Mixtures containing 0.5, 1.0, 1.5,2.0, 2.5,3.0, and 3.5 wt
% europium wure mixed and melted at 1000° in a plati-
num crucible. Glass disks 1 mm thick and 12 mm in
diameter were obtained by molding the melt on a tile.
A glass containing 2 wt % europium in a cuvette form
with dimensions 10 X 10 X 40 mm was used for the
absorption measurements.

Aqueous solutions of europium(lll) nitrate were
prepared by dissolving the oxide (American Potash
Co., 99.9% purity) in the appropriate amount of nitric
acid (Baker Analyzed reagent, 1:1 acid:water). All
water was distilled, passed through an ion-exchange
resin, and double distilled from a quartz still.

Instrumentation. Fluorescence spectra were taken
on a Turner Model 210 spectrofluorometer7which gives
corrected emission spectra in quanta per unit band-

* Address correspondence to this author at Section 310-04, National
Bureau of Standards, Washington, D. C. 20234.

(1) (a) This work was performed under NBS Contract No. (G)-103;
(b) this work is a part of an M.Sc. thesis presented by L. Boehm
to the Chemistry Department of The Hebrew University.

(2) R. Reisfeld, R. A. Velapoldi, L. Boehm, and M. Ish-Shalom,
J. Phys. Chem., 75, 3981 (1971).

(3) J. N. Demas and 3. A. Crosby, J. Phys. Chem., 75, 991 (1971).

(4) A. Bril, “Luminescence of Organic and Inorganic Materials,”
Wiley, New York, N. Y, 1962, p 477.

(5) R. A. Velapoldi, R. Reisfeld, and L. Boehm, 9th Rare Earth
Conference, Vol. 1, p 123, 1971.

(6) Y. Haas and G. Stein, J. Phys. Chem., 75, 3668 (1971).
(7) G. K. Turner, Science, 146, 183 (1964).
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Figure 1. Electronic levels of Eu3+in a crystal.

width and excitation spectra corrected to constant
energy, or on a spectrofluorometer described pre-
viously.8 The latter consists of a 500-W xenon arc
lamp (Mazda), excitation monochromator (Bausch
and Lomb, 250-mm focal length), sample compart-
ment, emission monochromator (Bausch and Lomb,
500-mm focal length), an EM1 9558 QB photomulti-
plier connected through a 16-megohm resistor to an
EIL Vibron electrometer and Kipp and Zonen recorder.
Corrected emission and excitation spectra were ob-
tained from this instrument using spectra obtained
from the Turner 210 for corrections.

Decay times were measured using the uncorrected
spectrofluorometer by replacing the light source with
an EGG FX-6AU flash lamp having an average pulse
duration of 3 nsec and an energy of 0.4 J/flash. The
photomultiplier was connected directly to a Tektronix
type 502 dual-beam oscilloscope with an attached
Polaroid camera. All measurements were made at
room temperature. Absorption spectra were recorded
on a Cary Model 14 spectrophotometer.
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Figure 2. Decay curve of Eu3+in phosphate glass.

Figure 3. Concentration dependence of @ 0—»7, (591.7 nm)
and sDo —72 (612.1 nm) fluorescence of Eu3+in
phosphate glass.

Results

Emission intensities from the @ Olevel are tabulated
in Table I. They are presented as relative areas under
the emission spectrum. The decay of the fluorescence
from the DO level is a single exponential for all con-
centrations measured, with a lifetime of 2.83 msec
(Figure 2). The absence of concentration quenching
of the fluorescence is also shown in Figure 3.

Fluorescence from the @i level, due to three mag-
netic dipole transitions, was measured and the results
are summarized in Table Il. The total intensity of
fluorescence emission ratio between the D0 level and
the Di level was 260 at 2 wt % europium, where the
excitation was made via the 9.e level (394 nm). This

(8) R. Reisfeld, A. Honigbaum, G. Michaeli, L. Harel, and M.
Ish-Shalom, Israel 3. Chem 7, 613 (1969).
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Table 1 : Relative Transition Probabilities from the @o Level
Transition Wavelength, Rel
assignment nm area
0, — T, 579,6 0.012
e, N i 591.7 0.333
0, — F2 612.1 1.000
6o — F3 653.7 0.073
@D, — F4 695.2 0.342

does not imply that the radiative transition probabili-
ties of the two fluorescences are equal to this ratio,
since there exists the possibility of populating the D0
level by direct transitions from higher levels without a
Dj intermediate. Efforts to obtain fluorescence from
the x level by direct excitation to this level were un-
successful owing to low fluorescence intensities and
rapid depopulation to the DO0level.

Table 1'1: Relative Fluorescence From the @i Level
Compared to the DO0—»7F2 Transition

Transition Wavelength, Rel
assignment nm fluorescence
Do —u-2 612.1 1.0000
D, ~ T, 526.4 0.0003
@D, i 543.7 0.0039
i w2 561.0 0.0022

The concentration dependence of the sDi transitions
to the & multiplet were not measured in this work.
By analogy with the work of Nakazawa and Shio-
noya,9 who found a concentration dependence for the
fluorescence from the 3 3level in terbium in phosphate
glasses, such a study would be interesting. On the
other hand, Weber,Din a study of Eu3+in LaF3 found
that the lifetimes of the D 0and @i levels exhibit little
change with concentration.

Quantum, Efficiencies. (1) By the Comparative
Method. Direct excitation to the @0level in the glass
and europium nitrate solution was performed using the
i — @0 transition at 591 nm. Equation 1711 was

(FAu(Aa(\eM vn 2
(FAS)(Au(\ex)uM {

used to calculate the quantum efficiency of the fDOlevel,
where Q is the quantum efficiency, FA is the total area
under the emission peaks, A is the absorbance, Xoxis the
excitation wavelength, 1 is the index of refraction, and
the subscripts u and s refer to the unknown and stan-
dard, respectively (gs= 1.44, tju= 2.14).

Dawson and KroppL2indicated that corrections have
to be made if the absorption band of the measured spec-
trum has a half-width smaller than the half-bandwidth
of the excitation monochromator. Because of the rela-
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tively wide band of the europium in nitrate solutions
and glasses and the narrow spectral band (25 A) which
the excitation monochromator gives, such corrections
were not needed in this work.

The quantum efficiency obtained in this manner
was 0.95 + 0.03 for excitation to the @ Olevel.

(2) From Lifetime Measurements. The equation for
guantum efficiency, Q, is related to the measured life-
time, Tressd, and the natural radiative lifetime, rritt by

~measd I X

A Tt IX + IXr )

where rmedd is equal to 1/(2Ar + 2Anr). In the case
where more than one transition is responsible for the
measured lifetime, it is an inverse of the sum of all
radiative and nonradiative transition rates.

In the radiative case for Eu3+

I X = fe@0— ) + fe(@o—> Fj) +
fe(D, —» T2 + fc(DO— » F3J +
*(Do0—> 749 (3)

since fc(@@0— #6§ + fc(@D, g ~ 0.

The transition probability for the €0 0-*m 70 transi-
tion was obtained from the absorption spectrum using
eq 4 from Lewis and Kasha,13 with e corrected for
the relative population of the 70 level.

— = fo(fF, —»D0 =
Tet

2.880 X i0~9gi/guriaZt(v)dv (4)

where fc(70 * D0 is the radiative transition prob-
ability, g is the degeneracy of the electronic states,
ij is the index of refraction, «is the molar absorptivity,
u and 1 indicate the upper and lower states, respec-
tively, and v is the absorption maximum in wave-
numbers. By using the calculated value for /c(7/0 —»
DO and the ratio of the relative fluorescence intensi-
ties (in square brackets), we obtain

I X = K®Oo—>T7,) X
r SCDo —> Fi) »5®o0 —> 72
L + S(DO0—»7*+Q <IDO0—> 7o) +

Dg—r+TF) <SDgq w4-
S(D, —~ FQ + 5(*Do — > 0 J

where S is the area of the relevant transition obtained

(9) E. Nakazawa and S. Shionoya, J. Phys. Soc. Jap., 28, 1260
(1970).

(10) M. J. Weber in “Optical Properties of lons in Crystals,”
H. M. Crosswhite and H. W. Moos, Ed., Interscience, New York,
N. Y, 1967, p 467.

(11) A. N. Fletcher, J. Mol. Spectrosc., 23, 221 (1967).

(12) W. R. Dawson and J. L. Kropp, J. Opt. Soc. Amer., 55, 822
(1965).

(13) C. N. Lewis and M. Kasha, J. Amer. Chem. Soc., 67, 994
(1945).
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from the emission spectrum and fc(@D0 —» 7&HQ =
fc(70-> D,,).

The value obtained for 1/2L4r = 2.97 msec and
therefore Q = 2.83 msec/2.97 msec = 0.953.

Calculated Results. The quantum efficiency of the
DO fluorescence excited to higher selected levels was
obtained using formula 1; the P 0excitation was used
as an internal standard. The results of these measure-
ments are presented in Table Il1l. From this table,
the probability of population of @0 from upper elec-
tronic levels was calculated using formula 6,12 where

Q{A) = p(A)Q(D.) (6)

Q{A) is the fluorescence efficiency determined upon
excitation of level A, Q(3D0 is the fluorescence effi-
ciency calculated when the DO level is excited, and
p(A) is the probability that an excited ion initially in
state A will convert to the 3D0level. Values of p(A)
are also presented in Table I11.

Table 111: Quantum Efficiency of 6D 0Fluorescence
and Probabilities of Populating the 63<Level via
Excitation to Upper Selected Levels

Population
Excited Wavelength, Quantum probabilities
level nm efficiency P (6Do)
6D 0 579.6 0.953
aD, 526.4 0.822 0.863
52 466.3 0.693 0.727
6d 3 416.5 0.612 0.642
Se 394.0 0.581 0.610

Comparison of Quantum Efficiencies in Glasses and
Solutions. It was of interest to compare the quantum
efficiencies of Eu3+ fluorescence in solution with those
in glasses. The results are presented in Table IV.

Table IV: Percentage Quantum Yields of @ 0Emission
of Eu(l11) upon Excitation to Selected Levels
in Various Media

Eu(lll) in  Eu(lll) in*
Excited Eu(ClOO0! Eu(NOs)3 phosphate silicate
level in water0 in water0 glass glass
@, 0.019 0.04 0.95 0.93
TA 0.011 0.0185 0.822 0.855
2 0.693 0.764
s 0.612 0.661
9.6 *g2 0.0057 0.0073 0.581 0.598
PCTA — TD«) 0.57 0.46 0.86 0.91

“ Reference 6.
in preparation.

bR. Velapoldi, R. Reisfeld, and L. Boehm,

As is well known (see for instance ref 14), the larger
the energy difference between two electronic states,
the smaller is the nonradiative transition probability
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between them. In these cases, the energy difference is
measured in units of the particular vibrational quanta
(phonons) responsible for the nonradiative transfer.’

In this particular case, the energy difference between
the @0 and 7 multiplet of Eu3+ is approximately
16,000 cm-1 the energy of the phonon in the phosphate
glass (P-0 stretching frequency) is 1100-1300 cm-1,%
while the phonon energy of the O-H bond is 3600-
3700 cm-1. Hence, the energy difference in glass cor-
responds to 14 phonons, whereas in aqueous solution
it corresponds to only 4-5 phonons. From this we see
that the nonradiative loss in glass should be much
smaller than in liquids, as observed experimentally in
this work.

Radiative and Nonradiative Rate Constants in Various
Media. Using the relation between the quantum
efficiency, Q, the radiative rate constant, kT and the
nonradiative rate constant, fo

Q(®o) = kV(kr + ke) (7)

and the relation between the measured lifetime and
guantum efficiency (eq 2), we have calculated the
radiative and nonradiative rates for various media.
These rates are summarized in Table V.

Table V: Rate Constants of Radiative (fcr) and Nonradiative
(8go) Transitions of the @D 0Level in Various Media

Eu(lll) in  Eu(lll) inl
Eu(C104)3 Eu(NOj)i phosphate silicate’
Quantity in water0 in water® glass glass
Q, % 0.019 0.040 0.953 0.93
KT sec-1 183 325 337 336
kau sec-1 9800 7800 17 25
“ See ref 6. bSee the reference of footnote b, Table IV.

These data show that the radiative rates are ap-
proximately the same for the Eu3+ in solution and in
phosphate and silicate glasses, which indicates that in all
three media, forced electric dipole transitions become
more allowed due to the low symmetry (probably
C9.2 The symmetry of the europium site must be
higher in perchlorate solution, a fact explained by the
coordinating ability of the nitrate anion. The Eu3+
will be surrounded by only coordinated water mole-
cules in the perchlorate solution and thus have high
symmetry. In the nitrate solution, coordination will
be shared by the nitrate anions and water molecules,
resulting in decreased symmetry.Y Hence in per-

(14) A. Heller, J. Mol. Spectrosc,, 28, 208 (1968).
(15) B. Barnett and R. Englman, J. Luminescence, 3, 55 (1970).

(16) R. Reisfeld, E. Greenberg, L. Kirshenbaum Boehm, and G.
Michaeli, 8th Rare Earth Conference, 1970, Vol. 2, p 743.

(17) J. C. Bailar, Jr., and D. H. Busch in “Chemistry of the Co-
ordination Compounds,” J. C. Bailer, Jr., Ed., Reinhold, Princeton,
N. J., 1956.
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chlorate the main transitions will be those allowed by
the selection rules of magnetic dipole and quadrupole
transitions resulting in the lower radiative transition
probabilities. In contrast to the invariancy of the
radiative rate constant, we observe a large difference
between the high nonradiative rate constant in solution
and the very low rate constant in glass. This fact is
again in agreement with the different phonon energies
of the O-H bonds in solution and the P-0 bonds in
glasses.

Rate Constants of the Transitions from the %> Level.
The rate constant of depopulation of the sDj to €00
transition can be calculated from

P(DX = IO(fed+ hi + hi*) 8)

where P (5Di) is the probability that an excited Eu3+
ion initially in state @i will convert to state ©DQ0 fei0
is the rate constant of transfer from the @ Xlevel to the
DOlevel, and kigTand feigr are the radiative and non-
radiative rates, respectively, of transitions from sDi
to the ground 7 manifold.

We Can assume that the @ X— # manifold is al-
mostly entirely radiative because of the large energy
difference between the two manifolds. This difference
is larger than that between the @0 level and the 7+
manifold, where we found, as shown in Table V, that
fe(radiative) = 337 sec-1 compared to a k(nonradiative)
of 17 sec*1 We can thus assume that fog + fogr in
eq 8 equals and therefore

- ©

We notice also that
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hi —fesDI_7F0 + fesDi—wFi + fesDionif, (20)

The value for can be obtained from the oscil-
lator strength, /, of the 7=0-» @i transition obtained
previously.2 Using eq 4 of the present paper, we
obtain for this case

0 IFo = (2.880 X 10-V #W sv) (432 x 10-°)

(ID

where the constants and terms have the same mean-
ings as in equation 4.
In similar fashion

hi = fe@Ox —> 70 X

fe(5sD x — >= 7F X) fegDi 7F 2) ~

+ fe(sD x— ~ 7F0) + fc(5Dj — > 7FO0)_

By using the value for fc(7F0— @ X obtained from the
absorption spectrum and the ratios of the relative
fluorescence intensities obtained from the emission
spectrum (data in Table I1), we obtain fe(@i -» 70 =
11 X 108sec-1 and hi = 22 X 104 sec-1. The
rate of transition from DX & O0calculated from eq 9 is
ho = 1.4 X 105sec-1. This rate is much higher than
the rate of the DO —» F transitions because (a) the
radiative transitions are allowed by magnetic dipole
selection rules and (b) the nonradiative transitions
are likely to occur because of the 2000 cm-1 energy
difference between the @ Xand B0 levels which cor-
responds to only two phonons.
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The crystal and molecular structures of ethane-I-hydroxy-l,I-diphosphonic acid monohydrate have been
determined by single crystal X-ray diffraction techniques using the symbolic addition procedure. C(CH3-
(OH)(PO3H2)2-HD (HJIEHDP-ITO) crystallizes in monoclinic space group P2i/c with unit cell dimensions
a= 7.011 + 0.003A b= 17.613 + 0.007 A, c = 7.143 £ 0.003 A, @3= 108° 34' + 04, rcaica = 1.78, poird =
1.80, four formula units per unit cell. Full-matrix least-squares refinement resulted in Ri = 5.1% and K2 =
3.6% for 1757 observed reflections measured by counter techniques. The crystal structure consists of HEHDP
and water molecules connected by hydrogen bonds in an infinite network. A comparison of the detailed
molecular features of HEHDP with those of methylene diphosphonic acid (HAMDP) indicates that considerable
flexibility, depending on the nature of Ri and R2 exists in the 0 -CRiR2-P03framework. The relative aqueous
acidities of these compounds are explained in part on the basis of the molecular configurations resulting from
steric interactions between the R groups and the phosphonyl oxygens. A description of the hydrogen-bonding
network in the crystal is given, and an interesting correlation between hydrogen bond strength and phos-
phorus-oxygen bond length is described. This correlation is explained as being due to a delocalization and
buildup of negative charge density on the phosphonyl oxygens due to attraction of the phosphonic acid protons

to the hydrogen bond acceptor.

Introduction

Properties of efficient and effective alkaline earth
metal ion sequestration have caused considerable atten-
tion to be focused on grewi-diphosphonates, particularly
ethane-l-hydroxy-l,I-diphosphonate, C(CH3 (OH)-
(P0324 , (EHDP™).1 Previous fundamental studies
on EHDP have described acid dissociation constants
and metal-ion complex formation. Grabenstetter,
Quimby, and Flautt2 and Carroll and lIrani3used pH
titration techniques to determine the acid dissociation
constants of a series of substituted methylene diphos-
phonic acids, [RIRZ(P03H22], and demonstrated a
linear correlation of acid properties with the electron-
donating power of the substituents. The former study
revealed an additional correlation with P3L nmr chem-
ical shifts. The investigations of Carroll and Irani
also included the determination of complex formation
constants for EHDP and alkali metal, calcium, and
magnesium ions. In these studies anomalies were
found for EHDP when it was compared to other effec-
tive complexers Thus, based on correlations with
electron-donating ability, EHDP was found to be a
weaker acid than expected; it was similarly found that
EHDP interacts to a greater extent with highly electro-
positive metal ions than would be predicted from results
obtained with other members of the series studied. It
was suggested that intramolecular hydrogen bonding
involving the hydroxyl group and binding of this group
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to the metal ions might be responsible for these phe-
nomena. Closely related to this work are the physical
chemical studies of Grabenstetter, Cilley, and Wiers4'5
which demonstrated the uncommon and unexplained
ability of calcium ion-EHDP solutions to form dis-
crete, polynuclear complexes. Also, Francis and co-
workers have demonstrated the ability of certain gem-
diphosphonates to inhibit calcium hydroxyapatite
growth in vitro, as well as pathological calcification in
Vivo,67

Because of this considerable interest in EHDP and
in calcium binding in general, it was felt that a single
crystal X-ray diffraction study of EHDP and its cal-
cium complexes would be desirable in order to provide
definitive molecular structural information. Herein
are reported the results of the first part of this study:

(1) C. F. Callis, A. F. Kerst, and J. W. Lyons, “Coordination
Chemistry,” S. Kirschner, Ed., Plenum Publishing Co., New York,
N. Y., 1969, pp 223-247.

(2) R. J. Grabenstetter, O. T. Quimby, and T. J. Flautt, J. Phys.
Chem., 71, 4194 (1967).

(3) (@ R. L. Carroll and R. R. Irani, Inorg. Chem., 6, 1994 (1967);
(b) R. L. Carroll and R. R. Irani, J. Inorg. Nucl. Chem., 30, 2971
(1968).

(4) R. J. Grabenstetter and W. A. Cilley, J. Phys. Chem., 75, 676
(1971).

(5) B. H. Wiers, ibid., 75, 682 (1971).
(6) M. D. Francis, Calif. Tissue Res., 3, 151 (1969).

(7) M. D. Francis, R. G. G. Russell, and H. Fleisch, Science, 169,
1264 (1969).
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the crystal and molecular structures of HEHDPHD.
A report on the crystal and molecular structures of one
of the calcium complexes of EHDP, CaHZEHDP «2H2,
follows.8 These reports represent the first part of an
extensive study directed at examining the molecular
structure characteristics important in effective and
efficient calcium binding.

Experimental Section

A suitable single crystal of HEHDP-H2 was ob-
tained by slow evaporation of an aqueous solution of a
sample supplied by Monsanto. A regular-shaped crys-
tal of dimensions 0.75 (rotation (b) axis) X 0.25 X
0.35 mm was mounted on a glass fiber with epoxy
cement. To prevent adsorption of moisture by the
hygroscopic crystal it was coated with a thin film of the
cement. Preliminary oscillation, Weissenberg and
precession photographs exhibited Laue Cth2/m sym-
metry characteristic of the monoclinic system. The
crystal was optically aligned about the rotation axis
(crystallographic b axis) on a Siemens automated single
crystal diffractometer, and 55 diffraction maxima were
manually centered. The lattice constants were ob-
tained at 25° by a least-squares refinement of the mea-
sured 6 angle settings of these 55 reflections. These
lattice constants were then used to generate the diffrac-
tometer angle settings for all data reflections.

All intensity data were collected at a take-off angle
of 2° by the 6-26 scan technique using Zr-filtered Mo
K« radiation and a scintillation counter followed by
pulse height analyzer. The pulse height analyzer win-
dow was set to accept 90% of the diffracted radiation.
A counter aperture 3 mm in diameter was placed 68
mm from the crystal. The data were collected using
“five-values measurement.” 9 As a check on crystal
and instrument stability one of three standard reflec-
tions was measured every 25 reflections. No significant
fluctuations in these standards were observed during
the course of data collection. A given reflection was
considered “unobserved” and assigned a value of 3B
if the net intensity was less than 3ob, where vb is the
standard deviation of the background count.

A total of 1757 observed and 695 unobserved reflec-
tions {hid, hkl) for which 26 < 60° was collected and
treated by the above procedure. Lorentz and polariza-
tion corrections were applied. No absorption or ex-
tinction corrections were applied. The linear absorp-
tion coefficient (¢¢) of 5.36 cm-1 for Mo Ka radiation
results in a pRnmex < 0.22 for which the change of ab-
sorption correction factors with 6 is negligible.® The
effects of absorption result in extremes for the 7/70ratio
of 0.803 and 0.878. Thus a reflection of measured in-
tensity 1.00 could vary in intensity from 1.14 to 1.25
after correction, i.e., a variation of 4.5% about the
mean value. The relatively small values of the real
and imaginary dispersion corrections for Mo Ka radia-
tion {i.e.,, A/’ = 0.1 and A/" = 0.2 for phosphorus)ll
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were assumed not to have any significant effect on the
atomic coordinates of this centrosymmetric crystal.12
The scattering factors used for all atoms were those
based on Hartree-Fock-Slater calculations as com-
piled by Hanson, et al.13

Results

Unit Cell and Space Group. Lattice constants and
their estimated standard deviations for this crystal of
C(CH3(OH)(POXH22eHD are a = 7.011 + 0.003 A,
b = 17.613 + 0.007 A, ¢ = 7.143 + 0.003 A, 0 = 108°
34' + 04'; unit cell volume = 836.2 A3 The experi-
mental density of 1.80 + 0.02 g/cm 3 (flotation in mix-
tures of dichloromethane and dibromomethane) agrees
well with the value of 1.78 g/cm 3 calculated on the
basis of four of the above formula species per unit cell.
The total number of electrons per unit cell, F(000), is
464. Systematic absences of {hOIl} for | odd and {OkO}
for k odd uniquely define the probable space group as
P2i/c (CA5 no. 14). Solution of the structure required
the location of two phosphorus, eight oxygen, two car-
bon, and ideally ten hydrogen atoms corresponding to
one C(CH3(0H)(P0322molecule and one HD mole-
cule of solvation per asymmetric unit. The crystal-
lographically independent atoms were each found from
the structural analysis to occupy the general fourfold
set of positions: * {x,y,z; x, ¥i —y, J2+ 2).

Determination of the Structure. Application of the
Hauptman-KarleX4 symbolic addition method, using
the computer programs fame, magic, and link,5led to
the successful solution of the atomic arrangement of the
crystal. A Wilson plot®6 generated from a total of
2452 observed and unobserved reflections provided an
initial scale factor and an overall isotropic temperature
factor from which the observed structure amplitudes
were placed on an absolute scale and normalized struc-
ture factor magnitudes E\ were obtained. Statistical
analysisT of the \E\ values so generated provided fur-

(8) V. A. Uchtman, J. Phys. Chem., 76, 1304 (1972).

(9) “Siemens Automatic Single Crystal Diffractometer AED Accord-
ing to W. Hoppe,” March, 1967.

(10) “International Tables for X-Ray Crystallography,” Vol. 11,
The Kynoch Press, Birmingham, England, 1959, p 295.

(11) D. H. Templeton in “International Tables for X-Ray Crystal-
lography,” Vol. Ill, The Kynoch Press, Birmingham, England.
1962, p 215.

(12) D. H. Templeton, Acta Crystallogr., 8, 842 (1955).

(13) H. P. Hanson, F. Herman, J. D. Lea, and S. Skillman, ibid., 17,
1040 (1964).

(14) (a) H. Hauptman and J. Karle, “Solution of the Phase Problem
I. The Centrosymmetric Crystal,” American Crystallographic
Association Monograph No. 3, Polycrystal Book Service, Pitts-
burgh, Pa., 1953- (b) Cf. I. L. Karle and J. Karle, Acta Crystallogr.,
16, 969 (1963).

(15) R. B. K. Dewar and A. L. Stone, “FAME and MAGIC, For-
tran Computer Programs for Use in the Symbolic Addition Method,”
University of Chicago, 1966. Cf. E. B. Fleischer, R. B. K. Dewar,
and A. L. Stone, Abstracts of the American Crystallographic As-
sociation Meeting, Winter 1967.

(16) M. J. Bueger, “Crystal Structure Analysis,” Wiley, New York,
N. Y., 1960, p 234.
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ther verification of the centrosymmetric nature of the
crystal. Seven reflections of large \E\ were assigned
symbolic phases A thru G and utilized to initiate the
symbolic addition procedure. Approximately 800 re-
flections for which E > 0.97 were used in the applica-
tion of the Hauptman-Karle a-2 relationship.145
Only those signs with a probability level p > 0.995 were
accepted. After four iterations 496 symbolic signs
were determined. The three reflections given sym-
bolic phases E, F, and G were chosen as origin-specify-
ing reflections (i.e., these symbols were given plus
signs); the assignment of symbols A, B, and C as minus
and D as plus gave the least number of inconsistencies
among the symbol equivalences. A three-dimensional
Fourier synthesis was computed which used the 496
reflections with phases calculated on the basis of the
above symbol assignments. This map indicated the
initial coordinates for eleven of the 12 nonhydrogen
atoms. A subsequent difference-Fourier map which
utilized all observed data revealed the position of the
additional nonhvdrogen atom which was the oxygen
atom of the water molecule.

Several cycles of full-matrix least-squares refinement
of these C, P, and O atomic positions with individual
isotropic temperature factors gave an unweighted dis-
crepancy factor of

Rx = [EllFol - |Fc] |/2>0fl x 100 = 8.2%

Further cycles of refinement utilizing anisotropic tem-
perature factors resulted in Ri = 6.6%. A difference-
Fourier map calculated from the parameters of this last
refinement cycle revealed 12 peaks of intensity between
0.7 and 0.5 eA-3. Ten of these positions corresponded
to chemically reasonable hydrogen atom locations, and
they were assigned as such; of the other two peaks one
(0.63 €A-3) was less thanol A from the methylege car-
bon and the other (0.55 e A-3) was less than 0.6 A from
a phosphonyl oxygen. These two peaks were assumed
to be the result of anisotropic motion not corrected for
in this incompletely refined model, or artifacts of the
data. The inclusion of the ten hydrogen atom posi-
tions, with isotropic thermal parameters of 6.0, in a
structure factor calculation reduced Ri to 6.0%. Two
additional cycles of refinement in which the hydrogen
parameters were held constant resulted in final dis-
crepancy factors of

Ri = 5.1%

R* = [X>I|Fol - [Rll2ZZ~|Fo]2]./! X 100 = 3.6%

Refinement was based on the minimization of 2utAFf
and weights were determined according to the relation-
ship o)i = I/ail{F0. The last cycle of refinement re-
sulted in no significant positional parameter shifts
greater than 0.3 of the standard deviation of the pa-
rameter. A final difference map calculated from these
parameters revealed only two peaks >0.5 e A-3 (0.63
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and 0.60) and only one peak < —0.5 e A*“3 (—0.56).
These were all close enough to nonhydrogen atoms to
be ascribable to uncorrected anisotropic motion.

Final atomic positional and anisotropic thermal pa-
rameters are given in Tables | and Il; Table Il lists
interatomic distances and angles.8 The X-ray 67
system of programs, modified for use on the Control
Data Corp. 6600 computer, was used for the majority
of computing operations. Data reduction was carried
out on alocal IBM 1800 computer using local programs
written by M. R. Becker and N. C. Webb of these lab-
oratories.

Table I: Final Atomic Positional Parameters with Their
Standard Deviations for C(CH3)(0H)(P03H22-HD

adlOVz) y(10*<ry) z(10*az)
PI 0.6218(1) 0.3665(1) 0.2870(1)
P2 0.8023(1) 0.4089(1) -0.0425(1)
01 0.4494(3) 0.3272(1) 0.1264(3)
02 0.5695(4) 0.4511(1) 0.3064(3)
03 0.6763(3) 0.3277(1) 0.4848(3)
04 1.0020(3) 0.3978(1) -0.0914(3)
05 0.6432(3) 0.3591(1) -0.1887(3)
06 0.7436(3) 0.4910(1) -0.0381(3)
07 0.8988(3) 0.2872(1) 0.1934(3)
08 0.2615(3) 0.2260(1) 0.2255(4)
cl 0.8416(5) 0.3653(2) 0.2010(5)
c2 1.0170(5) 0.4063(2) 0.3525(5)
HI° 1.000 0.456 0.400
H2 1.050 0.381 0.467
H3 1.132 0.400 0.313
H4 0.805 0.260 0.120
H5 0.137 0.234 0.223
H6 0.335 0.195 0.330
H7 0.363 0.276 0.187
H8 0.467 0.483 0.225
H9 0.920 0.554 0.055
H10 0.630 0.356 -0.325

“ These hydrogen positional parameters were obtained from a
difference Fourier map, and no refinement of them was attempted.
They were given isotropic temperature factors of 6.0.

Discussion

The crystal structure of ethane-lI-hydroxy-I,I-di-
phosphonic acid monohydrate (HEHDP-HXD) con-
sists of columns of symmetry related HEHDP mole-
cules linked together by a complex hydrogen-bonding
network which utilizes both hydroxyl and phosphonic

(17) (a) Cf. G. H. Stout and L. H. Jensen, “X-Ray Structure Deter-
mination,” Macmillan, New York, N. Y., 1968, p 321; (b) I. L.
Karle, K. S. Dragonette, and S. A. Brenner, Acta Crystallogr., 19,
713 (1965).

(18) A listing of the observed and calculated structure factors will
appear immediately following this article in the microfilm edition of
this volume of the journal. Single copies may be obtained from the
Business Operations Office, Books and Journals Division, American
Chemical Society, 1155 Sixteenth Street, N.W., Washington, D. C.
20036, by referring to code number JPC-72-1298. Remit check or
money order for $3.00 for photocopy or $2.00 for microfiche.
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Table Il: Final Anisotropic Temperature Factors“ and Their Standard Deviations for C(CH3)(0H)(P03H2)2-H20
pli(IGV) 022(10M /S3310V) 0121om 31310V) 2310v)
Pl 0.0096(2) 0.0014(1) 0.0069(2) 0.0007(1) 0.0017(2) 0.0001(1)
P2 0.0086(2) 0.0012(1) 0.0079(2) 0.004(1) 0.0023(2) 0.0000(1)
ol 0.0101(1) 0.0028(1) 0.0090(1) -0.0011(2) 0.0004(5) -0.0003(2)
02 0.0173(7) 0.0019(1) 0.0153(7) 0.0023(2) 0.0034(6) -0.0001(2)
03 0.0171(7) 0.0018(1) 0.0083(5) 0.0010(2) 0.0037(5) 0.0006(2)
04 0.0118(6) 0.0018(1) 0.0175(7) 0.0005(2) 0.0065(5) 0.0005(2)
05 0.0114(6) 0.0024(1) 0.0088(5) 0.0017(2) 0.0026(5) 0.0009(2)
06 0.0117(6) 0.0013(1) 0.0137(6) 0.0000(2) 0.0009(5) -0.0007(2)
07 0.0113(6) 0.0013(1) 0.0151(6) 0.0007(2) 0.0010(5) -0.0001(2)
08 0.0105(6) 0.0022(1) 0.0190(7) 0.0003(2) 0.0031(5) 0.0010(2)
Cl 0.0101(3) 0.0011(1) 0.0083(7) -0.0001(3) 0.0018(6) -0.0001(2)
c2 0.0128(9) 0.0023(1) 0.0111(8) -0.0012(3) -0.0010(7) -0.0010(3)

“ Anisotropic temperature factors are expressed as exp { —(7i23n

acid groups. These columns lie along the c lattice di-
rection; columns of symmetry related water molecules
which act as both hydrogen bond donors and acceptors
lie parallel to and bridge the HEHDP columns. This
arrangement in the monoclinic unit cell is illustrated in
Figure 1. Table I11C lists the hydrogen bond distances
and angles, all but one (vide infra) of which are not un-
usual (within the error limits of the hydrogen positional
parameters which were not varied in the least-squares
refinement). All hydrogen bonding is intermolecular,
with no evidence of intramolecular hydrogen bonding.
The one unusual hydrogen bond involves a phosphonic
acid hydrogen (H7) as donor and the water molecule as
acceptor. This hydrogen position was found on the
difference map midway between the two oxygen atoms
(01- =-08 distance is 2.450 A). However, this cannot
be termed significant due to the relatively large errors
in the unrefined hydrogen atom positions.

The molecular parameters of HEHDP (Figure 2)
are in general not significantly different from expected

values. The phosphorus-oxygen distances fall into
two classes. Distances corresponding to P-OH (1.541,
1.550; and 1.559, 1.537; average 1.547 A) fall well

within the range of average values previously observed
for phosphonyl groups: e.g.,, 1.53 A in nitrilotrimeth-
ylene triphosphonic acid (1),19 1.57 A in 2-aminoethy-
lene phosphonic acid (11),201.54 A in methylene diphos-
phonic acid (111),24 and 1.57 A in CaHZHDP (1V).8
The second class of phosphorus-oxygen distances cor-
responds to P =0 (1.505 and 1.507 A); these are some-
what longer than those found in I (1.48 A) and 11l
(1.47 A), and in fact they are closer to the average val-
ues of 1.50, 1.51, and 1.51 A found for the P -0 distances
in the ionized phosphonate groups of I, Il, and 1V, re-
spectively, where the oxygen atoms carry a partial
negative charge. All four of the phosphonic acid hy-
drogens are involved in hydrogen bonds and an inter-
esting correlation between the strength of these hydro-
gen bonds and the P-0 distances has been observed
(see Table V). One ofthe P-OH =<0 hydrogen bonds

&jize + 2@ + 2higin £ 2hifin - 2 fz29)} -

Figure 1. [010] projection of the monoclinic unit cell of
C(CH3)(0H)(POH2)2'HD.

of each phosphonyl group is quite strong (Ol- =-08,
2.450; and 05 ==<03', 2.479 A) -while the other is some-

fig) J. J. Daly and P. J. Wheatley, J. Chem. Soc. A, 212 (1967).
(20) Y. Okaya, Acta Crystallogr., 20, 712 (1966).

(21) F. M. Lovell, Abstracts of the American Crystallographic
Association Meeting, July 1964, and private communication from
F. M. L.
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Table I11: Interatomic Distances and Angles and Their
Standard Deviations for C(CH3)(0H)(P03H22-HD a

A. Bonding Distances

PI-OI 1.541(2) 01-H7 1.24
Pl1-02 1.550(3) 02-H8 0.95
PI1-03 1.505(2) 04-H9 1.00
P2-04 1.559(3) 05-H10 0.95
P2-05 1.537(2) 07-H4 0.85
P2-06 1.507(3) C2-H1 0.96
CIl-PI 1.832(4) C2-H2 0.89
C1-P2 1.840(4) C2-H3 0.94
C1-C2  1.534(4) 08-H5 0.88
Cl-07 1.440(4) 08-H®6 0.94
B. Bonding Angles

Ol1-PI-02 110.29(13) H1-C2-H2 99

Ol1-PI-03 113.53(14) H1-C2-H3 115

02-P1-03 110.42(14) H2-C2-H3 103

Ol-PI-CI 106.81(15) H1-C2-H2 121

02-P1-C1 106.80(16) H2-C2-C1 109

03-P1-C1 108.69(14) H3-C2-C1 108

04-P2-05 106.56(14) H4-07-C1 113

04-P2-06 113.37(14) H5-08-H6 114

05-P2-06 114.71(13) H7-01-P1 115

04-P2-C1 106.51(14) H8-02-P1 132

05-P2-C1 105.17(15) H9-04-P2 107

06-P2-C1 109.90(16) H10-05-P2 123

07-C1-C2  107.80(24)

07-Cl-P1I 107.30(23)

07-C1-P2 108.86(23)

P1-C1-P2 115.07(16)

P1-C1-C2 109.19(25)

P2-C1-C2 108.41(25)

C. Hydrogen Bond Distances and Angles6

01---08 2.450(4) 05--—03" 2.479(4)
08- - -H7 1.22 03'-—-H10 1.57
01-H7---08 173 05-H10---03' 157
02---06" 2.618(3) 07---03' 2.696(3)
06'- - -H8 1.71 03'---H4 1.89
02-H8---06' 159 07-H4---03' 158
04-—-06 2.612(3) 08— 01' 2.900(4)
06"--—H9 1.64 OF---H®6 2.05
04-H9-—06" 164 08-H6-—01' 151
08---07 2.703(4)
07'--H5 1.87

08-H5-—--- 07’ 158

D. Some Significant Nonbonding Distances Less than 3.2 Ae

Pl- P2  3.098(2) HI- «-H2 141
Ol- 02  2.537(4) Hi- m-H3 161
01- m03  2.547(3) H2- «H3  1.44
02- <03 2.509(3) H5- «H6  1.51
05- <06 2.563(3)
0S- <04  2.482(3)
06- m04  2.562(4)

“ Distances are in angstroms and angles in degrees; standard
deviations of the last significant figure, where available, are
given in parentheses. 6Primed symbols denote positions sym-
metry related to those in Table I. ¢ All nonbonding distances
not listed involving hydrogens were greater than 1.8 A.
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what weaker (02 «=-06', 2.618; and 04- =-06",2.612A).
The P-OH groups involved in strong hydrogen bonds
have phosphorus-oxygen distances considerably shorter
than those involved in weaker hydrogen bonds (1.541
vs. 1.550 and 1.537 vs. 1.559 A); at the same time the
P =0 bond lengths are significantly longer than ex-
pected and as mentioned above are approaching the
average P -0 distance of 1.50 A found in ionized phos-
phonates, as are the shorter P-OH bond lengths.
These observations can be explained on the basis of a
delocalization and buildup of negative charge density
on the phosphonyl oxygens due to attraction of the
phosphonic acid protons to their hydrogen bond accep-
tor. Such a correlation between hydrogen bond
strength and phosphorus-oxygen bond length is also
found to hold true for other phosphonic acids where the
coordinates are known with sufficient precision, e.g.,
nitrilotrimethylene triphosphonic acid (see Table 1Y).

Attempts have been made to explain the variations
in acid dissociation constant of aseries of methylene di-
phosphonic acids (RIRZ(P03H22 on the basis of the
effects of the substituents Ri and R223 In particular,
the acidity of HEHDP was weaker than predicted on
the basis of just substituent electron-withdrawing ef-
fects.3 Insofar as steric effects may also be important
in this respect, a comparison of the structures of meth-
ylene diphosphonic acid (HAMMDP, R4= R2= H) and
HZHDP (Rx = CH3 R2 = OH) is of interest On
replacing the methylene hydrogens of HAMDP with the
more sterically active OH and CH3 groups several
changes to relieve steric strain might be possible: (1)
an increase in the C-P-0 angles with a concurrent de-
crease in the O-P-O angles; (2) a decrease in the P-
C-P angle with a concurrent decrease in the P e=<P dis-
tance; (3) arotation about the P-C bonds; and/or (4)
a lengthening of the P-C bonds. The first of these
effects is not observed, as average values for these angles
are quite similar in both molecules. Although the ex-
pected directional change is observed in the P-C-P
angle (115° in EHDP vs. 117° in HAMDP) the P- = P
distance is not decreased, as expected, but rather in-
creases from 3.00 to 3.10 A due to the lengthening of
Ehe P-C bonds from 1.79 A in HAMDP to 1.83 and 1.84
A in HEHDP. These latter values are also close to
the observed P-C distances of 1.85 and 1.82 A found
for the partially ionized HEHDP2~ anion in CaH2
EHDP-2H2, but significantly less than the value of
1.874 A found in the completely ionized carbonyldi-
phosphonate anion in Na4aC0(P032-2HD .2

The most significant difference between HAMDP and
HZHDP is the relative positions of the phosphonyl
oxygens with respect to rotation about the P-C bond
(Figure 3). In HAMDP the two P03groups are about
35° staggered with respect to each other when viewed
along the P-P axis. For this molecule the intramolec-

(22) V. A. Uchtman and R. J. Jandacek, to be reported.
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Table 1vV: Correlation of Phosphorus-Oxygen Bond Lengths and Hydrogen Bond Lengths*
C(CH3(OH)(PO0OH 22
PI-OIH 1.541 OIH- «=08 2.450
P1-02H 1.550 02H- -m06 2.618 Av 2534 PI=03 1.505
P2-05H 1.537 05H- «=03 2.479
P2-04H 1.559 04H- ==06 2612 Av 2546 P2=06 1.507
NH +(CHPOH2QACHZP OH )- b
P1-02H 1.519 03H- m04 2.458
P1-03H 1.537 02H- «=01  2.532 Av  2.495 PI=01 1.489
P3-09H 1.534 09H- <06 2.524
P3-07H 1.543 07H- m=06 2.602 Av 2 563 P3=08 1.465
CH2ZP0H 22
P2-06H 1.52 06H- «03 2.57
P2-04H 1.55 04H- «<05 2.52 Av 255 P2=05 1.47
PI-OIH 1.54 OIH- =03 2.53
P1-02H 1.55 02H- «=05 2.66 Av 2.59 PI1=03 1.47

° Distances are given in angstroms; standard deviations for both P -0 and O me<O distances are at least 0.004 A for NTP and HEHDP,

but are not known for HAMDP. bReference 19. c¢ Reference 21.

Figure 3. Relative orientations of phosphonyl groups in (a)
H,MDP,!>(b) HEHDP, (c) CaHEHDP,8viewed along
the P-C-P plane.

ular repulsive interactions between the phosphonyl
group and the methylene hydrogens must be relatively
insignificant, allowing the molecule to achieve, by rota-
tion about the P-C bonds, a configuration which mini-
mizes interactions between phosphonyl oxygen atoms.
However, in HEHDP the P03 groups are nearly
eclipsed, with an approximately planar W (or “cis”)
configuration for the O-P-C-P-O chain of atoms.
Equally disposed on either side of this plane are the two
pairs of phosphonyl oxygens and the OH and CH3
groups. From an examination of models it can be seen
that such an arrangement provides a minimum of re-
pulsion between the OH and CH3groups, particularly
the hydrogen atoms of the latter, and the phosphonyl
oxygens. This interaction must now become more
important, with respect to the most stable molecular
configuration, than that between oxygen atoms of the
phosphonyl groups. Thus, assuming no gross molec-
ular configurational differences between the most stable
species in solution and the species in the hydrated crys-
tal, the weakness of HEHDP acidity in aqueous solu-
tion, relative to HAMDP, may be a consequence of a

preferred eclipsed configuration imposed by the OH and
CH3 groups; this would result in an ionized species
which is less stable, due to an inability to achieve a con-
figuration which more completely minimizes repulsion
of negatively charged oxygens, than an anion which
could assume a more staggered configuration, e.g.,
MDP. Partial ionization of HEHDP, as in CaH2
EHDP 8results, in the crystalline phase, in a slight de-
viation from the eclipsed configuration (Figure 3).
This occurs primarily by a rotation of one phosphonyl
group. However, this group is strongly complexed
by Ca2+, and the effects of this complexation on the
ligand configuration cannot be estimated without an
examination of the structure of the uncomplexed anion.

The work of Grabenstetter, Quimby, and Flautt2
provides a further indication that steric effects, as well
as electronic effects, of the methylene carbon substit-
uents should be considered when attempting to explain
the relative acidities of grem-diphosphcnic acids. In
their work it was observed that in the correlation of
pF#& with Taft ¢<* values, one group of compounds had
pKi values larger than predicted by the correlation
equation, and the other compounds had pKi values
lower than predicted. The former group consisted of
compounds with more sterically active methylene sub-
stituents which, according to the above argument,
would force the molecule into an eclipsed configuration,
resulting in weakened acid dissociation constants.
This group consisted of the RiIRaCCPOJTT acids where
R1(R2= CHS H; CH3 CH3 CHS8 OH; and ClI, CI.
The second group, which has substituents less sterically
active and which we would predict to have staggered
configurations, consists of compounds with Ri, R? =
H, H; H, OH; and H, Br.

The above comparison of HMDP and HEHDP in-
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dicates that a considerable degree of flexibility exists
in the 0 P-CRiR2P 03 unit, depending on the nature
of R, and R2 Such flexibility is important not only in
achieving minimum intramolecular steric repulsion,
especially important for the ionized anions, but also in
achieving effective metal-ligand interaction. This
latter point is demonstrated in the structure of CaH2
EHDP and will be covered in more detail in a subse-

Structural Investigations of Calcium Binding Molecules. 11I.

V. A ucHTVAN

quent report on the crystal structure of CaHZEZHDP =
2H2D .8
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The crystal and molecular structures of a calcium complex of ethane-lI-hydroxy-Il,I-diphosphonate, CaC(CH3-
© H)(PosH):-- H: , have been determined by single crystal X-ray diffraction techniques, using standard
heavy-atom techniques. To our knowledge, this represents the first reported X-ray structural investigation
of a metal </em-diphosphonate complex. CaHZHDP «2H2 crystallizes in a triclinic unit cell, space group
P1I; reduced cell parameters area* = 6.961(3), b* = 7.625(4), ¢' = 9.729(4) A, a* = 92.52(7)°, /3' = 106.08(7)°,
y1= 112.85(5)°, pci® = 2.06 g cm-3, pe!Ri = 2.05 g cm-3, two formula units per unit cell. Full-matrix
least-squares refinement resulted in Pi = 4.9% and P2 = 4.0% for 2218 observed reflections measured by
counter techniques. The crystal structure of CaHZE HD P H 2D consists of an infinite array of HEHDP2_and
water molecules and Ca2+ ions linked together by hydrogen bonding and calcium coordination of oxygens from
both HEHDP2~ and water molecules. The HEHDP2_ anion exists in the crystal with one hydrogen on
each phosphonyl group. The calcium ion has eight oxygen atoms in its primary coordination sphere: five from
three symmetry-related HEHDP2- ligands and three from water molecules. The CaHZEHDP structure
represents the first reported example of a metal chelate ring involving the un-ionized hydroxyl group of a
hydroxyphosphonic acid. A hypothetical model has been constructed for the formation and structure of Ca-
EHDP polynuclear aggregates. In this model the importance of the presence of multiple metal-binding sites
(i.e., more than two potentially stable chelating positions) is stressed. It is predicted that only those gemtdi-
phosphonates, RiR2C (P 032 where either Ri or R2is a potential binding site should be capable of significant

polynuclear aggregate formation.

Introduction

Francis and coworkers have recently demonstrated
that <m-diphosphonates, containing P-C-P bonds,
have the capability of affecting calcium hydroxyapatite
crystal growth both in vitro andin vive,1-3  They have
discussed the possible usefulness of these materials in
the treatment of human diseases involving calcium
and phosphate metabolisms.4 One such material that
has received considerable attention is ethane-I-hy-

The Journal of Physical Chemistry, Vol. 76, No. 9, 1972

droxy - 11 - diphosphonate,
(EHDP ™).

C(CH3(0H)(P0324_,

(1) M. D. Francis, Calcif. Tissue Res., 3, 151 (1969).

(2) H. Fleisch, R. G. G. Russell, and M. D. Francis, Science, 165,
1262 (1969).

(3) M. D. Francis, R. G. G. Russell, and H. Fleisch, ibid., 165, 1264
(1969).

(4) W. R. King, M. D. Francis, and W. R. Michael, Clin. Orthop.
Relat. Res., 78, 251 (1971).
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In addition to the biochemical studies mentioned
above, several studies have been conducted on the
physical chemistry of aqueous solutions of EHDP;6-9
some of this work has been briefly summarized in a
previous report.0 Results of these studies show that
substituted methylene diphosphonic acids [RiIR2ZC-
(POsH22] are effective complexers of alkaline earth
metal ions in high pH solutions. Carroll and Irani67
found that EHDP interacts with highly electropositive
metal ions to a greater extent than was predicted from
results with other members of the series. Closely re-
lated to this work are the investigations of Grabenstet-
ter, Cilley, and Wiers1l which demonstrated the unex-
pected ability of calcium ion-EHDP solutions to form
discrete, polynuclear complexes. These complexes,
formed in solutions as dilute as 2 X 10~3M Ca2+, had
Ca/EHDP ligand ratios approaching, but not equal to,
2:1. Binding of the hydroxyl group to the metal ions
has been suggested as being important in complexing
between Ca2+ and EHDP.

The importance of ligand and metal-complex geom-
etries to these properties prompted this present study:
a single crystal X-ray diffraction examination of a cal-
cium EHDP complex, CaC(CH3(0OH)(PO3H)2-2HD.
Continuing attempts to prepare suitable single crys-
tals of CaEHDP have been unsuccessful, possibly due
to complications arising from polynuclear complex for-
mation. This report is the second in a series of inves-
tigations aimed at examining the structural factors
(e.g., spacing of functional groups and donor atoms in
the ligand molecule and geometry of resulting com-
plexes) which influence calcium ion binding by organic
ligands. A previous report®D on the crystal and mo-
lecular structures of HEHDP-H2D has preceded this
one. A report on the parent diphosphonic acid,
methane-1,1-diphosphonic acid, HAMDP has also ap-
peared. 2

To our knowledge this present report represents the
first X-ray structural examination of a metal grem-di-
phosphonate complex.

Experimental Section

Single crystals of CaHZEHDP «2H2 were obtained
in the following manner by R. A. Gloss of these lab-
oratories. A powdered sample of CaHEHDP meHD,
prepared from calcium monohydrogen phosphate and
disodium dihydrogen EHDP, was placed in an excess
of water in a stoppered vial. After approximately 1
week at 60° the original powder sample completely
converted into large well-shaped crystals of CaH2
EHDP-2H2D. The elemental composition of this ma-
terial was substantiated by the successful crystal struc-
ture determination.

A suitable single crystal of dimensions 0.20 X 0.25 X
0.35 (rotation (6) axis) mm was mounted on a glass
fiber with epoxy cement. Preliminary oscillation,
Weissenberg, and precession photographs indicated
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triclinic symmetry. The crystal was optically aligned
on a Siemens automated single crystal diffractometer,
and 50 diffraction maxima were manually centered.
Lattice constants were obtained at 25° by least-squares
refinement of the measured 6 angle settings of these 50
reflections. These lattice constants were then used to
generate diffractometer angle settings for all data re-
flections. The method of data collection was identical
with a procedure previously reported.0 A total of
2218 observed reflections and 434 unobserved reflec-
tions (i.e., net intensity less than three times the stan-
dard deviation of the background counts) for which
28 < 60° (Mo Ka radiation) was collected from the
hkl, hid, hkl, and kkl octants. No absorption or ex-
tinction corrections were applied. The linear absorp-
tion coefficient (p) of 10.49 cm-1 for Mo Ka radiation
results in a pRr* <0.315 for which the change of ab-
sorption correction factors with 8 is negligible.13 The
effects of absorption result in extremes for the 1/10ratio
of 0.730 and 0.310. Thus a reflection of measured in-
tensity 1.0 could vary in intensity from 1.24 to 1.37
after correction, i.e., a variation of 5% about the mean
value. The relatively small values of the real and
imaginary dispersion corrections for Mo Ka radiation
(i.e., Al' = 0.1 and 0.2, and Af" = 0.2 and 0.4 for phos-
phorus and calcium, respectively)# were assumed not
to have any significant effect on this centrosymmetric
crystal.55 The scattering factors used for all atoms
except Ca2+ were those compiled by Hanson, et al.B
Ca2+ scattering factors were obtained from the Inter-
national Tables.I7

Results

Unit Cell and Space Group. Lattice constants (25°)
and their estimated standard deviations for this crystal

(5) R. J. Grabenstetter, O. T. Quimby, and T. J. Flautt, J. Phys.
Chem., 71, 4194 (1967).

(6) R. L. Carroll and R. R. lIrani, Inorg. Chem., 6, 1994 (1967);
and references therein.

(7) R. L. Carroll and R. R. Irani, J. Inorg. Nucl. Chem., 30, 2971
(1968).

(8) M. 1. Kabaehnik, R. P. Lastovskii, T. Ya. Medved’, V. V.
Medyntsev, |. D. Kolpakova, and N. M. Dyatlova, Dokl. Akad.
Nauk SSSR, 177, 582 (1967).

(9 C. F. callis, A. F. Kerst, and J. W. Lyons in “Coordination
Chemistry,” S. Kirschner, Ed., Plenum Publishing Co., New York,
N. Y., 1969, p 223.

(10) V. A. Uchtman and R. A. Gloss, ./.
(1972).

(11) (@ R. J. Grabenstetter and W. A. Cilley, ibid., 75, 676 (1971);
(b) B. H. Wiers, ibid., 75, 682 (1971); (c) B. H. Wiers, Inorg. Chem,,
10, 2581 (1971).

(12) F. M. Lovell, Abstracts of the American Crystallographic
Association Meeting, July 1964; private communication from
F. M. L.

(13) “International Tables for X-Ray Crystallography,” Vol. IlI,
the Kynoch Press, Birmingham, England, 1959, p 295.

(14) Reference 13, Vol. Ill, 1962, p 215.
(15) D. H. Templeton, Acta Crystallogr., 8, 842 (1955).

(16) H. P. Hanson, F. Herman, J. D. Lea, and S. Skillman, ibid., 17,
1040 (1964).

(17) Reference 13, Vol. Ill, 1962, p 201.

Phys. Chem., 76, 1298
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of CaC(CH3(OH)(POXH)2s2HD are a = 6.961(3),
b = 8.085(4), ¢ = 9.729(4) A, a = 106.26(7)°, i3 =
106.08(7)°, 7 = 60.33(5)°; unit cell volume = 450.4
A3 These values were used in all calculations; how-
ever, the reduced triclinic cell parameters are a'
6.961, b' = 7.625, ¢' = 9.729 A, a' = 92.52°, 0' =

106.08°, 7' = 112.85°. The experimental density of
2.05 + 0.02 gcm-3 (determined by flotation in mixtures
of bromoform and methylene chloride) agrees with the
value of 2.06 g cm-3 calculated on the basis of two of
the above formula species per unit cell. The total

number of electrons per unit cell, F(000), is 288. The
assignment of P1 (CV, no. 2) as the space group was
verified by the successful refinement of the structure in
this space group.181 Solution of the structure in space
group P 1 required the location of one calcium, two phos-
phorus, nine oxygen, two carbon, and, ideally, ten hy-
drogen atoms, corresponding to one formula unit per
asymmetric unit. The crystallographically indepen-
dent atoms were each found from the structural anal-
ysis to occupy the general twofold set of positions + (X,
V, 2).

Determination of the Structure. Consideration of the
peaks on a three-dimensional Patterson interatomic
vector map, calculated using all observed reflections,
led to approximate positions for the one calcium and
two phosphorus atoms. A three-dimensional Fourier
synthesis, calculated using these positions, revealed
the approximate positions of the remaining nonhydro-
gen atoms. A structure factor calculation using these
positions and all observed reflections resulted in the fol-
lowing discrepancy factors

Ri = Ellfol - ITF.H/IM X 100 = 39%

R* = BE»l|Fo] - |Fe]IVE«|F.]9.a X 100 = 30%

No peaks greater than 1.6 e/f\Swere observed on a dif-
ference electron density map calculated at this point.
Several cycles of least-squares refinement, initially with
individual isotropic temperature factors and later with
anisotropic factors, resulted in = 5.1%. A differ-
ence electron density map using all data revealed rea-
sonable positions for ten hydrogen atoms. One of
these positions (H6) was only 0.35 A from a center of
symmetry, resulting in a separation of only 0.7 A be-
tween it and its symmetry related position. It was
assumedl819 that the proton associated with the PI
phosphonyl group was disordered. After an additional
cycle of least-squares refinement, in which the hydrogen
positions, with isotropic temperature factors of 6.0,
were included but not varied, another difference map
was calculated. All peaks on this map were < 0.5 e/A3
All peaks > 0.35 e/A3could be accounted for as being
due to uncorrected anisotropic thermal motion of phos-
phorus and oxygen atoms. A peak of intensity 0.4
e/A3was in a position (H7) which would correspond to
a proton bonding to another oxygen of the Pl phos-
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phonyl group. A consideration of P-0 bond distances
(vide infra) indicated that it is reasonable to assume
that there is a disorder of the proton belonging to this
phosphonyl group such that half the molecules have
the proton bonded to 06 (at position H7) and the other
half to 07 (at position H6) (see Figure 3). Two addi-
tional cycles of anisotropic least-squares refinement, in
which all hydrogen positions were held constant and

Table I : Final Atomic Positional Parameters with Their
Standard Deviations for CaC(CHJ3)(0H)(P03)2'2H20

£(106ax) J/(10&4jp 2(10692

Ca 0.20267(13) 0.20507(12) 0.98631(9)
Pl 0.15803(19) 0.20256(17) 0.34431(12)
P2 0.27368(18) 0.74334(16) 0.87527(12)
01 0.00302(50) 0.94457(41) 0.23868(33)
02 0.14018(44) 0.75136(40) 0.97606(30)
03 0.41091(43) 0.85239(37) 0.93418(29)
04 0.44119(46) 0.52581(40) 0.81808(32)
05 0.28954(42) 0.11389(37) 0.22089(28)
06 0.29222(46) 0.11941(42) 0.48336(30)
07 0.05588X50) 0.42593(40) 0.37600(31)
08 0.11997(44) 0.52324(39) 0.14694(30)
09 0.34196(45) 0.23047(39) 0.78632(30)
Cl 0.08201(68) 0.84759(58) 0.71298(44)
c2 0.21645(75) 0.78782(66) 0.59190(47)
HI* 0.166 0.886 0.230

H2 0.332 0.840 0.652

H3 0.130 0.814 0.504

H4 0.270 0.660 0.578

H5 0.390 0.428 0.814

H66 0.036 0.472 0.476

H76 0.455 0.020 0.500

H8 0.120 0.510 0.236

H9 0.270 0.500 0.164

H10 0.486 0.128 0.794

HII 0.310 0.194 0.692

° These hydrogen positional parameters were obtained from
difference-Fourier maps and were not refined. They were given
isotropic temperature factors of 6.0. 3These are the two prob-
able positions for the disordered proton (see Results) of one of
the phosphonyl groups.

(18) The disordering assumed for one of the phosphonyl groups (see
section on Determination of the Structure) can also be explained on
the basis of an incorrect choice of space group. However, the
expenses of carrying out additional least-squares refinements in
space group PI, which would require two independent formula
units per unit cell and thus double the number of parameters, did
not permit such attempts. The results of a statistical analysis19 on
normalized structure factor magnitudes, \E\ (scaled such that the
average of |E2['s was 1.0), are given below.

Theor Theor

Calcd (centric) (acentric)
{\E\) 0.819 0.798 0.886
(1®2- 1> 0.953 0.968 0.736

For the purpose of discussion, in the remainder of this report the
structure will be referred to as disordered.

(19) (a) Cf. G. H. Stoutand L. H. Jensen, “X-Ray Structure Deter-
mination,” Macmillan, New York, N. Y., 1968, p 321; (b) I. L.
Karle, K. S. Dragonette, and S. A. Brenner, Acta Crystallogr., 19,
713 (1965).
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Table I1:

Ca
PI
P2
01
02
03
04
05
06
07
08
09
Cl
c2

“ Anisotropic temperature factors are expressed as exp{ —(h3$ +

Table I11:

Ca, ..09
Ca.,.08"
Ca...05"
Ca. ..03"

PI-CI
PI1-05
P1-06
P1-07
P2-C1
P2-02
P2-03
P2-04
Ci1-C2
Cl-ol

02-P2-03
02-P2-04
03-P2-04
02-P2-C1
03-P2-C1
04-P2-C1
05-P1-06
05-P1-07
06-P1-07
05-PI-CI'
06-PI-CI'
07-P1-C1'
P2-C1-P1’
P2-C1-01'
P2-C1-C2
PI'-C1-O1
P1'-C1-C2
01'-C1-C2

®Distances are in angstroms and angles in degrees;

in parentheses.

eii(iov)
0.0053(2)
0.0093(3)
0.0067(3)
0.0167(10)
0.0106(9)
0.0089(8)
0.0112(9)
0.0085(8)
0.0132(9)
0.0202(10)
0.0087(8)
0.0113(9)
0.0122(12)
0.0164(14)

1S2(10M

0.0041(2)
0.0076(2)
0.0058(2)
0.0073(7)
0.0107(7)
0.0062(6)
0.0063(6)
0.0065(6)
0.0122(7)
0.0060(6)
0.0072(6)
0.0082(7)
0.0069(9)
0.0141(12)

A. Calcium Coordination

133310V)

0.0035(1)
0.0036(1)
0.0037(1)
0.0080(5)
0.0055(4)
0.0056(4)
0.0089(5)
0.0037(3)
0.0040(4)
0.0057(4)
0.0056(4)
0.0053(4)
0.0043(5)
0.0048(6)

2.497(4) Ca...03" 2.421(3)
2.484(3) Ca...02' 2.352(4)
2.420(3) Ca...01' 2.608(3)
2.448(3) Ca...08" 2.578(3)

Bonding Distances for Ligands
1.815(6) Ol-HI 1.01
1.507(3) 04-H5 1.00
1.530(3) 06-H7 1.01
1.549(3) 07-H®6 0.96
1.857(4) C2-H2 1.05
1.496(4) C2-H3 0.91
1.505(4) C2-H4 0.89
1.595(3) 08-H8 0.90
1.530(7) 08-H9 0.94
1.457(5) 09-H10 0.93
C. Bond Angles for Ligands

116.58(18) ClI'-OI-HI 109

111.22(20) C1l-C2-H2 97

106.87(17) C1l-C2-H3 114

109.58(20) C1l-C2-H4 100

105.27(22) H2-C2-H3 127

106.75(16) H2-C2-H4 115

113.25(15) H3-C2-H4 101

112.43(21) P2-04-H5 115

110.46(16) P1-07-H6' 116

107.51(19) P1-06-H7' 123

107.92(23) H8-08-H9 96

104.78(19) H10-09-H11 93

113.68(31)

103.98(25)

109.58(26)

107.24(26)

113.53(30)

108.23(45)

bPrimed symbols denote positions symmetry-related to those in Table I.

tons are involved in the indicated hydrogen bonds.

1A 104)

—0.0017(2)
—0.0037(2)
-0.0030(2)
-0.0047(7)

-0.0057(6

)

-0.0041(6)
-0.0027(6)

-0.0018(6
-0.0036(7

)
)

-0.0050(7)
-0.0020(6)

-0.0016(6
-0.0040(9

)
)

-0.0064(11)

Final Anisotropic Temperature Factors“ with Their Standard Deviations for CaC(CH3)(OH)(P0O3H )22HD

013(104)

0.0014(1)
0.0016(1)
0.0010(1)
0.0019(5)
0.0026(5)
0.0021(4)
0.0041(5)
0.0025(4)
0.0001(5)
0.0037(5)
0.0020(4)
0.0025(5)
0.0021(6)
0.0031(7)

+ PpB+ 2hk&n + 2hIPi3+ 2klfc3)}.

Interatomic Distances and Angles and Their Standard Deviations for CaC(CH3)(0H)(P03)2-2HD a'!
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1S23(10v)

0.0006(1)
0.0004(1)
0.0008(1)
0.0011(4)
0.0015(4)

-0.0006(4)
-0.0000(4)

0.0001(4)
0.0024(4)
0.0001(4)
0.0012(4)
0.0007(4)
0.0005(5)
0.0011(6)

D. Hydrcgen Bond Distances and Angles

05...09
05.. .H10
09-H10...05

04...08
04...H9
08-H9.. .04

09...04
09.. ,H5
04-H5...09

06...09
06...H11
09-H11...06

06.. .06"'c
06...H7'
06'-H7'...06

E.

P1...P2'
02...03
02...04
04...03
05.. .06
05...07
06.. .07

2.694(4)
1.80
161

2.812(5)
1.88
173

2.716(5)
1.72
169

2.806(4)
1.94
168

2.550(4)
1.54
174

07...08

07.. ,H8
08-H8...07
07...07"
07.. ,H6'
07'-H6"...07

Some Nonbonding Distances

3.074(2)
2.554(6)
2.551(4)
2.491(4)
2.536(4)
2.540(4)
2.530(5)

H2..  H4
H3..H4
H2..H3
H8...H9

H10. ..HII

2.768(5)
1.92
157

2.522(4)
1.58
167

1.64
1.82
1.76
1.37
1.32

standard deviations of the last significant figure, where available, are given

“ It is assumed that the disordered pro-
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H6 and H7 were assigned multiplicities of 0.5, resulted
in final discrepancy factors of R, = 4.9% and R2 =
4.0%; there were no parameter shifts greater than 0.1
of the standard deviation of the parameter. Refine-
ment was based on the minimization of Ft2 and
weights were determined according to «= = 1/<{2F0).

Final atomic positional and temperature parameters
are given in Tables | and Il, respectively.D Table I11
lists interatomic distances and angles. The X-ray 63
and X-ray 67 systems of programs,2L modified for use
on CDC 3600 and 6600 computers were used for the
majority of computing operations. In the later stages
of refinement use was made of local IBM 360-44 ver-
sions of orfls2and fourierZprograms. Data reduc-
tion was carried out on a local IBM 1800 computer
using local programs written by N. C. Webb and M. R.
Becker.

Discussion

The crystal structure (Figure 1) of calcium dihydro-
gen ethane-l-hydroxy-l,I-diphosphonate dihydrate,
CaHZEHDP <2HD, consists of an infinite array of H2
EHDP2- and water molecules and Ca2+ ions linked
together by hydrogen bonding and calcium coordina-
tion of oxygens from both HEHDP2_ and water mole-
cules. Calcium ions lie in zigzag chains close to the
001 plane, and they are connected such that alternating
four-membered rings are formed with, in one case, two
symmetry-related water oxygens bridging two calciums
(Ca...Ca4.119 A) and, in the other case, two symmetry-
related phosphonyl oxygens bridging two calciums
(Ca...Ca3.825A). TheseCa... Caseparations are the
shortest in the crystal. Hydrogen bonding is com-
pletely intermolecular and occurs between phosphonyl
groups and between water molecules and phosphonyl
groups. There is no evidence of hydrogen bonding in-
volving the EHDP hydroxyl group. The diphospho-
nate molecules are linked in zigzag chains by what ap-
pears to be strong hydrogen bonding (06. ..06', 2.550
A; 07...07', 2522 A) of symmetry-related Pl phos-
phonyl groups across a plane parallel to the ab plane at
c = 0.5.

The calcium ion contains eight oxygen atoms in its
primary coordination sphere; Ca. ..0 distances range
from 2.352 to 2.60§ A and all other Ca... O distances are
greater than 3.2 A. The observed irregular eightfold
coordination geometry (Figure 2) is not unusual for
calcium ion. Of the eight coordinated oxygens five
are from three different but symmetry-related H2
EHDP2~ molecules and three are from water molecules.
Conversely, associated with each HEHDP2- molecule
are three symmetry-related Ca2+ ions (Figure 3). The
most strongly bound calcium ion is involved in a six-
membered chelate ring involving oxygens of geminal
phosphonyl groups (Ca. ..02, 2.352; Ca...05, 2.420).
A second calcium ion is bound in a five-membered
chelate ring involving the methylene hydroxyl group
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Figure 1. [100] Projection of the triclinic unit cell of
CaC(CH3)(0OH)(POH)r2HD. The approximate X coordinate
of several atoms is indicated. Hydrogen positions are not
indicated for clarity. Only some of the calcium

coordination is indicated.

Figure 2. The coordination about the calcium
ion of CaHZEZHDP.

(Ca. ..01, 2.608) and a phosphonyl oxygen (Ca. . .03,
2.448); this same phosphonyl oxygen terminally binds
the third calcium ion to the HEHDP2~ligand (Ca.. .03,
2.421). Coordination of un-ionized hydroxyl groups
via chelate rings has been previously observed in the
structures of the calcium salts of such hydroxycar-
boxylic acids as tartaric,2 arabonic,5 5-keto-D-glu-

(20) A listing of the observed and calculated structure factors will
appear immediately following this article in the microfilm edition
of this volume of the journal. Single copies may be obtained from
the Business Operations Office, Books and Journals Division, Ameri-
can Chemical Society, 1155 Sixteenth Street, N.W., Washington,
D. C. 20036, by referring to code number JPC-72-1304. Remit
$3.00 for photocopy or $2.00 for microfiche.

(21) J. M. Stewart, Technical Report 67-58, Dec 1967, Computer
Science Center, University of Maryland.

(22) W. R. Busing, K. O. Martin, and H. A. Levy, “OR FLS, A
Fortran Crystallographic Least-Squares Program,” ORNL-TM-305,
Oak Ridge National Laboratory, 1962.

(23) J. F. Blount, Ph.D. Thesis (Appendix), University of Wis-
consin, 1965.

(24) G. K. Ambady, Acta Crystallogr., Sect. B, 24, 1548 (1968).
(25) S. Furberg and S. Helland, Acta Chem. Scand., 16, 2373 (1962).
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&4

Figure 3. The HEHDP2_ ligand of CaHZHDP, with calcium
coordination indicated.

conic, and a-D-glucoisosaccharinic,Z all of which
contain eight-coordinate calcium ions. CaHZEHDP,
however, represents the first reported example of a
metal chelate ring involving the un-ionized hydroxyl
group of a hydroxyphosphonic acid.

The molecular parameters of the HEHDP2- anion
in CaHZHDP do not differ greatly from those of
HZHDP. The expected effects of partial ionization
on the P-0 bond lengths are observed; these P-0 dis-
tances are all within the ranges of previously observed
and expected values (see ref 10). From a considera-
tion of the P-0 bond lengths and the probable hydro-
gen atom positions it is apparent that in the crystal the
HZHDP2- anion exists with one proton on each phos-
phonyl group. This is consistent with pH titrations
which exhibit two strong, indistinguishable protons
during neutralization. In the crystal a disordering of
the P1 phosphonyl group (see Results), such that in half
of the molecules the proton is bound to 06 and in the
other half to 07, results in two irregular P1-0 bond
lengths for this group. The PI1-05 bond length of
1.507 A is not unexpected for an ionized phosphonate
group (see ref 10); however, the PI1-06 and PI-07
bond lengths of 1.530 and 1.549 A, respectively, are close
to a value of 1.55 A obtained from averaging a normal
P-OH bond length {e.g., 1.595 A for the P2-04 length
of the other phosphonyl group) and a normal P-O-
bond length {e.g., 1.505 and 1.496 A for P2-03 and
P2-02). Significant effects of this disordering are not
apparent in other molecular parameters.

In a previous reportDwe referred to the steric effects
of the methylene carbon substituents on the configura-
tion and, consequently, the relative acid strengths of
<7m-diphosphonic acids, particularly HZHDP. It
was postulated that to minimize steric interactions be-
tween the methyl hydrogen atoms and phosphonyl
oxygens, rotation about the P-C bonds was restricted
such that, in the crystal, the HEHDP molecule was
observed to have a planar "W” arrangement for the
O-P-C-P-0 chain of atoms and eclipsed P 03 groups.
However, in HAMDP, where there exist no such steric
restrictions to rotation about the P-C bonds, the mole-
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cule assumes a more staggered configuration, presum-
ably to minimize interactions between oxygens of the
~em-phosphonyl groups. In the structure of CaH2
EHDP small distortions from the eclipsed “W” con-
figuration do occur.

The P03 groups, which are nearly eclipsed in H4
EHDP, are less so in CaHZHDP: 25° staggered
(wdien viewed in projection along the P. ..P axis) for
the latter vs. 4° for the former, compared to 60° if the
P03 groups were exactly staggered (Figure 4). This
distortion is primarily a result of rotation about the
P2-C1 bondin adirection such that 03 moves out of the
P-C-P plane and away from the methyl group. The
P2 phosphonyl group oxygens are bound to three sym-
metry-related Ca2+ ions, w'hich may account for the
distortion away from an eclipsed configuration.

In those aqueous calcium ion-EHDP solutions where
only 1:1 complexes are present, the six-membered
chelate ring formation involving the two phosphonyl
oxygens is probably the preferred and most significant
configuration. Grabenstetter and Cilleylla have dem-
onstrated, however, that in aqueous solutions (pH «
11) of Ca2+ ar.d EHDP, where the concentration ratio
Ca2t/EHDP « 1.5, complexes with more than one
bound Ca2+ per EHDP4- ligand definitely occur.
They found that their potentiometric titration data
could best be fit by assuming, in addition to the ex-
pected CaEHDP complex, an aggregate of stoichiom-
etry Ca‘EHDP4 Moreover, Wiersllb characterized
by light scattering and sedimentation much larger
aggregates having molecular weights of the order of 104
g/mol, radii of 26 A and charges of ca. —20 esu. A
hypothetical model for the formation and structure of
such aggregates can be constructed by making some as-
sumptions which are not unreasonable based on the
structural features observed for CaHZHDP.

At a concentration ratio close to unity the predom-
inant complex is probably CaEHDP in which the Ca2+
is bound in a six-membered chelate ring utilizing two
phosphonyl oxygens (I, Figure 5). As the Ca/EHDP
concentration ratio is increased and approaches 2, a
second Ca2+ can bind to a CaEHDP complex via either
a five-membered ring using a phosphonyl oxygen (at a
terminus of the “W,” vide supra) and the hydroxyl
oxygen (I, Figure 5), or a six-membered ring using two
suitably positioned phosphonyl oxygens (which are not
part of the “W” chain of atoms) (Ill, Figure 5).
Wiers has shownIl0that at a concentration ratio of ~2
an immediate precipitate forms of stoichiometry Ca2
EHDP-a:H2. However, at concentration ratios be-
tween 1 and 2, Grabenstetter and Cilley could best fit
their potentiometric titration data by assuming that
only the complexes CaEHDP, CaEHDP2 CaZ&=HDP3

(26) A. A. Babhin and C. H. Carlisle, Acta Crystallogr., 19, 103
(1965).

(27) R. Norrestam, P. Werner, and M. Von Glehn, Acta Chem.
Scand., 22, 1395 (1968).
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HAVDP HacP HEHDP2

Figure 4. Relative orientations of phosphonyl groups in (a)
H4MDP,12 (b) HEHDP,0and (c) CaHZHDP, viewed along
the P-C-P plane.
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Figure 5. A schematic structural model for formation of a
Ca7’EHDP4aggregate.

m

and (CarEHDPi)™ were present. Therefore in this
range of concentration ratios CaZHDP complexes
must be unstable with respect to aggregation with
other CaEHDP and/or CaEHDP complexes to form
polynuclear complexes, ultimately of stoichiometry
(Ca®'EHDPY, (1V, Figure 5). Formation of such an
aggregate could occur by stepwise addition of three
formally uncharged CaZHDP complexes to a nega-
tively charged CaEHDP2- complex. Such aggrega-
tion does not seem unreasonable in view of the two ad-
ditional chelation sites on a CaEHDP2- complex and
the one additional chelation site on a formally un-
charged CaEHDP complex. Also, all such sites are in
positions where binding of a calcium ion or complex
would not impose significant electrostatic repulsions
between metal ions or ligands. Grabenstetter and
Cilley found it necessary to include an aggregation con-
stant, Kat representing the hypothetical reaction Car
EHDP4+ (CaEEHDP4, ~ (Ca'EHDP4ret]; this was
also consistent with the observations of Wiers indi-
cating the presence of very large aggregates with mo-
lecular weights around 104 g/mol. Individual 7:4
aggregates (1V, Figure 5) might combine via Ca2+
bridging between EHDP ligands of different 7:4 ag-
gregates. This growth would continue until the nega-
tive charge buildup on a large aggregate in ~ 10) pre-
vents addition of more negatively charged 7:4 ag-
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gregates. These large aggregates should be in equilib-
rium with simple CaEHDP mononuclear complexes
since the presence of both was necessary to explain the
titration results. At a very slow rate these large ag-
gregates must convert to crystal nuclei of (CaZEHDP)m
stoichiometry, since Wiers observedlD that at Ca/
EHDP concentration ratios between 1 and 2 a pre-
cipitate of this composition did form after long periods
of time.

Although this model is certainly not a unique solu-
tion, it does demonstrate a conceivable structure for
such aggregates based on available data. Further-
more we can predict that other ligands, which have
available suitable, sufficiently separated chelating sites
for more than two metal ions, should be capable of ex-
hibiting polynuclear aggregate formation in certain
concentration regions. Thus, an important feature of
the model for Ca-EHDP aggregate formation is the
ability of EHDP to bind Ca2+ ions via not only two
chelate rings using only phosphonyl oxygens but also
via a relatively stable five-membered chelate ring which
includes the hydroxyl group. We would therefore ex-
pect gem-diphosphonates RiR ZC (P 032, where Rxand R2
were not potential donor groups to Ca2+ coordination,
not to exhibit stable polynuclear aggregate formation.
In this group are compounds such as MDP (R4 =
R2= H), CIMMDP (Ri = R2= CI), ethane-1,1-diphos-
phonate (ETP; R! = CH3 R2 = H), etc. However,
compounds such as methanehydroxydiphosphonate
(MHDP; Pn = H, R2= OH), ethane-l-hydroxy-1,1,2-
triphosphonate (EHTP, R7= OH, R2= CHZ2 03, etc.,
should exhibit polynuclear aggregate formation. Un-
published results from these laboratories are not incon-
sistent with these statements.B Precipitation bound-
ary experiments indicate that EHTP and propane-1-
hydroxy-1,1,3-triphosphonate (Ri = OH, R2 = CH2
CHZ2 03 are capable of forming polynuclear calcium
complexes; results for ETP, MDP, and MHDP were
inconclusive because of insolubility of mixed sodium
salts.
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Possible clustering of ions in olefin-carboxylic acid copolymers and their salts has been postulated in the past

by many to explain various properties observed with these materials.

A detailed study in this work by a

wide-angle X-ray diffraction technique, however, has given us results which do not support the existence of
such clusters. X-Ray intensities (Mo Ka) scattered from an ethylene-acrylic acid copolymer (containing
12.6 wt % of the latter comonomer) and its cesium salt (78% neutralization) were measured at diffraction

angles ranging from 3.9 to 129.6°.

The Fourier transform of the interference intensity data was computed
to obtain the radial distribution functions of atom pairs.

When "he difference is taken of the radial distribu-

tion functions obtained with the copolymer acid and salt samples, the contributions from pairs of light atoms
are largely canceled out and, in the resulting difference plot, the peaks corresponding to Cs-Cs pairs are heavily
weighted because of the much higher atomic number of Cs. The examination of such a plot, however, did
not give any indication of cluster formation, but showed strong evidence for dimer complex formation.

I. Introduction

The structure and properties of ionic polymers, such
as the copolymers of olefin and carboxylic acid and
their salts, have been the subject of study in recent
years by a number of workers.1 An important point of
controversy with regard to the structure of such poly-
mers is the possibility of clustering of ionic groups.
Aggregation of the latter into clusters or microdomains
has been postulated to explain varieties of phenomena
observable with these ionic polymers: X-ray diffraction
pattern,2-4 electron microscope observation,25dynamic
mechanical data,6-9 and melt rheology. Thermo-
dynamic calculations, presented by Eisenberg,1l also
seem to suggest the formation of clusters. Such aview
is, however, not universally accepted, and evidence in-
dicating more uniform distribution of ionic groups
throughout the copolymer was presented from dynamic
mechanical studies2and from nmr line-width studies.13

In this work we reexamine the question of cluster
formation in cesium salt of ethylene-acrvlic acid co-
polymer by a wide-angle X-ray diffraction technique.
It is well knownMthat the X-ray diffraction data from
amorphous liquids or glass can be processed (through
Fourier transformation) to derive the radial distribu-
tion function (RDF) or the probability distribution of
occurrence of atomic pairs as a function of interatomic
separation. By comparing the RDF of the Cs salt with
that obtained from the unneutralized ethylene-acrylic
acid copolymer, one can derive information concerning
the distribution of Cs atoms in space. Such a procedure
is possible because of the much higher scattering power
of X-ray by Cs atoms as compared to other light atoms
in the polymer.

Il. Experimental Section

The ethylene-acrylic acid copolymer, containing
12.6 wt % of acrylic acid, was supplied by Union Car-
bide. The Cs salt of the copolymer was prepared and
kindly made available to the present study by E. P.
Otocka. The amount of Cs contained in the sample, as
analyzed by X-ray fluorescence and atomic emission
spectroscopy, is 15.5 wt %, which corresponds to 78%
neutralization of the acid groups. Hereafter we refer
to the original acid copolymer and its Cs salt simply as
acid and salt for brevity.

Diffraction data were obtained with an X-ray dif-

(1) E. P. Otocka, J. Macromol. Sci., Rev. Macromol. Sci., 5, 275
(1971).

(2) R. Longworth and D. J. Vaughan, Nature {London), 218, 85
(1968) .

(3) F. C. Wilson, R. Longworth, and D. J. Vaughan, Polym. Prepr.,
Amer. Chem. Soc., Div. Polym. Chem., 9, 505 (1968).

(4 B. W. Delf and W. J. MacKnight, Macromolecules, 2, 309
(1969) .

(5) H. A. Davis, R. Longworth, and D. J. Vaughan, Polym. Prepr.,
Amer. Chem. Soc., Div. Polym. Chem., 9, 515 (1968).

(6) R. Longworth and D. J. Vaughan, ibid., 9, 525 (1968).

(7) W. J. MacKnight, T. Kajiyama, and L. McKenna, Polym. Eng.
Sci., 8, 267 (1968).

(8) B. E. Read, E. A. Carter, T. M. Conner, and W. J. MacKnight,
Brit. Polym. J., 1, 123 (1969).

(9) A. V. Tobolsky, P. F. Lyons, and N. Hata, Macromolecules, 1,
515 (1968).

(10) S. Bonotto and E. F. Bonner, ibid., 1, 510 (1968).
(11) A. Eisenberg, ibid., 3, 147 (1970).

(12) E. P. Otocka and T. K. Kwei, ibid., 1, 244, 401 (1968).
(13) E. P. Otocka and D. D. Dauvis, ibid., 2, 437 (1969).

(14) B. E. Warren, ‘ X-ray Diffraction,” Addison-Wesley, Reading,
Mass., 1969; R. W. James, “The Optical Principles of the Diffraction
of X-rays,” Cornell University Press, Ithaca, N. Y., 1965.
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fractometer manufactured by Picker Nuclear Corp.
The primary beam from a Mo target filtered through
Zr foils was scattered from the sample, of size 2 X 6 X
0.1 cm, held in parafocusing reflection geometry. No
special precaution was taken to control the humidity of
the sample during the measurements. The diffracted
intensity was measured with a scintillation counter
through a pulse-height analyzer. The range of dif-
fraction angles 26 covered extended from 6 = 1.95 to
64.81°, or s = 0.6 to 16.0, where s = 4w sin 0/X, X
being the wavelength of the radiation (0.7107 A). In
order to facilitate later computation, the measurements
were carried out at 78 diffraction angles spaced at equal
intervals of s (As = 0.2). The resolution in the RDF
to be obtained is related to the density and range of
data points in s through the Nyquist relation1556

v — 2rmesnex (2it) (1)

where n is the number of data points. Thus, the sets of
data collected in this work enabled us to determine the
RDF to 7nex = 16 A at the resolution of Ar = 0.2 A.
The total range of s covered was divided into two over-
lapping sections, s = 0.6-5.0 and s = 3.4-16.0. The
slit openings were adjusted to limit the horizontal
divergence of the scattered beam to 0.2 and 2.0° in the
first and second section, respectively, and the vertical
divergence (by Soller slits) to 2.0 and 3.8°, respectively.
Each section was scanned from the beginning to the end
repeatedly to accumulate counts in order to minimize
the effect of variation in the primary beam intensity.
After absorption, polarization, and background correc-
tions, the intensity data from the two sections were
combined together. The total numbers of counts ac-
cumulated at each s were varied to keep the statistical
error in si(s) (defined by eq 5 in section I11) approxi-
mately constant and ranged from 40,000 at s = 0.6 to
5,000,000 at s = 16.0. Automatic, unattended opera-
tion of the diffractometer for the collection of data was
achieved through the data acquisition system, manu-
factured by Cambera Industries, which took its instruc-
tions from a previously prepared punched paper tape.

I11.  Analysis of Intensity Data

We define a structural unit, for convenience, as the
average composition of a unit containing one backbone
carbon atom, and let n, represent the number of f-type
atoms in a structural unit (i = 1...m). The values
of rii's calculated from the chemical composition are
C (1.027), O (0.053), H (2.000) for the acid, and C
(2.027), O (0.053), H (1.979), and Cs (0.0209) for the
salt.

The intensity | (in electron units) of X-ray scattered
coherently by the sample is related, as given by eq 2
below, to the radial distribution functions ptj(r), which
specify the number of j'-type atoms per unit volume at
a distance r from a given f-type atom.
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m P>
I(s) = NT niff + (4tN/s)

I rsinsr X
i=1 o

m m

E E nififAPtAr) - p/ldr (2)
i=li=1

where N = the total number of structural units con-
tributing to the scattered intensity, ft = the atomic
scattering factor of f-type atoms, p/ = Pij(°°) = the
average number of j-type atoms per unit volume. The
first term in (2) represents the sum of scattering con-
tributed independently by all the atoms present, and
the second term arises from the interference effect be-
tween the scattered amplitudes by a pair of atoms.

In the present w-ork m — 4, since there are four dif-
ferent kinds of atoms, C, O, H, and Cs, present. Here-
after, we denote Cs atoms by the subscript i orj equal
to 1 and C, 0, and H atoms by the subscript equal to
2, 3, and 4, respectively. The information we are
seeking, in particular, is therefore pn(r).

The atomic scattering factors ft are continuously de-
creasing functions of s, and their precise shapes for dif-
ferent atoms are similar but vary somewhat from one
to another. If we define the normalized atomic scat-
tering factor of Cs atoms, fe, by

/1 = Zlie (3

where Z 4is the number of electrons in an i-tvpe atom,
it is then possible to represent the scattering factors of
other atoms by the following approximate relation

fi ~zJe i=2234 (4)

The consequence of approximation 4 is that in the final
result the shape of pn(r) is correctly represented, but
the shapes of all other py(r)'s will be somewhat smeared,
an effect that is advantageous for our purpose. In a
term more familiar to crystal structure analysis, our
procedure is analogous to sharpening the Patterson
function with respect to Cs atoms.
Combining (2), (3), and (4), one can then write

m
i(s) = [I(s)/N - i—Eln ifiyv (5)

= @n/s) 1 rsinsr X
Jo

m m
iE __Ei niZiZjlpijir) - Pj°ldr (6)
The quantity i(s), defined by (5), is called the reduced
or interference intensity function and contains all the
experimental information concerning the arrangement
of atoms in the sample. By application of the Fourier
inverse theorem, from (6), one obtains

(15) J. W. Cooley, P. A. W. Lewis, and P. D. Welch, IEEE Audio,
15, 79 (1967).

(16) G. D. Bergland, IEEE Spectrum, 6, 41 (1969).
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irr[D{r) — o] = (2/ir) 1 si(s) sinsr ds (7)
Jo

where

m m
D(r) = E 1 uizizjprijir) ®
i=iy=i
and Do, which is the average of D(r) throughout the
sample, is related to the sum of p/ in a similar way.

In Figure 1 the filled circles represent the observed
intensity (1/N) per structural unit after they have been
corrected for background, absorption, polarization,
multiple scattering, and Compton scattering, and then
normalized. (The open circles at s = 0.2 and 0.4 were
obtained from separate low-angle diffraction measure-
ments and are subject to a much larger error than
others.) Also drawn in Figure 1 are solid curves repre-
senting the independent scattering. The information
on the spacial arrangement of atoms is contained in the
pattern of deviation of the observed intensity from the
latter. In Figure 2 such useful information is dis-
played in a more apparent manner. Here s times the
interference intensity function i(s) defined by (5) is
plotted against s. The patterns of variation of inten-
sity, at high s, is now greatly amplified because of the
multiplicative factors s and 1//e2 both of which in-
crease greatly with increasing s.

The correction for multiple scattering was made fol-
lowing the procedure described by Warren and Mozzi,T7
but a new set of correction factors appropriate to the
limited thickness of our samples was calculated in this
worki8and used. The intensity of Compton scattering
was calculated from the theoretical scattering factors
for free atoms recently computed and tabulated by
Cromer and Mann.19 The normalization of the experi-
mental intensity to an absolute scale in electron units
was accomplished by matching the observed intensity
at high s values to the independent scattering intensity.
Besides, in order to correct for a possible small error in
normalization, and also to eliminate spurious long-
wavelength components in the observed si(s) function,
we made use20021 of the physical fact that pti(r) is zero
when r < 0.8 A and also pij(r) is zero when r < 2.3 A.

Fourier transform of the si{s) function according to
eq 7 then gives the function 4,irr[D(r) — D,,]. How-
ever, the integration limit in (7) extends to infinity
while our data are available only tos = 16. Truncation
of integration to a finite limit of s usually gives rise to
false peaks in the resulting b(r) function. One way of
overcoming such a difficulty is to multiply si(s) with a
modification function, which diminishes smoothly to
zero at the maximum s. The effect of such a modifica-
tion function is, in general, to broaden the peaks in the
final b(r) somewhat.2 A Gaussian function is com-
monly used for this purpose. In this work, instead, we
employ one termed “ideal” by Starshak and Larsen,Z3
which broadens the peaks in D(r) somewhat less than a
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Figure 1. Observed X-ray intensity, corrected for background,
absorption, polarization, multiple scattering, and Compton
scattering, is plotted against s = 4ir sin 0/A. The solid curve
represents the independent scattering by collection of atoms.
The top plot is for the ionomer acid sample and the bottom

for the salt sample.

Figure 2. The interference intensity function t'(s), (defined by
eq 5), multiplied by s, is plotted against s = 4ir sin O/A. The
top plot is for the acid sample, the middle for the salt, and

the bottom is the difference of the above two.

(17) B. E. Warren and R. L. Mozzi, Acta Crystallogr., 21, 459
(1966).

(18) R.-J. Roe, manuscript in preparation.

(19) D. T. Cromer and J. B. Mann, J. Chem. Phys., 47, 1892 (1967);
D. T. Cromer, ibid., 50, 4857 (1969).

(20) H. A. Levy, M. D. Danford, and A. H. Narten, Oak Ridge
National Laboratory Report ORNL-3960, May 1966.

(21) R. Kaplow, S. L. Strong, and B. L. Averbach, Phys. Rev. A,
138, 1336 (1965).

(22) J. Waser and V. Schomaker, Rev. Mod. Phys., 25, 671 (1953).

(23) A. J. starshak and R. D. Larsen, manuscript in preparation;
presented at the 160th National Meeting of the American Chemical
Society, Chicago, 111, Sept 1970.
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Figure 3. Results of Fourier transformation of si(s) functions
shown in Figure 2, plotted against the distance of atomic
separation r. D(r) is the sum of the radial distribution
functions of atom pairs weighted by the products of their
atomic numbers.

Gaussian does. This is a function which is equal to
unity from s = 0 to (V*Smax and then thereafter de-
creases sinusoidally to zero at smex The values of
4irr[D{fy — DQ] obtained by Fourier transformation
of the product of the observed si(s) data with such a
modification function are plotted in Figure 3 against
the radial distance r. The Fourier transform was
evaluated with a digital computer using the “fast
Fourier transform” subroutine.1624

IV. Results and Discussion

The densities of the acid and salt samples are 0.946
and 1.107 g/cm 3 respectively. The molar volume per
structural unit (containing one backbone carbon atom)
is therefore 16.06 cm3for the acid and 16.22 cm3for the
salt. The difference, 0.16 cm3mol, can be accounted
for largely as the difference between the molar volumes
of H+ and Cs+ions. (A Cs+ion has a crystalline ionic
radius of 1.67 A, or occupies a spherical volume of 11.8
cm3Imole. There is 0.0209 Cs atom per structural
unit, and thus the average volume occupied by Cs+
ions per structural unit would be 0.25 cm3if in a crys-
talline environment, and somewhat larger if in an amor-
phous state, while the volume occupied by H+ ions
would be much smaller.) In other words, there is very
little difference in the actual volume occupied by the
part of the polymers excluding the cations, whether it
is in the acid or in the salt sample. A similar inference
can be made from the fact that the difference in the
glass transition temperature Te between the acid and
the corresponding salt is, in general, minor,12 and there-
fore the fractional free volume at room temperature
would not be too different. Again, the apparent heat

The Journal of Physical Chemistry, Vol. 76, No. 9, 1972

Ryong-Joon Roe

of fusion measured with DSC is 254 cal/mol of struc-
tural unit with the acid sample and 228 cal with the
salt sample, indicating almost insignificant difference
in the degree of crystallinity between the two.

From these data we infer that the mutual spacial
arrangement of light atoms (C, O, H) in the salt sample
is not greatly disturbed by replacement of H with Cs
atoms in neutralizing the acid. Thus, if we take the
difference of D(r) functions obtained with the acid
(DA(r)) and salt samples (Ds(r)), the contribution of
ptj(r) for pairs of light atoms will be almost completely
canceled out. In other words, the following relation-
ship holds approximately

AD(r) = Ds(r) — DA(r) ~
riiZinipiiCr) + 2 J (9
(where we made use of the fact that riipi, = n}p”. If

Cs ions are distributed more or less uniformly through-
out the sample, the ratio of pnto pu (j = 2, 3, 4) would
be about the same as ni/n} on the average, and the con-
tribution of the term Zipn would still be much smaller
than that of the second term in eq 9, despite the much
larger value of Zi(= 55) as compared to Z} (j = 2, 3, 4).
However, if there exist clusters of Cs ions so that pn be-
comes comparable to pn, etc., within a certain range of
r, then the contribution of Zipn will become very prom-
inent and the values of AD(r) will be much higher than
the average ADO = DB — Z2)AAwithin that range. The
method we employ here is essentially the application of
the technique of isomorphic replacement of heavy
atoms, well known in crystal structure determination.

The difference of si(s) functions observed for the
acid and salt samples is plotted at the bottom of Fig-
ure 2. At the bottom of Figure 3 is shown the differ-
ence of the 4irr[D(r) — DOQ] values obtained with the
acid and salt samples. (Because of the linearity of the
Fourier transform operator, the difference of Fourier
transforms is equal to the Fourier transform of the dif-
ference.) A pattern that is noted immediately in Fig-
ure 3 is that the AD(r) function is almost featureless
beyond r « 6 A. In the plot for the acid sample, the
three prominent peaks below 3 A arise from C-C pairs
(first, second, and third neighbors) within a single poly-
mer chain. The broad peak centered around 5 A is
contributed mainly by the C-C pairs belonging to
neighboring chains. Deviation of DA(r) from the av-
erage DQA persists even at around 14 A and probably
beyond, indicating the presence of some long-range
order corresponding to the partly crystalline nature of
the sample. In contrast, the lack of features in the
difference plot can be interpreted as implying the fol-
lowing two things. First, Cs ions are located in amor-
phous regions so that a given Cs ion, looking out into

(24) A. J. Starshak and R. D. Larsen, Phys. Chem. Liquids, 2, 45
(1970).
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the surrounding region of carbon atoms, cannot discern
any long- or medium-range order. This conclusion is
in accord with our expectation from other considera-
tions. Secondly, the difference plot does not give any
indication of the existence of clustering. If there ex-
isted clusters of diameter, say, 10 A, in which the con-
centration of Cs ions is much higher than the average,
the values of AD(r) below 10 A would have been much
higher than the average ADQ Further, inside these
clusters one would have expected a certain short-range
order in the disposition of Cs ions, which would have
led to a few prominent peaks superimposed on the gen-
erally high level of AD(r). But none of these features
are present in our results.

In order to substantiate the conclusion that the re-
sult given in Figure 3 indicates a lack of clustering, we
have made a calculation to show the kind of RDF that
we would have obtained if there actually existed clusters
of ions. The calculation, as given in the Appendix, is
based on a simple model consisting of a mixture of two
types of particles, light and heavy. The relative num-
bers of light and heavy particles were so chosen to make
the model correspond to the salt sample. The degree
of clustering is characterized by two parameters: R,
the radius of a spherical domain in which heavy par-
ticles are concentrated, and M, the number of heavy
particles in a cluster. The values of 47rr[AD(r) —
ADQ] calculated for three different sets of these param-
eters are plotted in Figure 4, and are compared with
the experimental results. The values of the parameters
R and M used and the average intercluster distances d
calculated therefrom (see Appendix) are

curve 1: R =4A, M = 8 d= 219 A
curve2: R =4A M = 6,d = 199 A
curve 3: R =6A,M = 12,d= 250 A

(In calculating d,the value of V/N taken is that ap-

propriate for the salt, that is, 16.22 cm3mol or 26.93
A3structural unit.) According to Eisenberg,11 the
maximum number of cations that can be allowed in a
cluster is 8, because of a steric requirement to accom-
modate the polymeric anions. Curve 1 represents a
“tight” cluster containing the maximum allowable
number of cations in a sphere of a smallest possible
radius. Curve 2 represents a more loose cluster con-
taining less than the maximum number of cations in a
sphere of the same small size. Curve 3 is for a much
larger cluster which contains 12 cations, more than the
possible maximum, but the density of cations is less
than half of that in the “tight” cluster. In the three
calculated curves shown in Figure 4, the discontinuities
at 2.8 and 4 A are the consequence of our model, in
which the closest approach allowed between a light and
heavy particle is 2.8 A and that between two heavy
particles is4 A. In all the calculated curves the values
of [AD(r) — ADQ] are much higher than the experimen-
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Figure 4. The experimental values of 4irr2[AD(r) — AjDd, as
given by the bottom plot of Figure 3, are compared with three
hypothetical curves calculated for a simple model in which
ions are aggregated into clusters. The values of the cluster
radius 2?, the number of ions per cluster M, and the average
intercluster distance d are: (1)2? = 4 A, M = 8,d = 219 A;
2)R=4A M =6,d=199A; B)R=6A M = 12,

d = 25.0 A.

tal result at the radial distances r between 4 A and ca.
15R. In clusters consisting of real atoms and ions
there would have been peaks and valleys, indicative of
a short-range order, superimposed on the smooth cal-
culated curves. In any case, the difference between
the observed and calculated curves would have been
unmistakable. At distances r larger than 2R, the cal-
culated values of [AD(r) — ADQ] are all negative, indi-
cating the absence of pairs of heavy particles separated
by a distance larger than the cluster diameter, and this
feature is again lacking in the experimental result. (At
still larger distances, there would be contributions to
[AD(r) — ADQ] from heavy particle pairs belonging to
different clusters, which would result in a shallow,
broad peak centered around the intercluster distance
d) In all the calculated curves considered here, the
heavy particles present in the system were assumed to
be concentrated all in the clusters. If, on the other
hand, only half of the total number of heavy particles
had participated in clusters, while the rest were dis-
tributed uniformly throughout, the absolute values of
the calculated [AD(r) — ADQ] beyond 4 A would have
been halved approximately. Even in such cases, the
difference from the experimental result would have been
unmistakable.

We now turn to the consideration of the features
shown between 3 and 6 A in the observed [AD(r) —
ADQ] plot. This, of course, reflects the short-range
order which invariably exists around any atoms. The
first shell at around 3 A arises almost certainly from the
Cs-0 pair, while the density of AD(r), higher than
normal around 4.5 A, suggests the possibility of con-
tributions by Cs-Cs ion pairs. In Figure 5 is shown
the plot of 47rr2AD(r) against r. In such a plot of
47rrD(r), in general, the area under a peak is equal to
the total number of atom pairs at a distance r (weighted
by the product of Z/s). In order to calculate the areas
under the peaks in Figure 5, we have attempted to fit
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r (A

Figure 5. The plot of 47rr2az)(r) against r, where AD(r) is
as given by the bottom plot of Figure 3. The curve with a
broken line is the plot of 4?rr2az)o corresponding to a material
having no structure.

the curve with a superposition of seven Gaussian func-
tions. Actually, such a Gaussian fit is never unique,
except for the very first peak, nor is it justified theoret-
ically. Nevertheless, we adopt it as a useful, practical
way of obtaining approximate areas under each peak,
and the result, obtained by a nonlinear least-squares
computer program, is shown in Figure 6. From the
area of the first peak centered around 3.11 A we obtain
the value of 3.7 for pi3for Cs-0 pairs, which indicates
that there are approximately four oxygen atoms co-
ordinated around each Cs ion at an average distance
of 3.1 A. Among the remaining peaks we assign the
one at 4.5 A as arising from Cs-Cs pairs. This assign-
ment is consistent with the known distances of Cs-Cs
closest approach in crystals® of elemental Cs (body-
centered cubic, 5.25 A), CsF (NaCl structure, 4.24 A),
CsCl JNaCl structure, 4.96 A), CsCl (simple cubic,
7.14 A), Cs acid tartrate (4.11 A), and Rb gluconate
(Rb-Rb = 4.14 A). The value of pu calculated from
the area is equal to 1.3. The coordination of approxi-
mately one Cs ion and four 0 atoms around a given Cs
ion can be interpreted as a strong indication of forma-
tion of a salt pair complex. Evidence for such a com-
plex formation was obtained earlier by Otocka, Hell-
man, and Blyler®on the basis of a rheological study of
an ionomer salt material.

In summary, we conclude that the result of the pres-
ent X-ray diffraction study fails to give any evidence
of formation of clusters of ionic groups of around 15 A
or smaller in size, but shows a strong indication for
dimer formation. Our result cannot discount unequiv-
ocally the possibility of formation of clusters much
larger than 15 A or of clusters of a smaller size in which
ionic groups are only weakly concentrated. But the
latter two possibilities appear remote on thermody-
namic grounds, since, as Eisenbergllhas shown, the un-
favorable entropic effect accompanying cluster forma-
tion can be compensated for only by release of sufficient
electrostatic energy through interactions of ionic groups.
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Figure 6. Attempt is made to estimate the areas under each
peak in the result shown in Figure 5 by fitting a superposition
of Gaussian curves by a nonlinear least-squares program. The
solid circles are experimental results and the heavy line passing
through these points is the sum of the Gaussian curves drawn
with thin lines.
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Appendix

We want to calculate the RDF that we would have
obtained if there were clusters of cations, in order to
compare it with the experimental RDF. We perform
the calculation for a model structure which incorporates
only the features essential for our purpose. Our model
is an assembly of N structural units in volume V, each
structural unit consisting of two types of particles,
heavy (H) and light (L). The average number of par-
ticles nHand rn, in a structural unit, and the number of
electrons in a particle, Zh and Z1, are chosen as follows
to make our model correspond to the ionomer salt sam-
ple.

nH = 0.0209; =1

ZH = 55; ZL = 8.5636

The heavy particles are situated only in isolated spheres
(clusters) of radius R and of volume v = (4 37rffi3 each
sphere containing M heavy particles, while the light
particles are distributed uniformly throughout the sam-
ple (both inside and outside the clusters). The total
number of clusters in the sample is equal to nAN/Mm,
and therefore the average distance d between clusters
is given by

d« (M7/nHV)\W (A

(25) R. W. G. Wyckoff, “Crystal Structures,” Vol. 1 and 5, 2nd
ed, Interscience, New York, N. Y., 1966.

(26) E. P. Otocka, M. Y. Heilman, and L. L. Blyler, 3. Appl. Phys,,
40, 4221 (1969).
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The quantity we are going to calculate is the one
analogous to eq 9, and is defined by

AD(r) = WA hZohh(i) + 22IhZhZIphi(7) (A2)

where ph10) is the probability of finding a light particle
in aunit volume separated by a distance r from a heavy
particle. Because of the finite sizes of our particles, we
assume that a pair of particles cannot approach closer
than a certain minimum distance, vHI° and rH-+. Be-
yond these limiting distances of approach, the particles
are assumed to be distributed uniformly. In this re-
spect our model is only a crude approximation to an
assembly of hard spheres. For phi(t), we have

Pni(r) = 0, r < rH” (A3)

~ pl° r> rHI°

where pi1° is the average density of light particles
throughout the sample. For pnn (r), we have

PHn(r) = 0, r < rHH

(M — 1)/vpla(r/R), rHF < r < 2R (A4)
=021?<r« d

In the second equality in (A4), the factor in brackets
refers to the fact that inside the cluster there are (M —
1) heavy particles (excluding the first particle from
which the distance r is measured) within the available
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volume 3 where (3 allows for the volume occupied by
the first particle.

The second factor a(r/R) is the probability that the
end of avector of length r starting from any point inside
the sphere is still within the sphere, and is given byZ

a(r/R) = 1- (VB(r/R) + (Via(rJK)* (A5)

Using (A5), the volume correction factor /3is obtained
by

f2R
3= 1 4:rr2a(r/R)dr (A6)
J rHHo
or
0=1- (rHH/R)3+ Vi6(rHH°/E)4 -
(VO)(rHH% R)6 (A7)

The last equality in (A4) states the fact that there are
no pairs of heavy atoms which are separated by dis-
tance r larger than the diameter of the cluster but far
smaller than the intercluster distances. For r com-
parable to d or larger, there will be increasing contribu-
tions of phhM from pairs belonging to different clusters,
but we are not concerned with the RDF at large r and
therefore accept (A4) as approximately valid through-
out the range of our interest.

(27) H. H. Paalman and C. J. Pings, Rev. Mod. Phys., 35, 389
(1963).
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Some ion-exchange and isotopic exchange processes have been performed between sodalite and inorganic salts.

These results show the various ions to behave as they do in the case of solid-liquid exchange processes.
quantitative evaluation of such processes has been demonstrated in the case of Na+ isotopic exchange.

The
A new

mathematical solution of Fick’s law was necessary. This is described in an appendix.

Clearfield and Troupl have reported observations
on an ion-exchange process involving two solid phases,
suggesting that such processes might be typical of ion
exchangers in the hydrogen form because of the vola-
tility of the hydrogen compound formed. We have
observed solid-phase exchange processes between soda-
lite in the sodium form and various salts. The re-
sults, mentioned very briefly earlier,2 are described
here in more detail.

The chemical formula of sodalite is Na8[AlI&i824]Cl2.
The material used in this study originated in Bancroft,
Canada; its characteristics were checked by X-ray,
optical, and activation analysis. The cubic lattice had
a lattice constant of a = 8.9 A and the refractive index
was 1.485. Both values agree with those reported in

(1) A. Clearfield and J. M. Troup, J. Phys. Chem., 74, 2578 (1970).
(2) H.W. Leviand W. Lutze, Angew. Chem., 79, 1003 (1967).
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the literature. Determination of Na and Cl gave a
deficiency of 49 + 0.5% owing to impurities that
could not be separated from the sodalite crystals—
rutile, hornblende, carbonates, pyrite, and others.

The technique of the exchange experiments was to
use small spheres (0.2-mm diameter) prepared from
sodalite crystals. After the spheres had been treated
with Na-22 as a tracer, which was distributed homo-
geneously within the sodalite by thermal diffusion,
they were pressed into tablets together with a salt
under a pressure of 14,000 kg/cm2 This arrangement
was chosen to permit quantitative analysis of the ex-
change Kinetics if that should be desired. The tablets
were tempered by heating to temperatures between
400 and 700°. For each run, the temperature was
maintained to an accuracy of +5°. The period of
tempering varied from 2 to 24 hr. After tempering,
the tablets were dissolved in water and the residual
radioactivity in the sodalite was measured. The
degree of exchange was calculated from the difference
in radioactivity before and after tempering.

To make sure that exchange does not result merely
from pressurizing the tablet or from dissolving the
alkali halide away from the sodalite, we ran control
experiments with unheated tablets. In these experi-
ments, radioactive release from the sodalite samples
appeared negligible—say, 1% or less.

Table | shows the results of various ion-exchange

Table I : Results of lon-Exchange Reactions at 400°

Tempering Fraction of Na

Salt period, hr exchanged
LiCl 2 0.98
KCI 2 0.20

24 0.20
RbCI 2 0.05

24 0.05
CsClI 2 0.05

24 0.05

reactions performed at 400°. The Li exchange was
completed in a relatively short time. The other ex-
change processes ceased before completion—evidently
the result of an ion-sieve effect. Such an effect was
to be expected from the crystal structure of sodalite
and had been observed earlier by Orr3 when he in-
vestigated ion-exchange processes between sodalite
and salt melts. Additional evidence of the Na-Li
exchange was found from X-ray patterns indicating a
contraction of the cubic lattice from a = 8.95 A in the
pure Na form to a = 8.72 ,& in the Li form. The de-
gree of exchange could be followed as a function of
time by estimating the ratio of the respective peaks.
Besides the ion-exchange experiments, we ran iso-
topic exchange experiments with NaCl tablets to mea-
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sure the self-diffusion coefficients for Na. The pur-
pose was to find out whether solid-solid exchange mea-
surements were suitable for quantitative as well as
qualitative evaluation. From isotopic exchange be-
tween sodalite spheres and Na salt melts4 and from
diffusion experiments with NaCl single crystals,6 the
self-diffusion coefficients of Na are known; they imply
that the diffusion coefficient for Na should be less in
NacCl than in sodalite.

For the mathematical description of an exchange
process under the conditions maintained in this study,
we consider an initially homogeneous tracer concentra-
tion within a sphere of radius rO surrounded by an
infinitely large medium, into which the tracer diffuses.
One may distinguish three cases with respect to the
relative velocities of diffusion inside and outside the
sphere. The diffusion coefficient inside the sphere
may be (i) much greater than that outside, (ii) approxi-
mately equal to that outside, or (iii) much less than
that outside.

Formulas and numerical values for g(t), the fraction
of tracer particles remaining within the sphere after
time t, are available for case iii.67 For cases i and ii,
however, we found no appropriate formulas in the
literature; we proceed, therefore, to derive them here.

For case i, we assume that inside the sphere, the tracer
concentration does not depend on space but only on
time; outside the sphere, the tracer concentration
c(r, t) follows Pick’s second law

o( t) D1O2[( )| ("
-c(r, = D- — [rc(r, ¢
(0 r Or2 ¢
As boundary conditions we take (with appropriate
units for c)

c(rQ 0 = git) (2)

and the relation between g{t) and c(r, t) due to conserva-
tion of the tracer particles. Then one may obtain the
following equation for g(t) (see Appendix)

2-\/3 I* e~x*KAx 3
Jo 1+ z2+ z4 3)

with
r = 3Dilr@ 4)

where D is the diffusion coefficient outside the sphere
and tistime. If tisnot too large, the numerical calcu-
lation may be performed by using the following de-
velopment (see Appendix)

(3) W. C. Orr and R. Ward, USAEC-Report No. NYO-6653.
(4) H.W LeviandW. Lutze, Phys. Status Solidi A, S, K159 (1971).

(5) D. Mapother, H. N. Crooks, and R. Maurer, ./. Chem. Phys., 18,
1232 (1950).

(6) H. Gaus, Z. Naturforsch. A, 16, 1130 (1961).

(7) K. E. Zimen, HMI-B 16, May 1961; T. Lagerwall and K. E.
Zimen, HMI-B 25, June 1963.
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g(r) —ab+ AN + d2r¥§ + d3r/z + (5)
with
a0= 1 di = —2V3/7T a2= 2
(6)
a3 = — (4/3)\/3]ir a4 = 11/2 ds = 0

where the coefficients a, for v > 4 are given by

2 4 ;
Vv viv - 2) (7)
For large values of r, one may derive an asymptotic
form of eq 3. We introduce x' = zVr as a new

variable, which brings t into the denominator of eq 3.
Then we retain only the largest power of r in the de-
nominator and integrate. Subtracting the result
from eq 3 and repeating the procedure, we get further
terms. After two steps we have

g(r) 8)

For r > 6, the error is less than 0.5%.

In case ii, the concentration c(r, t) is obtained by well-
known methods.8 The fraction of tracer particles in
the sphere at time r is given by

2
W'V I/ exp(—x3dx —

A
A%

with £ = s/3/t and r as given by (4). Numerical
evaluations of eq 5 and 9 were performed by means of
a computer. The results are plotted in Figure 1
This diagram may be used to calculate self-diffusion
coefficients from fractional releases. The condition
HNesodaiite » D MNalNaci, presumably valid in this study,
calls for use of curve 1

However, the two curves demonstrate that there is
not much difference in results when Dinstli/ Ditsick is

Ilﬁa(exp(-m ‘1) - ~exp(—£D + ©)

005n s 014-

Figure 1. Computed curves for the evaluation of
self-diffusion coefficients (after eq 5 and 9).
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Figure 2. Arrhenius plot of self-diffusion coefficients in NaCl:
(3d) this investigation, (O) Mapother (ref 5).

approximately equal to unity (case ii) or when D sige/
-Doutsice greatly exceeds unity.

The self-diffusion coefficients of sodium in NaCl
obtained in this investigation and those obtained by
Mapother6in diffusion experiments with single crystals
of NaCl are plotted against I/T in Figure 2. The
diagram shows that solid-solid exchange performed
under proper experimental conditions is, in principle,
suitable for determining diffusion coefficients in one of
the solid phases.

Appendix

For a derivation of eq 3, we start with the following
solution of (1) and (2).

P+

T
dt | da-—g(t) explia(f — )] X

J-o 27rr
1 g
-— .ﬁ

exp[ - * (1+

For r = rQ, the second exponential is unity and the first
exponential leads to the 8 function 8(t — tr); thus
(2) is fulfilled. Further, the operations of both sides
of eq 1 give afactor ia under the integrals; thus (1) is
satisfied. Concerning the relation between g(t) and
c(r, t), it is convenient to treat the problem from a
more general point of view. We allow creation of
particles inside the sphere at an arbitrary rate /(jf) per
cubic centimeter and per second, and we assume no

particles throughoutatt = —®. Then we have
4it .... 4 a o, . ac(r,
it X U 4:mm3fac(r )\ (A2)
V oér )Eu

By using (2) and (Al), this becomes
1 .
Kt) = -fdt'fdagit'y“1:1'*") (A3)
with

(8) Ph. Frank and R. v. Mises, “Die Differential- und Integralglei-
chungen der Mechanik und Physik,” Vol. 11, Braunschweig, 1935,
X111, eq 49.
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(d = + *1*"Dv. (A9
Equation A3 can be solved for g(t')
9(f) = A -fdf'm ine”"-~W ~A)]-1 (AS)

nr

as one may verify easily by inserting (A5) into (A3)
and integrating first over V.
Now we consider the special case

m = m (As)

which corresponds to the initial condition mentioned
in the text

0(0) = 1 C(r, o) = o (A7)
Then (A5) becomes
gty = J +” (As)
fo
= JJO dJ + conjugate (A9)
In (A9) within the expression (As) for we may re-

place | by B. Then for r > 0 we may continue <)
into the first quadrant of the complex 3 plane, without
a zero of ) in the first quadrant. By integrating
over the closed contour: positive real axis—quarter of a
large circle into first quadrant— positive imaginary axis,
it follows that
j »b» »0
d3+ o + dair
0 «¢Q0

Substituting new variables in the second integral
according to

“nris <A10)
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and expressing the first integral by the second one, we
get finally
g = o) =

+ conjugate

(A1l

For convinience, we omit the bar over g(r). With an
obvious substitution, we arrive at eq 3 of the text.

In order to get a development for numerical calcula-
tion of g(r), we note that according to (3), g(r) satisfies
the following equation for r > 0

~<t9™ + 9yl + f ff(r)dr = (A12)
Furthermore, one may calculate from (All), as re

quired by the initial condition

i70) = 1 (A13a)
and also
(o]
o) <=7 (A13b)
Therefore, we may put in (A12)
J o(r)dr' = O+ bit+
hrh + ...+ by/l2+ (A14)

where from (A12) and (Al3a,b)

lo- 1 6= 0 = —1 63:—Aq;3r (A15)

andforv > 4
(A16)
By applying (—d/dr) to (Al4) and using (Al15) and

(A16), we get the development (5) with eq 6 and with
the same recurrence formula (7) as (A16).
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An average cross section for the title reaction has been computed from certain previously reported hot atom

(photochemical-recoil) data.

The cross section is equal to 1.6 + 0.3 A2 and it is defined as Sr(E)bBr =

fo.35 h'(E)SR(E)dE, where Sr(E) is the corresponding microscopic quantity and h'{E) is a known normalized

distribution function of energies.

Introduction

We have recently employed a photolytic bulb method
to determine the excitation function or translational
energy dependence of the cross section for reaction 1
from threshold (~0.35 eV) to *~2 eV.2 Hydrogen

H* + n-.capio — > Ho + cbdb 9 3

atoms of different well known initial kinetic energies
between 0.3 and 2.1 eV were generated for reaction by
the selective photodissociation of either HI or HBr in
the presence of the reactant3 Those hydrogen atoms
having a kinetic energy greater than the threshold en-
ergy for (1) are termed “hot” atoms and are designated
H*. In addition to reaction 1, the hot hydrogens also
react with the HBr(HI)

H* + HBr —> H2+ Br @)

Unreacted hydrogen atoms that have been trans-
lationally relaxed or moderated below the threshold
energy for abstraction from butane

n-c 4D io H-I-c4>9 3

[V
H* + HBr —> H + HBr 4

are preferentially removed or scavenged by reaction
with the HBr

H+ HBr—> H2+ Br ®

The activation energy for reaction 2 is ~0.1 eV.4 In
the limit of zero HBr, the steady-state HZH D product
ratio is a measure of the competition between moder-
ating (3) and reactive (1) encounters in pure butane.
A knowledge of the nonreactive differential scattering
cross sections for (3), together with the HZH D product
ratio as a function of initial H atom energy, allows one
to calculate the excitation function for (1) over the en-
ergy range sampled experimentally. However, since
very little is known about the magnitude and energy
dependence of the nonreactive inelastic cross sections

for (3), yields were also measured in systems highly
diluted with a rare gas, xenon. Then by suitable ex
trapolation of the yield data, the competition between
translational energy degradation and chemical reaction
could be referenced effectively to an “elastic scattering”
medium.2s Thus the computation of the excitation
function only requires a knowledge of the H-Xe po-
tential.

Here, we calculate from some of the moderator data
an average or phenomenological cross section for reac-
tion 2. The yield dataz from the reaction of H atoms
of 1.7 eV initial energy are employed, and thus this
cross section represents an average of the microscopic
quantity over the 0.35-1.7-eV collision energy range.

Method and Calculations256

A quantity of special interest in a three-component
HBr-C4Di0Xe system is the limiting integral reaction
probability. It is experimentally defined at a par-
ticular (") source kinetic energy as

7RPS(H*-CDY = lim F°/(XcDm) 6)
X ¢jDio»O  -X CADI0
FoCXcdJ is the HD vyield as a function of butane
mole fraction, Xc,Di0 Since the Xhbff X odio is nor-
mally maintained constant, both X Hor and X cd» tend
to zero with increasing Xe content. Expression 7
relates this experimental quantity to the excitation
function Sk(E)cdo for (2).

(1) This work was supported in part by the U. S. Atomic Energy
Commission through funds provided under Contract AT (30-1)-905.

(2) R. G. Gann, VI. M. Ollison, and J. Dubrin, J. Chem. Phys., 54,
2304 (1971). References to other photochemical-recoil studies are
contained in this reference.

(3) A. Kuppermann, J. Stevenson, and P. O’Keefe, Discuss. Faraday
Soc., 44, 46 (1967); R. N. Porter, J. Chem. Phys., 45, 2284 (1966).

(4) 1. Amdur and G. G. Hammes, “ Chemical Kinetics: Principles
and Selected Topics,” McGraw-Hill, New York, N. Y., 1966.

(5) R. G. Gann, W. M. Ollison, and J. Dubrin, J. Amer. Chem.
Soc., 92, 450 (1970).

(6) C. Rebick and J. Dubrin, J. Chem. Phys., 53, 2079 (1970).
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IRPO(K *-CDig =

PSeM c*. P ni(pTXeG{EUE)AEEE (7)
EOis the threshold energy, 0.35 eV, for (1). The quan-
tity no'(PDxe is the H-Xe collision density function
evaluated in the limit of zero butane, and <S(£I) is the
H-Xe total scattering cross section. G(Ei,E) is a
known, normalized distribution function of relative
kinetic energies E between an atom of laboratory en
ergy Ei and a target gas having a Maxwellian velocity
distribution. Since the source energy used here is
substantially greater than EO and since the masses of
CaDioand Xe are much greater than that of H, we can
simplify (7) with negligible errors

/i?P0'(H*-C4DY) = f'7~"~"SR(iOc.DIdE (8

Jo.35

In these moderator studies, the H2ZHD product
ratio was also determined as a function of the [HBr}/
[C4D10] composition ratio at fixed moderator content,2
i.e., IXe]/([C4Dio] + [HBr]) = constant. The mea-
surements were conducted at Xe nmole fractions of 0,
0.94, 0.96, 0.98, and 0.985. The H2HD ratio was
linearly dependent on the [HBr]/[RD] ratio and within
experimental error the slopes m' of such plots were
equal to one another. The finding that m’ is indepen-
dent of Xe content suggests the energy dependence of
the collision density is about the same for the moder-
ated and unmoderated media. In any event, it is very
reasonable to identify the slope measured at very high
moderation with that in the limit of pure rare gas.

The limiting slope mO is equal to the ratio of the
limiting integral reaction probabilities for reactions 1
and 2

, = JfliV(H*HBr)

m ~ JIgly (H*-C D) GO)
and by analogy to (8), we may write
IRP</(H*HBr) = r & o W 1)

J 0.35
where «S-CZbi is the excitation function for (2). At
the initial energy 17 eV, the slope m' (= mQO) is
34 + 0.6 and the corresponding JPP0'(H*-C4D1) is
345 + 0.10.2 Using (10), we then find

JPPO'(H*-HBr) = 117 + 2.3 (12)

As discussed at length elsewheree7 little error is
involved in representing no'(F)xe in (11) by the asymp-
totic form given by
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NO(E)e = f S(E)X[QE)E VKTQEDE\  (13)

and thus expression 11 is given by
/PP, (H*-HBr) =

" SnE)HRIQE)XE - I KTQE)XE-'dE  (14)
2/iJo.35

The mass M is the sum of the H and Xe masses; 1 is
the reduced mass of this pair; Q(E)>e is the H-Xe
momentum transport cross section and is calculated
from the H-Xe repulsive potential. The average cross
section for reaction 2 then follows from (14)

S-r(E)ust —

P SRPHBIQPNEP - */KTQE)XE]-'dE

(15a)
f MQE)XE -* | KTQ(E)Xe]~'dE
ZPPOAHAHBT)
(15b)
(?) f ME)XE - *KTQE)Xe]-'dE
\2/t/ J 0.35

Q{E)>e is computed from the potential measured by
Fink and given in ref 2

Q(F)xe = 134P~°-F A2 (16)
Using (16) along with (12), we find from (15b)

MiOrofF= 16 + 03 A2 17

(The bath temperature, T, is 296°K.2
For convenience, expression 15 is written in terms of
a normalized distribution function of energies, h'(E)
/=1.7

S rCEOhbF _ Sn(E)WBIh'(E)dE (18)

J0.35

h(E) = [QEXE - *KTQ(E)Xe] 19)
[QEeE - IKTQ(E)Xey ,dE
= 0.65P°-31B - 0.04]-1

The distribution function is shown in Figure 1.

Discussion

Martin and Willard (MW)8 have measured the
relative amounts of H2and HD fromreaction of 2.9-eV H
atoms with HBr-D2 mixtures (H + D2-mHD + D).
From an estimate of the average number of moderating
collisions a hot hydrogen undergoes with D2 in the 0.4-
2.9 eV interval, they determined an average reaction

(7) The rapid approach to asymptotic behavior is a result of the
very small fractional energy loss inan H-Xe collision. A more exact
form which gives the functional dependence of the “high energy
tail” (no'(E)xe above 1.7 eV) is found in the thesis of R. Gann (also
see ref 6).

(8) R. M. Martin and J. E. Willard, J. Chem. Phys., 40, 3007 (1964).
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Figure 1. The distribution function h'(e) given by expression
19 in the text.

probability, p(E), for (2) ever the same energy inter-
val. When p(E) is multiplied by the H-HBr colli-
sion cross section employed by the authors in their
calculation, one obtains an average reaction cross sec-
tion of 7.5 A2 A direct comparison of our cross sec-
tion with MW's is not possible since the initial energies
are substantially different. However, we strongly
believe that their value is too large. In the MW analy-
sis, a hard-sphere (elastic) potential was used to com
pute the average fractional energy loss that a hot hydro-
gen atom suffers in a moderating collision with D2
In actual fact, the H-D2 repulsive potentialo is much
“softer,” and in the potential energy range of interest
it can be represented adequately by an inverse power
form

F(Nhd, = ) C= 17eV A4 (20
With the above potential, we find the average frac-
tional energy loss e to be substantially less than pre-
dicted by a hard-sphere potential, e.g.,, at E = 15 eV,
I —0.07 as opposed to the hard-sphere value of 0.32.
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Since the number of moderating collisions is inversely
dependent on g it can be reasoned that the MW cal-

culation overestimates p(E) and thus Sr(E). More-
over, as calculated in their manner, these values are
not that meaningful—the actual distribution of colli-
sion energies in the H-D2 system is essentially unspeci-
fiedo The calculation of the steady-state collision
density requires a prior knowledge of the excitation
function for H + D2* HD + D. On the other hand,
the average or phenomenological cross section derived
here (0.35-1.7 eV), is defined in terms of a known dis-
tribution function h*'(E). It is of interest to note that
if an i of 0.07 for the H-D2system is used instead of the
hard-sphere value, the MW treatment results in an
average cross section of 1.5 A2 for (2). This is essen
tially equal to the value found here for 1.7-eV H atoms.
This close agreement suggests that the cross section for
(2) (on the average) does not rise in passing from 1.7
to 2.9 eV. Obviously this and any further interpreta-
tions require assumptions about the relative steady-
state collision densities and excitation functions (see
previous paragraph).

It certainly would be desirable to determine Sn(E)imr,
using the photochemical recoil method. For this pur-
pose, one needs to measure the limiting slope, defined
by (9), at various initial energies. The subsequent
analysis is quite straightforward. Although we have
reported measurements for 1.2 and 2.1 eV initial en-
ergy,2 the experimental errors are such that little can
be reached conclusively about the energy dependence
of (2) in this interval. More accurate measurements
are planned.

(9) K. T. Tang and M. Karplus, J. Chem. Phys., 49, 1676 (1968);
R. Nelson, Ph.D. Thesis, Massachusetts Institute of Technology,
Cambridge, Mass., 1968.

(10) Given the average fractional energy loss, one may easily calcu-
late the average number of moderating collisions a hot atom makes
over a specified energy interval. However, the collision density is
desired, if one wishes to compute the average cross section from a
prior knowledge of (»R(I?)HBr; (.e., no meaningful comparison of
experiment with theory is possible without this information.
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A model for the growth of radical concentrations in solids undergoing irradiation is developed assuming three
processes known to be important in several systems: (1) a constant radical production rate, (2) nonexponential
first-order thermal decay of radicals formed at a particular time, and (3) radiation-induced decay proportional

both to the dose rate and the number of radicals present at a particular time.

The model is then applied

with satisfactory results to the growth of ethyl radicals in y- or (3-irradiated ethyl iodide glass at 77°K.

The production and decay of radicals produced in
solids by radiation is a highly complex process in many
situations, although in a few cases radical disappear-
ance following irradiation appears to follow simple
first- or second-order kinetic laws.2’3 In several other
cases, complex first-order thermal decay has been ob-
served, i.e.,, decay is nonexponential in character, but
the fractional decay rate at a given time after radia-
tion has ceased is the same for systems with widely
varying initial concentrations.s-5

While study of decay rates of radicals following ir-
radiation provides information on thermal processes
for removal, additional removal mechanisms can occur
during irradiation, so-called “radiation-catalyzed” de-
cay processes.4-8 The nature of these can be inferred
from studies of growth curves of the radicals under
various conditions, and, in the absence of thermal de-
cay, the mathematical description of such curves is
well understood in many cases.6

An analysis of such growth curves in the presence of
thermal decay is presented here assuming (1) a con-
stant rate of radical production, (2) complex first-order
decay of radicals formed at a particular time, and (3)
radiation-induced decay which occurs only during ir-
radiation and which is proportional to the dose rate
and to the number of radicals present at a given time
t Also discussed is the application of this model to
a particular system, that of ethyl radicals produced by
7 or £ irradiation of glassy ethyl iodide at 77°K.

Development of the Model

Assuming complex first-order thermal decay, we
let the decay of the set of radicals produced by irradia-
tion during a given short time interval At be given by

N = Nof(r) (1)

or, in differential form
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dAT/dr = Nof(t) @)

where r = 0 is the time of formation of the set. Often,
/(r) can be evaluated experimentally from the decay
of radicals produced by a sufficiently short period of
irradiation. In cases where radiation-induced decay
is unimportant, the net rate of production of radicals
during irradiation then becomes

t/At

drifdt = R+ z Nofir) =R + £, (RM)GAD) (3)

all
sets

where p = the total number of radicals, R = the radical
production rate, and t = the time from the start of
irradiation. As At approaches 0, the summation may
be replaced by integration and eq 3 reduces to

dv/dt = R + f f(t)Rdt = Rf{t) @)
Jo

The integrated form showing the change in total radi-
cals as a function of time is then

VZJ’ORf’\dt N

To include a simple model for radiation-induced
decay in this analysis, we first assume that the popula-

(1) Address correspondence to the author at the Advanced Study
Program, National Center for Atmospheric Research, Boulder,
Colo. 80302.

(2 R. F. C. Claridge and J. E. Willard, J. Amer. Chem. Soc., 87,
4992 (1965).

(@) W. G. French and J. E. Willard, J. Phys. Chem., 72, 4604 (1968).
(4) M. Shirom and J. E. Willard, ibid., 72, 1702 (1968).

(5) H. W. Fenrick, N. B. Nazhat, P. J. Ogren, and J. E. Willard,
ibid., 75, 472 (1971).

(6) W. Snipes and P. K. Horan, Radiat. Res., 30, 307 (1967).

(7) V. K. Ermolaev and V. V. Voevodsky, Proc. Tihany Symp.
Radiat. Chem. 2nd, 2, (1967).

(8) P. J. Ogren and J. E. Willard, J. Phys. Chem., 75, 3359 (1971).
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tion in set N, decaying by a complex first-order thermal
process, consists of subsets nt decaying according to
simple first-order laws

N(o = = )i(’\o,ie-x’\’: N(r) (6)
If one now includes radiation-induced removal in each
subset which is proportional to the dose rate and to
the number of radicals n*present at agiven time, then the
decay rate in a subset becomes

drii/dr = —Xn, — aRrii = —(\4+ aR)nt (V)
and (6) becomes
N = X7o,ie~(Xi+‘Rr = e-ocRr © Vd)ie-Xir =

i i

NG (r)e-°«T (8)

The assumption of a constant a for all subsets here is
equivalent to the assumption that radiation-induced
decay is proportional to the total number of radicals
present. The latter assumption, in the absence of
thermal decay, leads to growth curve analyses sum-
marized by Snipes and Moran.6

Since (8) is now of the same general form as (1), a
comparison of (8) with (1) and (5) shows that, for radi-
cal growth accompanied by radiation-induced decay

v®) = R § e-aRmdt ©)

The assumption leading to eq 6 is physically reason-
able for some systems, where radical decay is thought to
proceed by geminate recombination of reacting part-
ners, with small variations in the relative location of
the partners accounting for complex first-order decay. 3-5
For other models of first-order decay, such as recombina-
tion of radicals in isolated spurs,9 the assumption is
not physically reasonable. Mathematically, however,
eqg 6 is still valid for many such cases. To illustrate for
the continuous case, if we write

we then have an equation which claims to represent
/(r) as a continuous sum of exponential terms (P(x) is
a normalized probability distribution function). How-
ever, P[x) is now seen to be the function whose Laplace
transform is /(r), with the existence of P(x) being a
sufficient condition for the validity of the treatment
leading to (9). Reference to a standard table of such
transforms indicates that P(x) is defined for a wide
range of functions/(r) of potential interest in the pres-
ent problem» If P is defined, it is automatically
normalized, since/(0) = 1.

Application of the Model to Ethyl
lodide Glass at 77°K

Ethyl radicals in ethyl iodide glass at 77°K decay
thermally following y irradiation according to a complex
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Figure 1. Calculated and experimental growth of ethyl radicals
in glassy ethyl iodide at 77°K; 2 X 10BeV g_1min-1y

dose rate; G = 2; R = 1.3 X 10-3 mol % min-1; a =

14.5 mol % -1.

first-order lawss An empirical equation satisfying the
decay isn

N = Nof(r) =
0.37 0.63
@+ 30X 10-2r+ 1+ 23 X 10-3)r

where r is in minutes. During the cobalt-60 y ir-
radiation at 2 X 101eV g-1 min-1, the growth of ethyl
radicals reaches a plateau rather quickly, as seen in
Figure | .22 The fact that this plateau is reached much
more rapidly than would be predicted from eg 5 and 11
suggests the operation of radiation catalysis, asuggestion
supported by other more direct evidence as wells
Since (10) is defined for this empirical decay equation,
eq 9 can be applied. Equations 9 and 11 have been
used to compute the solid line shown, using parameters
of R = 13 X 10-3 mol % min-1, a — 14.5 mol % -1.
Computations were carried out using a Hewlett-Pack-
ard 2114B computer.

It should be noted that the experimental initial
growth rate of Figure 1 is only about 1.03 X 10-3
mol % min-1. This discrepancy with the R value used
results principally from the radiation catalysis, with a
smaller contribution from the fast-decaying first term
ineq 11. This factor can significantly affect G values
measured from experimental initial growth rates in
this systemsg13 It should also be noted that, at
sufficiently high dose rates (and hence radical concen-
trations), radiation catalysis is the limiting factor for
radical growth, as is observed for many systems in the
absence of thermal decays For a = 14.5 mol % -1,

(9) A. H. Samuel and J. L. Magee, J. Chem. Phys., 21, 1080 (1953).

(10) For a more general discussion of some conditions under which
P{x) is defined, see W. R. LePage, “Complex Variables and the
Laplace Transform for Engineers,” McGraw-Hill, New York,
N. Y., 1961, Chapter 10.

(11) For further details, see P. J. Ogren, Ph.D. Thesis, University
of Wisconsin, 1968.

(12) Experimental data from ref 5, 8, and 11.

(13) P. B. Ayscough and C. Thompson, Trans. Faraday Soc., 58,
1477 (1962).
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Figure 2. Calculated and experimental ethyl radical growth
in tritiated ethyl iodide glass at 77°K: (a) 10 Ci ml-1; (b)
0.12 Ci ml“1

Figure 3. Calculated and experimental values of R/rj, as a
function of dose rate; 10 Ciml.1 = 6.6 X 10w, €V g-: min-1.
For 7 irradiation at 2 X 101 eV g-: min-1, calculated R/ym =
0.0216 min-1, experimental R/ri, = 0.0198 min-1.

the limiting concentration of radicals even in the ab-
sence of thermal decay would be about 6.9 X 10-2
mol %, a value nearly reached in the present example.

The growth of ethyl radicals using tritium ft radiation
has also been studied in this system.g<11  Assuming that
complex first-order thermal decay competes with
growth, one would predict that the shapes of the growth
curves would be independent of dose rate, but dose
rate dependence is in fact observed implying additional
radiation-induced decay. Figure 2 illustrates this
point for growth curves of 10 Ci ml-1 (6.6 X 1015
eV g-1 min-1) and 0.12 Ci ml-1 trititated ethyl iodide
samples. The solid lines are computed using (11),
the a value found for the 7-irradiated system, and the
appropriate R value assuming G(ethyl radicals) = 2
Although the agreement between experimental and
calculated curves is satisfactory only in a qualitative
sense, there are several sources of uncertainty both in
the experimental data and in the matching procedure.
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Comparison with directly determined experimental
concentrations, as in Figure 2a, must allow for fairly
large uncertainties in esr intensity and calibration
measurements. In the case of Figure 2b, the exper-
imental concentrations were assigned by assuming that
the slope of the computed curve at 10 min matched
the experimental initial growth rate of the esr signal.
Owing to the very low dose rate, however, the “initial”
experimental growth rate could be determined only after
about 100 min.g If, as computer calculations suggest,
the growth rate at 10 min is about 25% higher than
that measured at 100 min, then matching of the com-
puted and experimental data at 100 min would lower
the experimental points of Figure 2b by about 20%.
The directly measured concentrations, with still higher
inherent errors due to very low esr signal levels, are
about 50% lower than the points of Figure 2b.

Finally, the values of Riri«, for ethyl radicals in sev-
eral tritiated samples are plotted as a function of dose
rate in Figure 3 together with the calculated curve.
The calculated curve, again based on (9) and (11),
approaches zero at R values much less than those used
experimentally. For values of aR > 10-3 min-1,
numerical integration of (9) could be efficiently em-
ployed to calculate 4, For much lower values of
aR, however, convergence of this integral is very slow,
and numerical evaluation using the standard formula

1e~ax » n

("= (12)
was employed. The computed R value was based on
the calculated radical concentration at 10 min, to cor-
respond with the earliest times of experimental evalua-
tion of initial radical growth. This compensates
somewhat for the discrepancy between theoretical
R values and the early initial slopes mentioned above.
Figure 3 gives a realistic idea of the scatter to be ex-
pected for these particular experimental data.

In summary, the parameters chosen empirically to
account for the growth curves of ethyl radicals in the
7-irradiated ethyl iodide system also serve reasonably
well to predict the behavior of the /3-irradiated system
at dose rates which are as much as four orders of mag-
nitude lower. This indicates that the mathematical
model used for this system is reasonable and also sug-
gests that for this system there is little difference in the
effects of 7 and ft irradiation. The actual mechanism
of radiation-induced decay in the system remains un-
certain, although several possibilities have been dis-
cussed elsewheres

Acknowledgment. | am grateful to Professor John
E. Willard for useful discussions regarding this work.
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Ultrasonic attenuation in solutiors of the isonreric aminobenzoic acids in methanol, water, acetone, and meth
anol-water mixtures has been neasured as a function of frequency, tenperature, and pH.  Relaxation spectra
calculated from Eyring and Eigen's values of the rate constarts for dissoc ation and recombination in the
aminobenzoic acids, and related binolecular rate constants estimated from the Debye-Smoluchowsky theory,
give a satisfactory account of the frequency and pH dependence of acoustic absorption in agueous solution.
Only in the case of o-amindberzoic acid in nonagueous solvents s it found necessary to postulate a direct
uninolecular mechanism of intermal proton transfer.  For o-aminobenzoic acid in methanol and acetore the
principal source of excess acoustic absorption gppears to be perturbation of the classical  2witterion equi-
librium  Qur results inply a forward rate constant kt — 1 x 107 sec-1, a reverse rate constant kb = 14 x

108 sec-1 and an activation energy derived from the temperature dependence of kb of 8 kcal/mol.  The starr
dard volume change in nethanol for fomeation of the 2witterion from the dassical form of o-aminobenzoic

acid is found to be —32.4 crmdmol.

I. Introduction

The kinetics of the diffusion-controlled proton-
transfer reactions of amino acids and simple polypep-
tides have been fairly extensively investigated.1-3
There is not a comparably large body of data on the
rates of internal charge-transfer reactions

hi
RH ZH (1)
Ab

where ZH represents the zwitterionic and RH the clas-
sical form of an amino acid or simple peptide.

Of course it is always possible that the reaction repre-
sented by eq 1 proceeds by a diffusion-controlled dis-
sociation followed by a diffusion-controlled recombina-
tion or by a pure bimolecular mechanism and thus that
the rate constants which appear in eq 1 are implicit in
the kinetics of a series of related bimolecular reactions

hi

Z-+ H+ RH (2)
fob
kit
Z- + H+~ ZzZH (3)
tab
taf
RH + H+ HRH+ (4)
tab
taf
[+ + OH-7™ HD (5)
tab
taf
ZH + H+"™ HRH+ (6)
tab
taf
HRH+ + Z- 2RH (7)
tab

taf
HRH+ + Z- ~  27ZH ®)
tab
8of
HRH+ + RH ZH + HRH+ ©
Asb
feiof
Z- + RH ZH + Z- (10)
Al

However, there remains the possibility of more
direct transfer through intramolecular hydrogen bonds
or solvent bridges, particularly in nonaqueous solvents
and in amino acids and proteins near physiological pH
where the concentrations of H+ and OH- are low and
the processes representec by eq 2-10 are of necessity
slow.

We have attempted to measure the rates of the
proton-transfer reactions of the isomeric aminobenzoic
acids in water, methanol, acetone, and water-methanol
mixtures as a function of pH and temperature. Only
in the case of o-aminobenzoic acid dissolved in acetone
and methanol is it necessary to postulate a direct in-
ternal proton-transfer mechanism to account for our re-
sults.

11. Experimental Sectioi and Results

A. GCereral. In the absence of significant disper-
sion the excess acoustic absorption, a, due to a single
process with relaxation time, «, may be expressed as a
function of the frequency (/) by4

(1) M. Eigen and L. de Maeye’', “Technique of Organic Chemistry,”
Vol. V111, part Il, A. Weissberger, Jr., Ed., Wiley, New York, N. Y.,

1961.
(2) M. Eigen and E. Eyring, Amer. Chem. Soc., 84, 3254 (1962).

(3) K. Applegate, L. J. Slutsky, and R. C. Parker, ibid., 90, 6909
(1968); R. D. White, L. J. Slu;sky, and S. Pattison, J. Phys. Chem,,
75, 161 (1971).
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a Ct H
f =1+ (2xr)2 (H)

For the process represented by eq 1

C = 2irpCoV*RTTM[(BAH/CWRT) - (AV/VRT)]2

Tu = MoKJ{1 + K2 (12)

where pis the density, o the velocity of sound, V the
volume per mole of solution, /3 the coefficient of thermal
expansion, Cp the molar heat capacity at constant
pressure, MOthe total molar concentration of the amino
acid, and AH and AF the enthalpy and volume changes
for the process in question4 and Kz = kffkh is the
equilibrium constant for eq 1L The relaxation time in
terms of the rate constants of eq 1 is given by4

1

kf + fcb (13)
For a complex series of equilibria such as that repre-
sented by eq 2- 10, the total absorption will be the sum
of anumber of terms of the formofeq 11.

The experimental technique used here has been de-
scribed previously.3 The only significant alteration
has been to increase the diameter of the active portion
of the transducers to 2 in. with a consequent consider-
able improvement in the accuracy of measurement in
the 3-7-MHz range. However, to determine r ac-
curately even for a single relaxation it is still necessary
to obtain data both at frequencies well above and well
below the relaxation frequency (1/2xt). In the range
of frequencies accessible to us (3-100 MHz) we are able
to meet this condition only for o-aminobenzoic acid.

B. Results in Methanol and Acetone. Plots of a//2
\s./ for o, @, and p-aminobenzoic acids in methanol
at room temperature are given in Figures 1 and 2. Re-
sults for o-aminobenzoic acid in methanol at room tem-
perature and 0 ° are given in Figure 3 as are room tem-
perature results for acetone. Equation 11 gives a sat-
isfactory account of the data obtained in pure methanol
and acetone, and there is no reason to believe that more
than one process makes a large contribution to the ab-
sorption. The identification of this one process is the
first and principal interpretative problem.

Values of C and r deduced from a least-squares ad-
justment of the constants of eq 11 are given in Table |
as are concentrations, temperatures, measured values
of the velocity of sound, and values of the other ther-
modynamic parameters which appear in eq 12. The
standard volume changes listed in Table 11l are de-
duced from the measured values of C and eq 12 as-
suming that |JAF/F] > YAH/Cp\to resolve the am-
biguity in the sign of the square root. This assump-
tion will be justified in the Discussion.

C. Results in Water. Owing to the low solubilities
of the aminobenzoic acids in water and the consequent
low value of the excess absorption at low frequency we
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R. D. White and L. J. Slutsky

200-
C 150-
? 100

° o *

- o

. - »
30-
25 45

f in MHz

Figure 1. Frequency dependence of the acoustic absorption
at 25° for 0.5 M o-aminobenzoic acid in water, methanol, and
water-methanol solutions. In the lower panel: «, methanol;
O, 0.125 volume fraction HD; A, 0.250 HD. Results for

A, 0.50 HD, and m, water, are given in the upper panel in the
form of a plot of the excess absorption divided by the molar
concentration vs. f. The data for methanol are reproduced

in the upper panel to facilitate comparison of the scales.

200-

2000-

1000-

25 4 T 76
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Figure 2. Frequency dependence of the excess acoustic
absorption per mole at 25° for para (upper panel) and meta
(lower panel) aminobenzoic acids in methanol and
water-methanol solutions. Upper panel: A, methanol; 0,0.50
HD; lower panel: A, methanol; *,0.25 1120; O, 0.417 HD.

(4) K. F. Herzfeld and T. A. Litovitz, “Absorption and Dispersion
of Ultrasonic Waves,” Academic Press, New York, N. Y., 1959.
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Table I: Kinetic and Thermodynamic Parameters for o-Aminobenzoic Acid
c X 108, Cp/’°
T M. r X 10~ nepersec/ Co X 10-5, v,a R X 10, cal/ Pa
Solvent °C mol/1. sec cm cm/sec cm3 °K-> (mol °K) g/cm3
Methanol 25 0.25 0.76 3.9 1.140 40.7 1.20 195 0.787
Methanol 25 0.5 0.69 8.6 1.156 40.7 1.20 19.5 0.787
Methanol 0 0.5 1.8 3.3 1.240 39.5 1.15 19.5 0.810
Acetone 25 1.0 0.77 8.5 1.235 73 1.49 29.9 0.792

“ See D. E. Gray, “American Institute of Physics Handbook,” McGraw-Hill, New York, N. Y., 1951.

f in MHz

Figure 3. Frequency dependence of the excess acoustic
absorption in 0.5 M solutions of o-aminobenzoie acid in
methanol at 25° (solid circles) and 0° (squares). The open
circles and right-hand scale give the experimental results for
o-aminobenzoic acid 1 M in acetone at 25°. The continuous
curves are generated from eq 11 using the

parameters in Table 1.

can determine neither C nor r with an} accuracy.
However, the velocity of sound and hence the apparent
acoustic losses due to diffraction are relatively inde-
pendent of pH, and the variation of the absorption with
pH at a fixed frequency can be determined far more ac-
curately than the frequency dependence of the absorp-
tion. In the case of o-aminobenzoic acid Eggers,s6 in an
apparatus designed primarily for work at low fre-
quencies, has determined the attenuation in 0.03 M
aqueous solutions between 0.4 and 16 MHz. His re-
sults and the results of this work (9-41 MHz) are dis-
played in Figure 4. The experimentally determined
pH dependence of the absorption at 54 MHz in solu-
tions of the meta and para isomers is given in Figure 5,
and a/p vs./ for ©o and p-aminobenzoic acid is plotted
in Figureé.

D. Results in Methanol-Water.
display the excess acoustic absorption as a function of
frequency and solvent composition for o, o, and p-
aminobenzoic acids. Values of C and r deduced from a

Figures 1 and 2

Figure 4. Excess acoustic absorption per wavelength for
0.03 M aqueous solutions of o-aminobenzoic acid at 25° and
pH 3.5 as a function of frequency. Open circles represent the
results of this work; solid circles are the results obtained by
Eggers.6 The broken curve is calculated using reactions 2-6
as the basis set with the thermodynamic and Kinetic
parameters set forth in Tables Il and IVV. The solid curve
includes reactions 2-10 in the basis set.

Figure 5. Excess acoustic absorption in 0.02188 M aqueous
solutions of m-aminobenzoic acid (upper panel) and 0.0248 M
p-aminobenzoic acid (lower panel) at 25° and 5.4 MHz as a

function of pH.

least-squares fit of eq 11 to the data are given in Table
1.

(5) F. Eggers, Acustica, 19, 323 (1967/68).
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Table I1: Kinetic and Thermodynamic Parameters for the Aminobenzoic Acids in Methanol-Water Solutions at 25°
C X 10%
Mo, T X i0*, nepersec/ @ X 10'*, p’° V,a R X 10»° Cp,b
Isomer mol/l. Solvent composition sec (mol cm) cmisec g/lcm3 cm*/mol “K cal/mol
(@) 0.5 0.125 Hi0-0.875 MeOH 0.9 + slow 20 1.273 0.838 35.5 1.2 19.4
0 0.5 0.25 Hi0-0.75 MeOH 1.4 13 1.350 0.870 31.4 0.99 19.4
0 0.15 0.50 H2-0.50 MeOH 3.8 120 1.513 0.929 25.3 0.81 19.8
m 0.125 0.25 HiO-0.75 MeOH 2.3 17 1.362 0.870 31.4 0.99 19.4
m 0.083 0.417 H2-0.583 MeOH 2.6 40 1.478 0.912 27.0 0.94 19.7
Vv 0.222 0.50 H2-0.50 MeOH 2.9 8 1.513 0.929 25.3 0.81 19.8
° Landolt-Bérnstein,“ Zalenwerte und Funktionen 6 Auf,” 11. 1, 851, Springer-Verlag, New York, N. Y., 1971. 6J. Timmermans,

“Physico Chemical Constants of Binary Systems,” Voi. 4, Interscience, New York, N. Y., 1960, p 169.

Figure 6. Frequency dependence of the excess acoustic
absorption divided by the molar concentration for 0.0248 M
aqueous p-aminobenzoic acid at pH 3.56 (open circles) and
0.02188 M m-aminobenzoic acid at pH 3.85 (solid circles).
The broken curve is calculated for the para isomer from the
parameters in Tables 111 and 1V using the complete basis set
(eq 2-10). The solid curve represents the result of an
equivalent calculation for the meta isomer.

A single Debye relaxation will not give a satisfactory
account of the frequency dependence of the excess at-
tenuation in solutions of o-aminobenzoic acid in 12.5:
87.5 water-methanol. A high-frequency relaxation at
18 MHz (presumably corresponding to the process re-
sponsible for the 21 MHz relaxation frequency in pure
methanol) and a second relaxation at an ill-defined
frequency below the lowest measuring frequency will
describe the data within experimental accuracy. As
the percentage of water is increased, the lower fre-
guency process becomes more prominent, obscuring the
rather weak absorption associated with the high-fre-
quency relaxation. For the meta and para isomers the
weak lowfrequency absorption process in pure meth-
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anol is enhanced and shifted to higher frequencies by
the addition of water.

I11. Discussion

A. Thermodynamics. From a study of the fre-
quency dependence of a//2 it is possible in favorable
cases to evaluate C and r directly. To proceed to the
evaluation of individual rate constants and standard
volume changes it is necessary to know the equilibrium
constants and standard enthalpy changes. Values of
ionization constant {Ki) and heat of ionization (AHj)
for the isomeric aminobenzoic acids in aqueous solution
are knownes-s8 Cohn and Edsall& have discussed the
calculation of the equilibrium constants for the reac-
tions represented by eq 1, 2, and 3 from the observed
ionization constants of the acids and their esters.
Their results for Kz are given in Table 111.  The equi-
librium constant for the ionization reaction as deter-
mined directly by titration may be expressed in terms
of the equilibrium constants for eq 2 and 3 as& (1/Ai) =
Ki + Kz and the value of AHi obtained from the tem-
perature dependence of K\ is AHi = —(AH2+ AH3 +
Ki{K2AH3+ KsAH2. To estimate AH2and AHzit is
necessary to further assume that the effect of a substitu-
ent on the pK &of a substituted benzoic acid is primarily
an effect on the enthalpy of ionization.& With this as-
sumption AH2 can be deduced from K2and the heat of
ionization of benzoic acid and AH3 calculated from
AHi. The heat of formation of the zwitterion from the
classical form is then given by AHz = AH3 — AH2
Values of AHz so calculated are given in Table Il1.
The AH for ionization of the ethyl ester of the acid
should be very close to —AHt. The values of Kz and
AHZz in nonaqueous systems have been estimated with
the aid of the expression developed by Scatchard and

(6) R. A. Robinson and A. I. Biggs, Aust. J. Chern., 10, 128 (1957).

(7) H. C. Saraswat and U. D. Tripathi, Bull. Chem. Soc. Jap., 38,
1555 (1965).

@®) (@ E. J. Cohn and J. T. Edsall, “Proteins, Amino Acids, and
Peptides as lons and Dipolar lons,” Reinhold, New York, N. Y.,
1943, p 97; (b) J. Christensen, D. Wrathall, R. Izatt, and D. Tolman,
J. Phys. Chem., 71, 3001 (1967).
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Table 11l1: AH° and AF° of lonization and Zwitterion Formation for the Aminobenzoic Acids a:;, 25°

Isomer Solvent Affi0 Aff2 Affs® Aff2 AVH AVib  Avs6 AVi6  pki pffz P pKz PK\
Ortho Aqueous 6.091 -1.48 —12.8 —11.3 -12.6 95 -3.1 9.5 5.125 0.70 -4.92 -4.22 -2.79
Meta Aqueous 9.665 -0.59 —12.3 —11.7 -11.0 10 -1.0 10 4.90 -0.36 -4.27 -4.63 -3.20
Para Aqueous 3.938 -1.40 -14.5 -13.1 -11.4 94 -2.0 9.4 4.95 0.83 -4.86 -4.03 -3.21
Ortho Methanol -10.7 -32.4 1.2

° Units: kcal/mol. bUnits: cm3mol.

Kirkwoodo for the change in electrostatic energy (A4>)
when a dipolar ion is transferred from water to a
medium of dielectric constant A -

p n ri n
U r] La. a J

The Scatchard-Kirkwood model of the zwitterion
consists of two spheres of radius b with centers sep-
arated by adistance R. We have calculated R from the
known molecular geometry assuming that the center of
charge of the carboxyl group resides halfway between
the two oxygens and that the center of charge of the
-N H 3 group lies in the center of the triangle formed by
the three hydrogen atoms. A distance appropriate to
an N-H—0 hydrogen bond (2.7 A) was used for b. N
is Avogadro’s number and e is the electronic charge.

B. Water. The low solubility of the aminobenzoic
acids and consequent low absorption in water makes it
impracticable to determine the relaxation time as a
function of concentration and thus to conclusively dis-
tinguish between unimolecular and more complex
mechanisms.  Thus, the identification of the process or
processes which lead to the observed frequency and pH
dependence of the acoustic absorption is difficult to ac-
complish. It is, however, possible to demonstrate that,
by using known or assuming plausible values for the
constants in eq 2-10 and 11, it is unnecessary to pos-
tulate an intramolecular proton-transfer mechanismas a
means of rationalizing the observed data.

The reactions 2-5 form a sufficient basis set to de-
scribe the deviation from the equilibrium composition
of an aminobenzoic acid solution; hence AH, AV, and K
for the remaining reactions may be deduced from the
values of these functions for the basis reactions. Reac-
tion 5 is known to have a volume change of 21 cm3
mol..0 The volume changes for reactions 2-4 are not
known. Reactions 2 and 4 correspond to the neutral-
ization of a carboxylic acid which, in general, has a
volume change of about 10 cm3dmol.u Reaction 3
corresponds to the attachment of a proton to an amine
group. The volume changes for the neutralization of
protonated amine groups by hydroxide ions are known
to range from 22 to 27 cm3mol.3 Combining this
neutralization reaction with reaction 5 (the ionization
of water) gives a volume change for protonation of the
amine group of —1 to —e6 cm3dmol. The enthalpy
changes account for only a small percentage of the

acoustic absorption in water where o/ Cpis very small
and are significant only in organic and mixed solvents.
The volume changes and equilibrium constants for
reactions 1 and 6-10 may be easily deduced from those
of reactions 2-5. Equilibrium constants for reactions
1-4 are given in Table Ill. The volume changes in
Table 111 give both good agreement with experiment
and are consistent with the known AE'’s of analogous
reactions.

Eigen and Eyring2 have measured rate constants for
eq 2. Their measurements include contributions from
reaction 4, and we have used their rate constants for
both reactions 2 and 4. For reactions 3 and 6 we have
taken the average values of kt and kb for the attach-
ment of a proton to a primary amine group.1 For
reactions 7-10 rates are estimated from the Debye-
Smoluchowski equationi2

Kf = ANaZAZB=2[GA + (%)/

(DKT(exp(ZAZB@DrIKT) - 1)) (15

where NA is Avogadro’'s number, ZA and ZBthe signed
valences of species A and B, D the dielectric constant,
eOthe electronic charge, T the temperature in °K, rDthe
reaction radius, GA and s the diffusion coefficients of
species A and B, Kk is Boltzmann’s constant, and a the
steric factor. The dielectric constant was taken to be
785, and the reaction radius was assumed to be the
length of a hydrogen bond, about 2.7 A. These pa-
rameters have successfully accounted for the observed
rates of the diffusion controlled bimolecular proton-
transfer reactions of a number of amino acids and simple
peptides.3 Diffusion coefficients for o, m-, and p-
aminobenzoic acid are 0.840, 0.774, and 0.843 X 10 5
mol cm-2 sec-1,13 respectively. The steric factor, a
for reactions 7-10 may be estimated on the basis of
simple geometrical considerations. Since each par-
ticipant in a reaction must have its reactive site ori-
ented toward its partner, the maximum fraction of
collisions with the proper orientation will be about one-

(9) G. Scatchard and J. G. Kirkwood, Phys. Z., 33, 297 (1932).

(10) P. Drude and W. Nernst, Z. Phys. Chem. {Leipzig), 15, 79
(1894).

(11) Reference 8, p 158.

(12) P. Debye, Trans. Electrochem. Soc., 82, 265 (1942);
Smoluchowski, Z. Phys. Chem. {Leipzig), 92, 129 (1917).

(13) R. C. Weast, Ed., “Handbook of Chemistry and Physics,”
The Chemical Rubber Co., Cleveland, Ohio, 1966, p F-43.

M. V.
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fourth. The solid angle in which effective encounters
can occur will be reduced even further when substituent
groups are near the reactive site. The steric factor for
o-aminobenzoic acid should suffer the greatest reduc-
tion and was assigned values of 0.125 for reactions 8-10
and 0.25 for reaction 7. For the meta and para iso-
mers <was given its maximum value of 0.25 for reac-
tions 7-10. The resulting forward rate constants for
reactions 2-10 are summarized in Table V.

Table 1V: Forward Rate Constants
i X 10-10, 1 mol-1 sec-L

Reaction Ortho Meta Para
2 5.8 4.6 3.7
3 1.56 1.5* 1.5*
4 5.8« 4.6« 3.7«
5 14.0* 14.0* 14.0*
6 1.5* 1.5* 1.5*
7 0.245 0.225 0.245
8 0.0425 0.080 0.085
9 0.0425 0.080 0.085
10 0.0425 0.080 0.085

« Reference 2. * Reference 1.

The relaxation equations were set up in terms of the
degrees of advancement of either reactions 2-6 or reac-
tions 2- 10, and the relaxation times and normal modes
obtained with the aid of a standard matrix diagonal-
ization program. As there are only four linearly inde-
pendent reactions (2-5) a number of zero eigenvalues
(infinite relaxation times) are found for both the five
and nine reaction basis sets. The contributions of
these eigenvalues to the acoustic absorption can be
shown to be zero. The CYs were computed from the
eigenvectors, 4 proper cognhizance being taken of the
linear dependencies in the basis seti and the absorption
calculated according to eq 11. The results of the cal-
culations are shown in Figure 5, where the broken lines
represent the absorption due to reactions 2-6 and the
solid lines show the results for the more complete basis
set, and in Figure 6 where only the values for the larger
basis set are given. The agreement between the cal-
culated and experimental curves is quite good, and an
essentially quantitative fit may be achieved by ad hoc
adjustment of the imperfectly known volume changes
and steric factors. In particular, it seens likely that
reactions 8-10 will proceed at rates significantly loner
than the diffusion limit.

From a pH of about 2.75-6 the principal contribution
to the excess acoustic absorption arises from the per-
turbation of the equilibrium between the classical and
zwitterionic forms. Expansion of the basis set to in-
clude reactions 7-10 causes a reduction in the relaxation
times of two of the modes, while having only a small
effect on the nature of the normal reactions. Thus, al-
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though the important normal reactions are, as sug-
gested by Eggerss and Eigen, intramolecular proton
transfers, these intramolecular transfers proceed almost
exclusively by bimolecular mechanisms even in these
rather dilute solutions.

C. Methanol and Acetone. Comparison of the re-
sults for 0.25 and 0.5 M o-aminobenzoic acid in meth-
anol indicate that C is proportional to the concentra-
tion and r, within experimental accuracy, is indepen-
dent of the concentration as would be expected if the
perturbation of the equilibrium represented by eq 1, or
any other unimolecular or effectively unimolecular pro-
cess is the source of the excess absorption.

The fact that the absorption is small for the para
isomer and that the relaxation time is significantly
sloner for the meta than for the ortho isomer would
tend to nominate internal ionization rather than solva-
tion or vibrational heat capacity relaxation as the pro-
cess responsible for acoustic absorption as would the
similarity in relaxation times observed in acetone and
methanol. There is thus a fair amount of circum
stantial evidence for our conclusion that r represents
the relaxation time for the classical zwitterion equilib-
rium.  Accepting this premise the rate constants which
appear in eq 1 for o-aminobenzoic acid in methanol at
25° are kf = 1 X 107sec-1 and kb = 14 X 108sec-1.
The activation energy deduced from the temperature
dependence of fdbis about 8 kcal/mol.

There are two possible choices (—22.5 and —32.4
cmamol) of AF° for eq 1 based on positive and negative
values of the quantity in square bracketsineq 12. The
Drude-Nernst equation which approximately relates
the electrostrictive volume change associated with dis-
solution of an ion of charge g and radius r in a solvent of
dielectric constant D to the pressure derivative of the
dielectric constanto (AF = —(g#2r) (dD-vdP))
would suggest that the volume change for an internal
ionization reaction in methanol (LD1/dP = —1.71 X
10-6 atm-1) 16 should be more than three times greater
than the volume change of the same reaction in water
(d2-1/dP = —055 X 106 atm-1). The volume
change in water is about —12.6, and thus the higher
value of the volume change is in good agreement with
that which would be predicted from AF in water and
the Drude-Nernst equation.

The equilibrium constants for the ionization of simple
acids are generally reduced by about two orders of mag-
nitude in passing from aqueous to alcoholic solution. 7
When such reductions in the equilibrium constants are
made assuming, for want of more detailed information,
that the diffusion coefficients are unchanged, the im-
portant normal reactions are a conversion of the clas-

(14) P. R. Schimmel, J. Chem. Phys., 54, 4136 (1971).
(15) R. D. White, to be published.
(16) B. B. Owen and S. R. Brinkley, Phys. Rev., 64, 32 (1943).

(17) L. Michaelis and M. Mizutani, Z. Phys. Chem. {Leipzig), 116,
135 (1925).
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sical into zwitterionic form with a predicted relaxation
frequency of about 0.6 MHz and anion + cation = 2
neutral (classical) with a predicted relaxation frequency
of about 1.7 MHz. Thus, the weak absorption with a
low apparent relaxation frequency which we observe in
methanolic solutions of the meta and para isomers is the
predicted result in the absence of a direct internal
proton-transfer mechanism even in these rather con-
centrated solutions.

D. Methanol-Water.
solvent mixture is increased the larger values of the
equilibrium constants imply larger values of F and thus
increased absorption due to both of the lowfrequency
modes. As one passes from water to methanol, the
solubility of the acids is much increased, and in in
specting the results in Table 11 it should be noted that
the low values of the relaxation time in methanol-
water reflect the higher concentrations rather than sol-
vent properties.

As the fraction of water in the

IV. Conclusions

Perturbation of the internal charge-transfer equilib-
rium is the principal contributor to the acoustic relaxa-
tion spectrum of aqueous solutions of the isomeric
aminobenzoic acids at low pH. However, it is possible
to give a satisfactory account of the rate of internal
transfer from the known rates of ionization and recom-
bination reactions, and there is no need to adduce a
direct unimolecular internal transfer reaction. Volume
changes for zwitterion formation and related ionic reac-
tions have been deduced from the acoustic data. In
methanol the relaxation frequency (or frequencies)
which characterize the acoustic absorption due to the
meta and para isomers are too low to be accurately
determined. In the case of the ortho isomer in meth-
anol a discrete relaxation at 23 MHz is found at 25°.
It is argued that this corresponds to internal proton
transfer in a cyclic hydrogen-bonded system.
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The apparent molal volume, fan, and partial molal volume, Vi, of concentrated (1 m to saturation) aqueous

solutions of tetraalkylammonium bromides, R,iNBr (R =

methyl, ethyl, n-propyl, and n-butyl), cetyltri-

methylammonium bromide, and ammonium and lithium bromides have been determined from density measure-

ments in the temperature range between 5 and 65°.
@), (I — B + (fa)»/2, has been used to explain the concentration dependences of fatand Vi. The

“obsd =

A modified Young’'s rule for mixtures of electrolytes,

results indicate that there are strong coulombic-hydrophobic cation-cation interactions which may give rise
to multiply charged aggregates in quaternary ammonium bromide systems.

Introduction

Current interest in the influence of tetraalkylam-
monium halides on the structure of water,1-10 cation-
cation pairing,11-13 and micelle14-17 formation suggests
further experimental studies of these phenomena
For this reason the behavior of concentrated aqueous
electrolyte solutions of quaternary ammonium bro-

mides, cetyltrimethylammonium bromide, and am-
monium and lithium bromides has been investigated in

(1) W. Y. Wen and S. Saito, J. Phys. Chem., 68, 2639 (1964); ibid.,
69, 3569 (1965).
(2 B. J. Levien, Aust. J. Chem., 18, 1161 (1965).

(3) L. B. Hepler, J. M. Stokes, and R. H. Stokes, Trans. Faraday
Soc., 61, 20 (1965).
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the temperature range 5-65°. Evidenceis:n from
light scattering, X-rays, and conductivity experiments
indicate that there are spherical micelles present at
low concentrations (0.05 m) of cetyltrimethylam-
monium bromide solutions. These micelles transform
into rod-shaped aggregates at higher concentrations. 19
Some preliminary resultsis 7 suggest that there are
strong coulombic-hydrophobic cation-cation inter-
actions which may give rise to multiply charged ag-
gregates in aqueous solutions of tetraalkylammonium
bromides. These interactions are greatest for mole-
cules with long hydrophobic chains. In view of this,
attention has been given to the possible existence of
aggregates in tetraalkylammonium bromide solutions.

Experimental Section

Materials. Tetramethylammonium bromide, tetra-
ethylammonium bromide, tetra-n-propylammonium
bromide, and tetra-n-butylammonium bromide (East-
man) and cetyltrimethylammonium bromide (Pfaltz
and Bauer) were recrystallized once from suitable
organic liquid mixtures using a modified procedure of
Conway, et al.,4 and were dried under vacuum at 70-
80° for at least 48 hr. The weight volumetric analyses
for bromide using a modified Volhard’s methodz1 indi-
cated their purities to be better than 99.9%. Am-
monium bromide (Fisher purified) was used without
further purification. Stock solutions were prepared by
dissolving the recrystallized salts in doubly distilled
water, and the concentrations were determined by
Volhard’'s method. Solutions of known molality were
prepared by weight dilutions of the stock solutions.

Procedure. The densities were determined using the
method described elsewhere 2z The dilatometer was
constructed of Vycor by Corning Glass Co. and had an
internal volume of approximately 66 ml. Each experi-
mental run used a combination of mercury (about 67 g)
and solution. The thermostated bath systemz was
controlled to +0.005° or better at each of the tempera-
tures used.

The coefficient of thermal expansion of the dilatorm-
eter was 2.7 X 10«6 ml/°C as compared with 2.2 X
10~6 found by the authorsz for a larger VVycor dilatom-
eter, and 24 X 10«6 as calculated from the linear co-
efficient of expansion for VVycor.z

Results

The densities of concentrated aqueous solutions (1 m
to saturation) of (Me)aNBr, (Et)aNBr, (n-Pr)aNBr,
(n-Bu),NBr, cetyl-(Me)d\Br, and NH®8Br have been
determinedz at 10° intervals between 5 and 65° and
represented by the equation

dt = b+ at f fik+ 7i3 (1)

The values of AQ a, fi, and y given in Table 11% are those
evaluated from the experimental data by the method of
least squares. The densities obtained from these equa-
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tions at 5° intervals between 5 and 65° were used to
calculate the apparent molal volumes, fat, of the above
electrolytes. The absolute densities are reliable to
+5 X 10“sg/ml.

The apparent molal volumes, fat, given in Table |,5
were calculated using the equation

1000 + nhM 1000
fat = , =T (2)
rrhth rtick

where M denotes the molecular weight of the solute, A\
is the density of water, and d?is the density of the solu-
tion of molal concentration ra2 The values of fat are
reliable to +0.05 ml/mol and are in excellent agreement
with those of Wen and Saito1at 25°.

The temperature variation of apparent molal volumes
at constant molality computed from eq 2 was repre-
sented by

(fat —fa) = at + b+ ci3 A3)

and the variation in apparent molal volume with
molality at constant temperature by

¢m=fa' '+ a'm + bm+ c'mh+ dm2 @4

The coefficients of these equations, tabulated in Tables
111, 1V, and V,® were obtained from least-squares and

(4) B. E. Conway, R. E. Verrall, and J. E. Desnoyers, Trans. Faraday
Soc., 62, 2738 (1966).

(5) B. E. Conway and R. E. Verrall, J. Phys. Chern., 70, 1473
(1966) ; 70,3952 (1966).

(6) R. E. Verrall and B. E. Conway, ibid., 70, 3961 (1966).
(7) J. Padova and I. Abrahamer, ibid., 71, 2112 (1967).
(8) J. F. Millero and W. D. Hansen, ibid., 72, 1758 (1968).
(9) R. Gopal and M. A. Siddiqi, ibid., 72, 1814 (1968).

(10) H. Ruterjans, F. Schreiner, U. Sage, and Th. Ackermann, ibid.,
73, 986 (1969).

(11) F. Franks and T. H. Smith, Trans. Faraday Soc., 63, 2586,
(1967) .

(12) W. Y. Wen and K. Nara, /. Phys. Chem., 71, 3907 (1967).
(13) T. L. Broadwater and D. F. Evans, ibid., 73, 164 (1969).
(14) S. Lindenbaum and G. E. Boyd, ibid., 68, 911 (1964).
(15) H. E. Wirth, ibid., 71, 2922 (1967).

(16) H. E. Wirth and A. LoSurdo, ibid., 72, 751 (1968).

(17) A. LoSurdo and H. E. Wirth, ibid., 76, 130 (1972).

(18) G. S. Hartley, B. Collie, and C. S. Sarnis, Trans. Faraday Soc.,
32, 795 (1936); C. S. Sarnis and G. S. Hartley, ibid., 34, 1288 (1938).

(19) F. Reiss-Husson and V. Luzzati, J. Phys. Chem., 68, 3505
(1964).

(20) M. Czerniawski, Rocz. Chem,., 40, 1935 (1966); 41, 119 (1967).

(21) N. H. Furman, “Standard Methods of Chemical Analysis,”
Vol. 1, Van Nostrand, Princeton, N. J., 1966, pp 242, 329, 330.

(22) H. E. Wirth and A. LoSurdo, J. Chem. Eng. Data, 13, 226
(1968) .

(23) E. L. Wheeler, “Scientific Glass Blowing,” Interscience, New
York, N. Y, 1958, p 18.

(24) A. LoSurdo, Ph.D. Dissertation, Syracuse University, Syracuse,
N. Y., 1970.

(25) Listings of the coefficients for eq 1, 2, 3, and 4 given in Tables
1-V will appear immediately following this article in the microfilm
edition of this volume of the journal. Single copies may be obtained
from the Business Operations Office, Books and Journals Division,
American Chemical Society, 1155 Sixteenth Street, N.W ., Washing-
ton, D. C. 20036 by referringto code number JPC-72-1333. Remit
check or money order for $3.00 for photocopy or $2.00 for microfiche.
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have been used to calculate the partial molal volumes,
V2 and partial molal expansibilities, of the elec-
trolyte solutions.

The partial molal volumes, P2 have been evaluated
using the relation

The values of V2 are reliable to +0.8 ml/mol at the
highest concentrations. For the lowest concentrations
the uncertainty in V2 e(P2), is approximately * 0.1
ml/mol. For the intermediate concentrations +0.1 <
e(F2 < +o0.8 mli/mol.

The partial molal expansibilities, OE, were calcu-
lated from eq 6 and the results are discussed below.

4e' — - = fitT 2bt + 3ci2 (6)
@L

Discussion of Results

The concentration dependences of the apparent and
partial molal volumes of (n-Bu)ANBr and (n-Pr)ANBr
are presented graphically for various temperatures in
Figures 1 and 2. At low concentrations negative der-
ivations from the Debye-Hiickel limiting law (DHLL)
are observed at all temperatures for cetyltrimethyl-
ammonium bromide and tetraalkylammonium bromide
solutions. In contrast to the plots for simple salts,
e.g., NH®Br and LiBr,» plots of 421 and V2vs. m¢2 for
(n-BU/iNBr, (n-Pr)aNBr, and cetyl-(Me)sNBr show
minima which become more pronounced as the temper-
ature is lonered. The observation of similar minima
for (Me)ANBr and (Et)4\Br is prevented by the onset
of saturation.

Figure 1. Experimental values for the apparent g>n and
partial, V2 molal volumes vs. the square root of the molality
for (rt-Bu)ANBr at 5°. Values of grtand Vt are in

milliliters per mole.

1335

Figure 2. Experimental values for the partial molal volumes,
V2, vs. the square root of the molality for (w-Pr)4ANBr at the
specified temperatures in degrees centigrade. Values of P2are
in milliliters per mole.

Deviations from the Debye-Hiickel limiting law
have been generally rationalized in terms of water
structure promoting influence of the hydrophobic
groups of the cations,1 cation-cation pairing,11-13 and
micelleigis formation. It has been further suggestedi3
that the increasing concentration of the larger RAN +
ions eventually leads to cooperative networks in which
the cations are compelled to share “water clusters”
similar to the crystalline clathrate-hydrate “cages”
studied by Jeffrey and coworkers.z The sharing of
these water cages would force cations closer together
with coulombic repulsions being reduced, presumably,
by the participation of some anionsz in the structure.
Increasing concentrations would break the open hy-
drogen-bonded water structure, thus qualitatively at-
tributing the decrease in 2 and V2to cation associa-
tion.

Equilibria in Aqueous Solutions of Tetraalkylam:
monium Bromides. Recent nmr data show evidence for
cation-cation association® and multiply charged ag
gregates17 in agqueous solutions of tetraalkylammonium
halides. If one assumes an equilibrium between simple
cations and cation dimers (or multiply charged ag-

(26) For LiBr the apparent and partial molal volumes were calcu-
lated from the density data obtained from C. J. West, Ed., “Inter-
national Critical Tables,” McGraw-Hill, New York, N. Y., 1933.
(27) D. Feil and G. A. Jeffrey, J. Chem. Phys., 35, 1863 (1961);
M. Bonamico, R. K. McMullan, and G. A. Jeffrey, ibid., 37, 2219
(1962); R. K. McMullan, B. Bonamico, and G. A. Jeffrey, ibid,,
39, 3295 (1963).

(28) R. H. Diamond, J. Phys. Chem., 67, 2513 (1963).

(29) H. G. Hertz, B. Lindman, and V. Siepe, Ber. Bunsenges. Phys.
Chem., 73, 542 (1969).
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gregates) in which the formation of the dimer (or these
aggregates) is accompanied by a decrease in volume,
then the general shape of the $tn vs. m 1lcurves can be
explained for the quaternary ammonium halides.

Using (n-Bu)A\Br as an example, it is suggested
that n (N-Bu)AN+ cations may undergo coulombic-
hydrophobic interactions to form aggregated species
arranged in a three-dimensional quasicrystalline lattice.
To reduce the repulsive coulombic interactions between
the cations, hydrated Br~ ions may be trapped within
the aggregates or on their surface.7 Hydrophobic
interactions from the overlapping nonpolar side chains
of (wBu)aN+ ions hold the aggregate together.® In
general, an aggregate may have (n — m) Br~ ions
in ~ m) and, therefore, (n — m) positive charges. The
values of n and m vary with salt concentration, the
greatest values being probably at the critical aggregate
concentration (cac), i.e., the concentration corre-
sponding to a break in the curves of moles of benzene vs.
molality,18 and the minima in the 02 vs. mh curves.

The proposed model is difficult to treat quantitatively
due to lack of data. However, as an illustrative ex-

ample, suppose the equilibrium

2(n-Bu)yN+”~  (n-BuaN)2+ @)

exists in aqueous solutions of tetra-n-butylammonium
bromide.as The equilibrium constant, K, for this re-
action is given by

K= a** = A ®
mayiz  2m(l — B)27i2

Here y4 and 72 represent the mean ionic activity coeffi-
cients of the monomer (n-Bu)AN+ and dimer (n-
Bu4dN)2+ respectively, /S is the degree of association,
andmi = m (1 —f}) and nh = wi(/3/2) are the molalities
of the ionic species 1 and 2 in a solution of total molality
m.

If Young's rulez is applied to this system (reaction
7), it becomes

@iyni + @)MB

Wi + m2

(fchtt ~P) + MywVv. (9)

where $dxd is the experimental apparent molal volume
of (N-Bu)A\Br solution, and My and My are the
respective apparent molal volumes of the monomer and
dimer in solutions containing only water and these

electrolytes at an ionic strength m= mi + 3ne. Itis
assumed that

My = &° + 1.86mi2 (10)
and

My = 42 + 5582 (11)

where the ionic strength ;. is given by
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M= m(l + 0 (12)

and $° and 02 are the limiting apparent molal volumes
of (N-Bu)ANBr and (n-BuaN)2Br2at m = 0, respectively.

As a crude approximation K, 71, and 72 are assigned
values of unity.33 Then j3can be calculated fromeq 8.
Using §1° = 302.91and € = 577.9 ml/mol133 at 25°
the apparent molal volumes, 0 xd of (N-Bu)ANBr were
calculated (Figure 3) for several concentrations of m
using eq 9 through 12, and the results were contrasted
with the experimental curves of Wen and Saito1 and
this investigation. The calculated points reproduce
the general behavior of the experimental curves (Figure
3).

Similarities in behavior are observed between the
other quaternary ammonium bromides and (n-Bu)4
NBr. Conceivably, the formation of highly charged
species, if they exist, is dependent on the nature of the
alkyl groups and electrolyte concentration. Increasing
the salt concentration would increase the size and
number of aggregated species through a critical con-
centration beyond which additional salt increases the
concentration of the higher charged species. In-
creasing the temperature would disrupt the aggregates,

Figure 3. Contrast between calculated and experimental
apparent molal volumes, 02t vs. for (n-Bu)ANBr at 25°.
The calculated 021 were computed from <5ksd = 4t =

@l —0) + @GMI32).

(30) W. Kauzman, Advan. Protein Chem., 14, 1 (1959).

(31) The argument presented here is similar to that proposed by
Wirth.15 The new method postulates an equilibrium between mul-
tiply charged species.i7 Wirth’s methodis proposed an equilibrium
between uncharged monomers, dimers, trimers, etc.

(32) T. F. Young and M. B. Smith, J. Phys. Chem., 58, 716 (1954).

(33) In principle 71 and 72 could be obtained from the modified
Debye-Hickel relation
Armia

log 7i = + Crm
K 1+ B&rtitvs

through an iterative procedure.

(34) Broadwater and Evansi3 have published data on the apparent
molal volume of (n-Bu)3N(CH28N(n-Bu)3Br2 to serve as a model
for the (»-Bu)iN+ cation-cation pair. This octane-1,8-bis(tri-
n-butylammonium) dibromide has the attributes of a 2:1 electrolyte
and its extrapolated value of 0° may serve as the limiting value of
€ at m = 0 since the dimer proposed by eq 7, if it exists, is expected
to have a 42° less than twice the value of ~i° for (n-BupNBu.



Apparent and Partial Molal Volures of Anmmonium Brarides

Figure 4. Partial molal volumes of water (Vf — Vi) vs. the
square root of the molality for (Me)ANNBr and (Et)ANBr
calculated from eq 13 on the assumption that these salts are
completely ionized. Values of (Vi° — Vf arein

milliliters per mole.

thus decreasing their concentration. This viewpoint is
in agreement with observations and is consistent with
the solubility, 18 nmr,172 and conductivity and vis-
cositysdata.

Plots of <tuvs. m' 2for RANBr show a minimum which
is a function of R. As expected, the observed relative
shift of the minimum increases as cetyl-(Me)3NBr
0.7m) < (N-BuyANBr (1.2 m) < (n-Pr)A\Br (4.0 m) <
(Et)ANBr (above 5 w) < (Me)ANBr (above saturation).

In contrast, both NHJIr and LiBr show a gradual in-
crease in 4 with concentration at all temperatures.
This is expected since these salts are probably com+
pletely dissociated electrolytes.

The apparent molal expansibilities of RANBr and
NH4®Br were calculated fromeq 6. Plots of &' \s w2
are mirror images of the fat vs. m2graphs.  The curves
for (Nn-Bu)aNBr, (n-Pr)aNBr, and (Et)ANBr are positive,
go through a maximum, and then decrease. The max-
imum occurs at concentrations where the fat data pass
through a minimum. Tetramethylammonium bro-
mide decreases to a minimum.

“Water Structure” Inferences from Apparent Molal
Volumes of Solute and Partial Molal Volumes of Solvent.
If the solutions of tetraalkylammonium bromides are
considered to be completely ionized, it can be shownis

1337

Figure 5. Partial molal volumes of water (F,°> — Vi) vs. the
square root of the molality for (n-Bu)ANBr calculated from eq
13 on the assumption that this salt is completely ionized.
Values of (Vi° — Fi) are in milliliters per mole.

that the partial molal volume of water, VIt in these so-
lutions is given by

Pi Vi m(4>2 — Vi) N m h 7/ a2 \ (13)
1 = + = -
55.51 111.02\6ml77

where VT is the molar volume of pure water, m is the
molal concentration, and fa and P2 are the apparent
and partial molal volumes of the solute. Since for
most “normal” electrolytes P2> fa (the slope afa.famh
is positive), Fi < Vf. This decrease involume could be
attributed to water structure breaking by the electro-
lyte.15s24 With the quaternary ammonium halides
usually1,11,1315 Vi < fa (the slope afa/c)m'h is negative) ;
hence Fi > Vf and water structure makingi1524 is
implied. Values of Pi in (Me)aNBr, (Et)aNBr, and
(Nn-Bu)ANBr solutions were calculated (Figures 4 and
5) fromeq 13. The results are in excellent agreement
with those of Schiavo and coworkers.%

If, however, the solutions of tetraalkylammonium
bromides contain other species, as postulated here,
then

(35) A. LoSurdo and H. E. Wirth, to be published.

(36) S. Schiavo, B. Scrosati, and A. Tommasini, Ric. Sci., 37, 211
(1967).
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~ 55.5! <14)

For an equilibrium between simple cations and cation
dimers (reaction 7), eq 14 reduces to

- vitjSla-» X
0L —h)n + N<h — (15)

where $i and v, and fa and 2 are the respective ap-
parent and partial molal volumes of the monomer and
dimer in solutions containing only water and these
electrolytes at an ionic strength u= m, + 3nT Sis the
degree of association.

S Cabani, G Contd, and L. Lepori

From this viewpoint, the effects of RANBr on the
partial molal volume of water, Pi, would be that of a
mixture of “normal” electrolytes and increased water
structuring would not occur. 3

In summary, the results presented here suggest that
the structure of concentrated aqueous solutions of
tetraalkylammonium bromides is different from that of
dilute solutions and that of normal electrolytes. This
structure difference can be described as due to cou-
lombic-hydrophobic cation-cation interactions leading
to multiply charged aggregates arranged in a quasi-
crystalline lattice.
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Measurements of apparent molal volumes €Vin water of some cyclic monoethers, diethers, and amines have
been carried out at 25° with a differential buoyancy balance at concentrations varying from 0.02 to 0.4 M.
The values of 4Vof monoethers and amines decrease linearly with increasing concentration at a rate which

increases with growing size of the hydrocarbon part of the molecule.
are found to be independent of concentration.
from the pure liquid state to aqueous dilute solution are compared.

On the contrary, 4w values of diethers

The volume and entropy changes associated with the transfer

The observed phenomenology is justified

in terms of local changes of solvent structure around the solute molecules.

Introduction

In recent papers,12 data for free energy, enthalpy,
and entropy changes associated with the transfer of
cyclic ethers and cyclic amines from the liquid or the
gas state to dilute aqueous solution were reported. In
this paper the volumetric properties of the aqueous
solutions of these classes of compounds at 25° will be
considered.

Measurements of partial molal volumes V2in aqueous
solutions of some of the ethers examined here were
previously made by Franks, et al.3 Lalibertb and Con-
way4 reported values of partial molal volumes for pi-
peridine and 1-methylpiperidine in0.1 N KOH at 25°.
The excess partial molar volume VEof pyrrolidine at
26.5° and in the 0.01-0.02 mole fraction range was re-
ported by Brower, et al.5
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The interest for the volumetric behavior of aqueous
solutions as a useful tool for elucidating local changes
of solvent structure brought about by neutral or charged
solute nmolecules has already been illustrated (see,
e.g., refe- 11).

(1) S. Cabani, G. Conti, and L. Lepori, Trans. Faraday Soc., 67,
1933 (1971).

(2) S. Cabani, G. Conti, and L. Lepori, ibid., 67, 1943 (1971).

(3) F. Franks, M. A. Quiekenden, D. S. Reid, and B. Watson, ibid.,
66, 582 (1970).

(4) L. H. Laliberti' and B. E. Conway, J. Phys. Chem., 74, 4116
(1970).

(5) K. R. Brower, J. Peslak, and J. Elrod, ibid., 73, 207 (1969).

(6) F. Franks and D. J. G. lves, Quart. Rev., Chem. Soc., 20, 1
(1966).

(7) M. E. Friedman and H. A. Sheraga, J. Phys. Chem., 69, 3795
(1965).
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Experimental Section

Materials. The examined ethers (tetrahydrofuran
(THF), tetrahydropyran (THP), 2-methyltetrahydro-
furan (2-MeTHF), 2,5-dimethyltetranydrofuran (2,5-
MeZTHF), 1,3-dioxolane and 1,4-dioxane) and amines
(aziridine, pyrrolidine, piperidine, hexamethylenimine,
heptamethylenimine, 1-methylpyrrolidine, and 1-
methylpiperidine) were commercial products; azeti-
dine was prepared in our laboratory following Wads-
worth’'s method.12 All the products were rectified on
metallic sodium and their purity was controlled by
glc analysis. Water used in all the experiments was
deionized and further distilled from an alkaline potas-
sium permanganate solution.

Apparatus. Solution densities were measured with
a hydrostatic differential balance similar to that de-
scribed by Conway.13 Floats having a volume of about
180 ml were used. An automatic electronic device
employing two phototransistors as transducers and a
solenoid acting on a small permanent magnet main-
tained the balance practically always in its equilibrium
position. Wetting of the tungsten wires (0.05-mm
diameter) holding the floats was thus avoided. The
buoyancy value was read out as a voltage signal on a
digital voltmeter and subsequently checked by switch-
ing off the magnetic device and equilibrating the bal-
ance with known weights. Temperature oscillations
inside the test vessel, checked with a Hewlett-Packard
digital quartz thermometer, were within +0.001°. No
significant temperature differences were found across
the thermostat.

Density values were reproducible to the sixth deci-
mal place, and the absolute accuracy of the measure-
ments was determined with test runs on KC1 aqueous
solutions at 25° in the concentration range 0.01-0.5
M. By means of a weighted rigorous least-squares
adjustment, 4 the data obtained were fitted to the
equation

1.868Vc = $v° + he (1)

Values of &/ = 26.81 £+ 0.01 ml mol-1 and h = 0.05
+ 0.04 ml 1 mol-2, in close agreement with other au-
thors’ data, 15-18 were found.

Measurements. The solutions to be studied were
made up by adding, with a syringe, weighed amounts
of the pure compound to the test vessel containing a
known amount of water. Up to seven successive addi-
tions were generally made. No systematic error was
apparently made with such a procedure. The solu-
tions of heptamethylenimine, which is slightly soluble,
were separately prepared and subsequently added to
the cylinder. In the case of aziridine and azetidine,
only two successive additions were made owing to the
relatively low stability of these compounds in water
solution. Piperidine was also investigated in 0.1 N
KOH.
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The apparent molal volumes 4v at the molar con-
centration c of a solute with molecular weight M were
calculated by

M 1000AP
~+ Ow

where o is water density at 25° (dn = 0.9970482 g/
cm3, AP is the buoyancy value expressed as a mass
difference, and Gw is the water mass displaced by the
test float.

The 4w values of the ethers, in the concentration
range considered, were best described in terms of the
equation

(2)

$v= $w+ he €)]

In the case of the amines (B) fictitious values of the
apparent molal volumes <xdxd were first calculated by
introducing in eq 2 the molecular weight of the hypo-
thetical speciesB sH20 . A correction for hydrolysis was
then applied in the hypothesis that $wd=d can be ex-
pressed as a sum of the contributions of the apparent
molal volumes sb-iuo and $bn+on- Of the hypotheti-
cal neutral species B <HXD and of an electrolyte of the

type BH+OH-. This correction was performed
through the equation
<f>* aCr®
— - = YBHO+ 1 —AOEBh+ — -h+ (@)
a1 - a) a1 - a)

obtained assuming for 4».n;0 and 4bh+on- (the latter
corrected for the Debye term) a linear dependence
on concentration with slope h and h+, respectively.
The $* function is calculated as

4+ = LRI — al.s68V aB — «Fehtoh-  (5)

once the degree of hydrolysis a and the limiting molal
volume of the BH+OH- species are known.

The a values at the actual ionic strength were cal-
culated by an iterative procedure using the known
values of the thermodynamic hydrolysis constant AVT
and molal activity coefficient values given by the De-
bye-Huckel limiting law. The term 4°vn+oh- Was
calculated employing the values 40NetG- = 16.61 ml
mol-1 and s4>Na+oH- = —4.60 ml mol-1 taken from

(8) F. Franks and H. T. Smith, Trans. Faraday Soc., 64, 2962
(1968).

(9) F. Franks and H. T. Smith, ibid., 63, 2586 (1967).

(10) W. Y. Wen and S. Saito, J. Phys. Chern., 68, 2639 (1964).

(11) B. E. Conway, Annu. Rev. Phys. Chem., 17, 481 (1966).

(12) J. H. Wadsworth, J. Org. Chem., 32, 1184 (1967).

(13) B. E. Conway, R. E. Verrall, and J. E. Desnoyers, Trans. Fara-
day Soc., 62, 2738 (1966).

(14) W. E. Wentworth, J. Chem. Educ., 42, 96 (1965);
(1965).

(15) O. Redlich and D. M. Meyer, Chem. Rev., 64, 221 (1964).
(16) F. H. Spedding, M. J. Pikal, and D. O. Ayers, /. Phys. Chem.,
70, 2440 (1966).

(17) F. Vaslow, ibid., 70, 2286 (1966).

(18) L. I. Dunn, Trans. Faraday Soc., 64, 1898 (1968).

42, 162
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Figure 1. Apparent molal volumes of pyrrolidine in aqueous
solution at 25°: (=) data uncorrected for hydrolysis (a = 0);
data corrected for hydrolysis (O) pifhT = 2.695, (O) pXhT =

2.6, (m) pKHT = 2.8.

Redlich and Meyeris and Bodanszky and Kauzmann, 19
respectively, while the values of $-bn +ci- Were experi-
mentally determined (refer to the following paper2).
For each of the amines here considered and for each
b’ value, the term aZCB°/(I — *) was nearly constant.
Equation 4, therefore, practically reduces to a straight
line tvith slope hand intercept

N = <Fb.h,o + K~ h=+ (6)

On the other hand, the values of the thermodynamic
hydrolysis constant range from 10 6 to 2 X 10~3 and
the values of h+ for uniunivalent electrolytes are gen-
erally loner than 1; the term K}, Th+ is, consequently,
at the worst, of the order of magnitude of the experi-
mental errors. The limiting partial molal volume of
the free amine (Fb°) is thus calculated with a very good
approximation by subtracting from N the molar vol-
ume of water (Fw = 18.069 ml mol-1 at 25°).

As an example, Figure 1 shows the function <t>*/(l
— a) vs. (1 — a)cB’ for pyrrolidine, either uncorrected
for hydrolysis or corrected using three different values
for the KHT constant. Large deviations from linearity
are observed, with differences of 0.1 unit of pAhT, when
the amine concentration is loner thano.2 M.

Results and Discussion

The $v° and h parameters for the ethers and the
amines considered here are summarized in Tables |
and 11, respectively. In these tables are also reported
values of the molar volumes F2 at 25° for the pure sub-
stances, as evaluated from density data reported in
the literature, and values of the excess molar volume
at infinite dilution F@Bcalculated as FBB= V2 — F2
with F2 = $Vv.

QOur results for F2 for THF, THP, and 1,4-dioxane
are in good agreement with Franks’ data. Good agree-
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Figure 2. Apparent molal volumes against molar concentration
of some cyclic ethers in water at 25°: (=) our data, (O) data
deduced from Franks' Vi values3 (see ref 21).

ment with the Franks data is also observed in the trend
of the functions 4v = /(c) except for THP.22 A re
markably high absolute value of h for this compound,
in the 0.01-0.05 concentration range, is in fact evident
from the plot reported by Franks.3 The analogous
concentration dependence of THF apparent molal
volume in the same concentration range has been, on
the other hand, ignored by the author. As far as pi-
peridine and 1-methylpiperidine are concerned, the slight
differences between B values (in water) found by us
and those of Lalibertb and Conway4 (in 0.1 A KOH)
can probably be ascribed to effects of the medium.
Examination of Tables | and Il shows the following,
(i) For monofunctional compounds, the transfer from
the liquid to aqueous dilute solution produces a strong
volume decrease FA3 while the slope h/V2 - (1/F2)-

(19) A. Bodanszky and W. Kauzmann, J. Phys. Chem., 66, 177
(1962).

(20) S. Cabani, G. Conti, L. Lepori, and G. Leva, ibid., 76, 1343
(1972).

(21) Franks did not report actual 4V values. These were deduced
by us by subtracting from the molar volume of the pure substance
the VE values reported in Figure 2 of ref 3. Molalities were con-
verted to molarities, and the function F2 = Fa0 + 2hc was analyzed
in order to calculate its slope 2h. The values of F: were then con-
verted to fv by the relation IV = Fa — he. In the case of THF,
Foe was taken equal to 4.85 ml mol-1, as deduced from Figure 2
of ref 3, instead of 4.63 ml mol-1 as reported in Table 2 of the same
reference. By adding the FOE datum to the limiting molal volume
(Vt° = 76.9 ml mol-1) a value of 81.75 ml mol-1 is obtained for the
molar volume (Fa) of THF at 25° in close agreement with the
value interpolated from the data of Cini and Taddei (Fa = 81.72
ml mol-1): R. Cini and G. Taddei, Nuovo Cimento B, 63, 354 (1966).
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Table I:  Apparent Molal Volume (+m = P2' + he) and Excess Volumes (POE) of Cyclic Ethers in Water at 25°
(AIFD)
No. of Concn range, Vs, h, X 102, Vi, f,
Ether expt M ml mol“1 ml 1 mol“2 M~ ml mol-1 ~ ml mol“1 Ref
THF 11 0.05-0.44 76.85+0.01 -1.08 £ 0.03 -1.4 81.72 -4.9 This work
17 0.005-0.13 76.9 -4.7 3
-2.9» 5
THP 9 0.05-0.34 91.73 + 0.01 -1.70 £ 0.05 -1.9 98.20 -6.5 This work
16 0.005-0.05 91.8 98.20 -6.5 3
2-MeTHF 7 0.04-0.27 94.00 + 0.02 —1.74 £ 0.09 -1.9 101.4 -7.4 This work
2,5-MesTHF 7 0.02-0.17 111.00 + 0.03 -4.57 £+ 0.22 -4.1 120.5 -9.5 This work
THF-2-carbinol 18 0.005-0.1 93.8 97.4 -3.6 3
THP-2-carbinol 17 0.005-0.05 108.1 113.48 -5.4 3
1,3-Dioxolane 7 0.06-0.43 65.37 + 0.02 +0.17+ 0.06 +0.3 70.32 -5.0 This work
1,4-Dioxane 7 0.05-0.36 80.96 £ 0.02 -0.17+ 0.07 -0.2 85.75 -4.8 This work
17 0.005-0.1 81.1 85.75 -4.7 3
-5.0» 5
* Temperature 26.5°.
Table I1:  Volumetric Properties of Cyclic Amines in Water at 25°
h/7vi
No. of fo:3 vs,a h, X 102 Vi, V°E,

Amine expt M ml mol"1 ml 1 mol“2 Ai“> ml mol"l  ml mol"l Ref
Aziridine i 0.08-0.55 48.87 £ 0.02 -0.38 £ 0.08 -0.8 52.1 -3.2 This work
Azetidine 17 0.01-0.24 63.71 + 0.01 -0.85 + 0.08 -1.3 68.2 -4.5 This work
Pyrrolidine 7 0.05-0.45 77.77 £0.01 -1.20+ 0.03 -1.5 83.3 -5.5 This work

—7.0* 5
Piperidine 7 0.05-0.37 92.53 + 0.01 -2.43 £ 0.05 -2.6 99.39 -6.9 This work
0.05-0.25 91.97 + 0.02' -1.4 £0.1 -1.5 -7.4 This work
91.10' 4
90.2 d
Hexamethylenimine 8 0.05-0.37 105.55 + 0.01 -1.68 £0.04 -1.6 113.1 -7.5 This work
Heptamethylenimine 15 0.01-0.16 120.09 £ 0.02 -5.22 + 0.19 -4.3 126.8 -6.7 This work
1-Methylpyrrolidine 6 0.05-0.31 97.29 + 0.02 -3.71 £ 0.11 -3.8 104.5 -7.2 This work
1-Methylpiperidine 7 0.05-0.31 110.54 + 0.02 -3.45 + 0.10 -3.1 121.6 -11.1 This work
109.91' 4
“ Values obtained by subtracting the molar volume of water from the intercept of the function $*/(! — a) = /[(] — a)cB°] (see,
e.g., Figure 1). The a values were calculated from the pAareported in ref 2, except for azetidine for which a pA, = 11.35 value was
used. 6At 26.5°. ' From measurements in 0.1 N KOH. dS. D. Haman and S. C. Lim, Aust. J. Chem., 7, 329 (1954).

(d$Tdc) is always negative. Both quantities Vm and
h/Va increase in absolute value as the number of hy-
drocarbon residues is increased, (ii) For compounds
containing more than one hydrophilic center, the volume
decrease is still strong, while h/ P2 is nearly zero.
Negative values of F(Eare typical for aqueous solu-
tions of nonelectrolytes. The analysis of the limited
amount of the available PCEdata seems to show that
these, specifically, depend upon the number and steric
position of hydrocarbon residues as well as upon the
number, type, and steric position of the functional
groups in the molecule. More experimental informa-
tion is, however, necessary in order to rationalize, if
possible, the volumetric behavior of nonelectrolytes
in water. One should finally notice that FRE values
are referred to the molar volume of the pure liquid,
and this is not a satisfactory reference state. Though

various proposals have been put forward for the choice
of the most convenient reference state for the partial
molal volume,3this question is still unresolved. Such
a difficulty is overcome when one considers effects as-
sociated with chain lengthening for solutes in very
dilute solution, since these effects do not depend on
structure properties of the pure compounds in the con-
densed state.

In spite of the above difficulty, we think that useful
information on solute-solvent interactions can be ob-
tained even from the excess molar volumes. There-
fore, effects such as those associated with chain length
or the number of polar sites will be discussed here by
considering the volumetric behavior of pure compounds
and of their aqueous solutions.

Cyclic Ethers and Cyclic Amines. Values for the con-
tribution of the methylene group to the molar volume
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Table 111: Average Increments of F2 F2 and FCEfor Introduction of a Methylene Group®
Vch2 Vnch2 Vech2,
Class of compounds ml mol-1 ml mol"1 ml mol-1 Type of process
n-Alkanols6 16.6 + 0.3 156 + 0.2 -1 CH3CH2),0H - CHJ3CH2),+I0H
n=1-3
Cyclic amines 15.7+0.5 146+ 0.3 -1 (CH2,NH — (CH2),+,NH n= 24
13.7+ 0.0 13.8+ 0.8 0 %i=0586

JV-Methyl cyclic amines 17.1 13.3 -3.8 I-CH 3pyrrolidine —»1-C H 3piperidine

Cyclic ethers 16.5 14.9 -1.6 THP THP

2-Carbinol cyclic ethers’ 16.1 14.3 -1.8 THFA -v THPA

“ The reported uncertainties were calculated as mean deviations from the average. 6Reference 8 and D. M. Alexander, J. Chem.

Eng. Data, 4, 252 (1959). ' Reference 3.

Lch2or t° the limiting partial molal volume F°CH for
some series of compounds are reported in Table I11.
It is to be noted that Vch2values for cyclic amines
exhibit an alternate trend along the series, with a sharp
drop from a value of FG2 = 16 ml mol-1, passing from
pyrrolidine to piperidine, down to Fh2 = 13.7 ml
mol-1 for the change piperidine —= hexamethylenimine.
Similar behavior is shown when these compounds are
considered in solution. Two series of volume incre-
ments per mole of CH2are therefore reported for these
substances. this in spite of the fact that, for cyclic
compounds, additivity rules, which take into account
only the chain length, are not in principle applicable
owing to the different contributions to the volume from
rings of different sizes.

Examination of the data in Table 111 shows signifi-
cant differences between cyclic and open-chain com
pounds. For instance, against FGHalcohols) ~ Fh2
(cyclic ethers), one observes FOOHAalcohols) > F°ch2
(cyclic ethers). On the other hand, in the transfer
from the gas state to aqueous solution the entropy
change per CH2 group is lower for cyclic ethers than
for aliphatic hydrocarbons and normal alcohols.2
Therefore, the larger volume decrease due to the hydro-
phobic interaction, which is observed in cyclic com-
pounds in comparison with open-chain molecules, can
be attributed to the easier introduction of the hydro-
carbon part of the ring molecules inside the cluster
cavities rather than to their higher ability to promote
cluster formation.

It may also be noticed that the CH2 contribution
to the excess molar volumes is larger, in absolute value,
for ethers than for alcohols and amines up to six-mem-
bered rings (see F°Gh2 of Table I11). The excess molar
volumes are, on the contrary, practically equal for 7-
butyl alcohol, THF, and pyrrolidine as well as for amyl
alcohol, THP, and piperidine (see Table 1V). These
facts can be explained with the different interactions
between water and the functional groups of the so-
lutes. Presumably, in the case of alcohols and cyclic
amines, which can act both as donors or acceptors of
protons, neither local volume expansions nor contrac-
tions take place in the surroundings of the hydrophilic
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Table IV: Limiting Excess Molar Volumes at 25°

E
Compounds ml mol~:

n-Butyl alcohol* -5.4
THF -4.9
Pyrrolidine -5.5
1,3-Dioxolane -4.9
n-Pentyl alcohol6 -6.3
THP -6.5
Piperidine -6.9
1,4-Dioxane -4.8

“ Reference 8. 1At 20° (see ref 7).

centers. On the contrary, near the ether oxygen, un-
able to exchange protons with water, a local expansion
is observed. Any generalization in this respect is,
however, premature owing to the insufficient amount
of experimental information available.

Cyclic Diethers. The entropy loss in the gas —»solu-
tion transfer for monoethers is very large and compa-
rable with that observed for hydrocarbons. If the
molecule, however, contains two ether functions, the
entropy loss is much smaller, probably because the
two polar sites prevent cluster formation (see ref 2).
As far as volumetric data are concerned (see Table
1V), the THF excess molar volume is substantially
equal to that of 1,3-dioxolane, while FCEof 1,4-dioxane
only slightly differs from FE of THP. Contrary to
the case of monofunctional ethers, whose volume de-
crease is attributed to the penetration of the molecule
into the cluster cavities, the volume loss occurring in
the diethers is interpreted in terms of the prevented
formation of clusters. The creation of a dense water
region around the diether molecules is thus responsible
for the observed volume contraction. Here again,
hydration entropy and volume change are strictly re-
lated, but the interpretation is opposite to that invoked
for structure-promoting solutes (e.g., mono-ethers).
Structure promoters therefore show a volume decrease
FCE increasing with increasing absolute value of ASh,
but for structure breakers the decrease becomes smaller
with increasing Ash|m
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Dependence of Apparent Molal Volumes on Concen-
tration. The quantity h/Vf = (I/F2(d$vdc) is
always negative for monofunctional compounds (see
Tables 1 and I1), its actual value depending upon the
size of the hydrocarbon part of the molecule. In the
presence of more than one polar group, however, small
positive values may also be found. If one agrees to
the reasonable hypothesis that the <N dependence on
concentration is attributable to solute-solute inter-
actions, negative values of the quantity h/Vf may
originate from icelike water stabilization due to long-
range solute-solute interactions through water clusters.
Such a process is obviously not operating in diethers:
their structure-breaking ability is in fact reflected in
nearly zero h/ V2 values.

Justification for negative excess molar volumes in
water in terms of alterations of the solvent structure
around solute molecules is now commonly accepted.37“9
Other interpretations have been proposed, however,
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in which negative values for PCE of nonelectrolytes
are attributed to flexibility loss of the molecule5 or to
the high internal pressure of the water.2 Comparison
between entropy values in the gas and in dilute aqueous
solution for open-chain compounds and analogous
cyclic compounds allowed the deduction that the former
practically retain, in the solution process, their degrees
of internal freedom.2 Therefore, the interpretation
of volumetric phenomenology in terms of solvent struc-
tural modifications seemed to us at present the most
reasonable. It is also supported by data such as those
reported in Table 1V, which could be hardly justified
in terms of loss in flexibility of the molecule.
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The apparent nolal volume 4vin agqueous solution at 25° of a series of cyclic amine salts of the type (CHD,,-
NHZL (n = 2-7), (CH),,NHCHZXCL (n = 4, 5), and (CH2,,N(CH3ZCL (n = 4, 5) have been measured with
a differential buoyancy nethod in the concentration range 0.01-0.3 M. The values of 4vshow negative devia-
tions from the Debye-Hiickel limiting law; which are the larger the larger the hydrocarbon portion of the
nolecule is.  Comparisors are made between cyclic amines and the corresponding acid cations and the results
discussed in tenrs of the additivity of the limiting partial nolal volumes in honologous series of compounds.
The effects of increasing alkyl coordination to the N center in neutral and charged nolecules are also conr
sidered The wolume changes in the proton ionization process A70have finally been related to the entropy

changes ASin

Introduction

In the preceding paper,1the volumetric behavior of
aqueous solutions of neutral cyclic amines (B) was
examined. In order to calculate the limiting partial
molal volume ¢ -, of these compounds, correction for
hydrolysis and therefore knowledge of the F°b n +values
of acid cations (BH+) was required. The latter data,
on the other hand, are of great interest for a clearer
understanding of the water-N+ center interactions
in organic molecules2‘6as well as for a better character-
ization of the acid dissociation of alkyl aminium ions.

We would like to recall, to this purpose, that the ther-
modynamic studies of the ionization process of cations

(1) S. Cabani, G. Conti, and L. Lepori, J. Phys. Chem., 75, 1338
(1972).

(2) B. E. Conway, Annu. Rev. Phys. Chem., 17, 481 (1966).

(3 R. E. Verrall and B. E. Conway, J. Phys. Chem., 70, 3961
(1966).

(4) B. E. Conway and L. H. Laliberté, “ Hydrogen Bonded Solvent
Systems,” A. K. Covington and P. Jones, Ed., Taylor and Francis,
London, 1968, p 139.

(5) L. H. Laliberté and B. E. Conway, J. Phys. Chem., 74, 4116
(1970).

(6) J. E. Desnoyers and M. Arel, Can. J. Chem., 45, 359 (1967).
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of mono-, bi-, and trisubstituted aliphatic amines in
solution emphasized the necessity to take in due con-
sideration the modifications of the solvent structure
near the molecules of solute.7-12

Volumetric data on salts of the type (CHrNHZXCI
(n = 2-7) and (CHYMNHCHZXI (» = 4, 5 are dis-
cussed here. Measurements of the partial molal vol-
umes of the 1,1-dimethylpyrrolidinium and 1,1-di-
methylpiperidinium chlorides were also made. Values
of the volume changes for the acid dissociation A F °jon
of the cations mentioned above were finally computed
and compared with the ionization entropies ASJjpre-
viously determined.B

Experimental Section

Materials. The salts under study, except for aziri-
dine and azetidine hydrochlorides, were prepared ac-
cording to the usual procedures. The crude products
were recrystallized from pure organic solvents (ab-
solute ethyl alcohol, ether, chloroform, etc.) or from
their mixtures and then carefully dried by heating
under vacuum.

Stock solutions were prepared by adding a known
amount of water to a weighed quantity of compound
immediately after drying. The purity of the salts
was checked by Cl~ analysis. Deionized water, dis-
tilled over KMn04 was used throughout all the ex-
periments.

Apparatus and Measurements. A differential buoy-
ancy balance previously describedlwas used for den-
sity measurements. The solutions to be studied were
generally prepared directly in the test vessel by grad-
ual addition, by means of a syringe, of weighed amounts
of salt stock solution to a known amount of water. In
the case of aziridine and azetidine, on the contrary,
the solutions were prepared separately by adding the
stoichiometric amount of HCL1 to the aqueous solution
of the amine or vice versa. Measurements were per-
formed immediately after preparation of the solutions.

Results

In the concentration range investigated, the appar-
ent molal volumes, once corrected for the Debye’s
term following the method of Redlich and Mayer,4
were satisfactorily described by the equation

& = B+ he @)

where iV = 4v — 1.868Vc. Values of the limiting
partial molal volume F2 = $V and of the slope hwere
calculated from eq 1 through a weighted least square
adjustment. These data are given in Table I. As an
example, in Figure 1 are reported the experimental
data relative to different samples of piperidine hydro-
chloride; the dashed curves were calculated by assum-
ing an uncertainty in the density measurements of
+2 ppm.

The agreement between our V2 values for piperidine
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Figure 1. Apparent molal volumes of piperidine hydrochloride
in water (25°), corrected for the Debye-Huckel concentration
dependence, as a function of concentration: (=) this work,

(O) Laliberte and Conway.6 The dashed curves were drawn
by assuming an uncertainty in the density

measurements of £2 ppm.

Figure 2. Plot of v — 1.868\/c against molar concentration
for 1-methylpyrrolidine hydrochloride in water at 25°: (*)
this work, (O) Lalibert<$ and Conway.6

and 1-methylpiperidine hydrochlorides and those re-
ported by Laliberte and Conway6 for the same sub-
stances is quite satisfactory, even though these au-
thors found a zero slope of the function 4v = /(c) in
the low concentration range (see Figures 1 and 2).
Actually, the limited number of experiments made by
us in very dilute solutions is insufficient to establish
unambiguously the trend of the function v = /(c)
for c 0. A fine agreement is also found between
the values of the limiting partial molal volume of the

(7) D. H. Everett and W. F. K. Wynne-Jones, Trans. Faraday Soc.,
35, 1380 (1939).

(8) A. G. Evans and S. D. Hamann, ibid., 47, 34 (1951).

(9) H. S. Frank and M. Evans, J. Chem. Phys., 13, 507 (1945).
(10) A. F. Trotman-Dickenson, J. Chem. Soc., 1293 (1949).

(11) R. G. Pearson, J. Amer. Chem. Soc., 70, 204 (1948).

(12) R. G. Pearson and F. V. Williams, ibid., 76, 258 (1954).

(13) S. Cabani, G. Conti, and L. Lepori, Ric. Sci., 38, 1039 (1968).
(14) O. Redlich and D. M. Meyer, Chem. Rev., 64, 221 (1964).
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Table I: Apparent Molal Volume, 4v = V20+ 1.868\/c + he, of Cyclic Amine Salts in Water at 25°
AYAi
No. of Concn range, B2, X 102
Salt expt M ml mol"1 ml 1 mol“2 ml mol-1 M-i
Aziridine hydrochloride 6 0.09-0.80 61.99 + 0.14 -0.45 + 0.47 38.4 -0.7
Azetidine hydrochloride 11 0.01-0.22 76.56 = 0.06 -0.59 + 0.52 53.0 -0.8
Pyrrolidine hydrochloride 14 0.01-0.43 91.72 £+ 0.02 -1.04 £ 0.08 68.1 -1.1
Piperidine hydrochloride 32 0.003-0.22 106.80 = 0.01 -1.91 + 0.12 83.2 -1.8
0.01-0.20 106.67s OOuptoc = 83.1s
0.075*
Hexamethylenimine 11 0.03-0.26 120.87 + 0.03 -1.96 £ 0.14 97.3 -1.6
hydrochloride
Heptamethylenimine 13 0.01-0.28 134.94 + 0.02 -3.06 £ 0.12 111.3 -2.3
hydrochloride
1-Methylpyrrolidine 12 0.02-0.34 110.64 £ 0.02 -1.51 + 0.08 87.0 -1.4
hydrochloride
1-Methylpiperidine 12 0.01-0.22 125.49 + 0.02 -2.18 £ 0.12 101.9 -1.7
hydrochloride 0.02-0.25 125.51s OOuptoc = 101.9s
0.055s
1,1-Dimethylpyrrolidinium 13 0.015-0.27 126.11 + 0.02 -2.46 + 0.09 102.5 -2.0
chloride
1,1-Dimethylpiperidinium 1 0.015-0.26 140.14 + 0.02 -2.74+ 0.11 116.5 -2.0
chloride 116.5s
“V°bh+ = F2 — F°ci with F°ci- = 23.6 ml mol B. E. Conway, R. E. Verrall, and J. E. Desnoyers, Trans. Faraday Soc., 62,
2738 (1966). 6See ref 5.
with (i) chain lengthening in homologous series and
(if) increasing methyl coordination on the nitrogen
atom. Attention will also be given to the volume
changes associated with the proton ionization process
of saturated aminiumions.

Effect of Chain Length. For both hydrochloride
salts (Table 1) and neutral amines,1the values of h/V2
are always negative, while their magnitudes increase
as the molecular weight grows, showing an alternate
trend along the series. An alternate trend is also ex-
hibited by the partial molal volumes of the free bases
(F°b) and of their conjugated acids (F°bh+)- How

005 olo 015 020 025 ever, as in the case of neutral amines, also for acid cat-
M ions it seems correct to distinguish between compounds

Figure 3. Plots of IV — 1.868\/c as a function of
concentration for 1,1-dimethylpiperidinium hydrohalides:
this work, (O) Laliberte and Conway.6

(<)

1,1-dimethylpiperidiilium ion, obtained from the 4
values of the chloride (this work) and the iodide6 salts,
by assuming F°A- = 23.6 ml (g-ion)* and F°i- =
422 ml (g-ion)_ | at 25°. Apparent molal volumes
of the 1,1-dimethylpiperidinium chloride and iodide
against the molar concentration are plotted in Figure
3

Discussion

The volumetric behavior of a great number of N-
containing organic compounds with different coordina-
tions on the nitrogen atom has already been widely
examined.3-651519 Nevertheless, we wish to consider
this question again in terms of the effects associated

with 2-5 from those with 5-7 carbon atoms. Two
mean values of methylene contribution to the limiting
molal volume Fe°ch2are thus reported in Table I1; they
are, in any case, close to those calculated for the cor-
responding amines.

The analogies between the amines and their acid
cations indicate that, in the case of monofunctional
compounds, the interactions water-hydrophobic part
and water-polar site of solute molecule can be treated
almost independently. This statement is also sup-

(15) B. E. Conway, R. E. Verrall, and J. E. Desnoyers, Trans.
Faraday Soc., 62, 2738 (1966).

(16) F. Franks and H. T. Smith, ibid., 63, 2586 (1967);
(1968).

(17) W. Y. Wen and S. Saito, J. Phys. Chem., 68, 2639 (1964);
3569 (1965).

(18) L. G. Hepler, J. M. Stokes, and R. H. Stokes, Trans. Faraday
Soc., 61, 20 (1965).

(19) L. A. Dunn, ibid., 64, 2951 (1968).

64, 2962

69,
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Table I1:
in Some Homologous Series of N-Containing Organic Compounds*

S Cabani, G Conti, L. Lepori, and G Leva

Average Contributions per CH2Group to the Molar Volume and to the Limiting Partial Molal Volume

Va2 VO,
Series ml mol-1 ml mol-1 Considered compounds Ref
Secondary cyclic amines 157+ 0.5 146 + 0.3 (CH2,NH n= 25 This work
13.7+ 0.0 13.8+ 0.8 n = 5-7
Secondary cyclic amine salts 149+ 0.3 (CH2 ,NH2C1 n= 25 This work
14.1 + 0.0 n = 5-7
N-Methyl cyclic amines 17.1 13.3 (CH2,NCH3 n=4>5 This work
X-Methyl cyclic amine salts 14.8 (CH2,NCH3HC1 n = 4,5 This work
Primary n-aliphatic amines 16.55 + 0.2 CnH2nHNH2 n= 238 c
Primary n-aliphatic amine salts 16.2 + 0.36 C,H2,+INH3Br n = 25 6
159 + 0.02 n = 5-8
Secondary n-aliphatic amines 16.26 + 0.05 (C,H2H)NH n= 25 c
Secondary n-aliphatic amine salts 16.0 £ 0.0 (C,HXMH)NHZI n = 2-4 5
Tertiary n-aliphatic amine salts 16.1 (C,H2ZHDANHCI n = 2,3 3
Tetra-n-alkylammonium salts 16.4 (C,H2+D)ANBr n=23 5
15.3 n= 34
Tetraalkylammonium salts of 14.0 (CH2,N(CH3ZX1 n = 4,5 This work

cyclic amines

° The methylene contribution to the volume was calculated from: Fch2= { F(c,+iH,+mX — F(GHnxl /»*, where X is a functional

group (NH, NCH3 NH2+ N+(CH32 etc.) and CJL isacyclic (z = 2n,m =

1) or open-chain n-alkyl (z = 2n + 1; m — 1-4) radical

containing a number of carbon atoms n > 2. The reported uncertainties were calculated as mean deviations from the average. blIn
this series of compounds the F °c n 2values were averaged arbitrarily. In effect, a monotonic decrease is observed from the value F°cH2 =
16.50 ml mol-1 (CHSNHBr —»ra-CHMNH3®Br) to the value V°cYU = 15.95 mImol-1 (n-C4H JNH3Br * 7i-CAHIiZNHBr). “R. R. Dreis-
bach, “Physical Properties of Chemical Compounds,” Vol. 11, American Chemical Society, Washington, D. C., 1967.
ported by da_ta relat_lve to open-chain com_pounds fO_I’ Table I11: Increments of TV and Viafor Introduction
which FQh! is practically constant for cations of pri- of a CH3Group on the Nitrogen Center*
mary, secondary, or tertiary amines as well as for tetra-
alkylammonium ions (see Table I1). In cyclic com \Yez:) \PCHj,
pounds, however, as shown by other thermodynamic Type of process mimol™1  ml mol”
data,® the effect of the polar site probably vanishes CHNH2— (CH3NH 22.0 18.6*
at two bond lengths distant from the hydrophilic cen éCH3)I?;'_H ;(Fgg? i 2‘1-2 ig-gb
- - rroliaine - rroliaine . .

ter against at least the four bond lengths distant for P?’peridine I-Cll3p’i);/eridine 2o 150
open-chain compounds; see, e.g., F°ch2 Values for acid CHIH3+ (CHINH2+ 18.7¢
cations of primary n-aliphatic amines.6 (CH3NH2+-~ (CHYANH + 18.1%

Finally, the marked difference observed in the F°ch2 (CHNH +-* (CHIYN + 16.4"
values between open-chain (mean value ~16.0 + 0.2 Py”o”dli_ziuf“ —>1-CH3 18.9

13 H rrolidintum

ml mol“) and cyclic (mean value ~14.5 + 05 mi I_C’"{prrm”dinium i 155
mol-1) N-containing compounds is noteworthy. Prob- (CH32pyrrolidinium
ably this is due to solute and solvent structure effects: Piperidinium —a1-CH3 18.7
volumetric data on the aqueous solutions of neutral piperidinium
open-chain amines may be useful in order to elucidate 1-CH3Piperidinium —»1,1- 14.6

this question.

Effects of Methyl Substitution. Some examples of
methyl substitution on the nitrogen atom are reported
in Table Il1l. The FGh>value changes only slightly
when passing from primary to secondary and from
these to tertiary amines and is sensibly higher than
the F°ch5value (see table 1) for either neutral or
charged molecules as well as for both cyclic and open-
chain amines.

A considerable drop in the volume increment per
mole of CH3is, however, noticed in passing from tri-
alkyl to tetraalkyl cations. At the same time, cations
containing exclusively methyl groups coordinated to
an N+ center are clearly different from cations con-

The Journal of Physical Chemistry, Vol. 76, No. 9, 1972

(CH32piperidinium

“ The methyl contribution to the volume was evaluated as
Fchj = F(CH3nY — F<chs),-iyh, where Y is a group of the
type NH, NH2+, N(CH24 etc. and M = 1-4. This quantity
represents the volume change for CH3group added on the nitro-
gen center, including the loss of one H atom. bReference 3.
' Reference 5.

taming also radicals other than methyl. For instance,
a value of F°’ch3= 16.4 ml mol-1 is observed passing
from (CH3NH+ to (CH34\+ against the values of
F°cs = 15,5 and 14.6 ml mol-1 for the changes 1-CH3

(20) S. Cabani, G. Conti, and L. Lepori, Trans. Faraday Soc., 67,
1943 (1971).
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pyrrolidinium —» 1,1-(CH3)2pyrrolidinium and 1-CH3
piperidinium  |,1-(CH32piperidinium, respectively.

The latter two values are of the same order of mag-
nitude of the values of FVm reported in Table 11 as
well as of those obtained for (CH5)INH+ -> (CHHAN +
(F°ch2 = 139 ml mol-1) and for (N-CH?)INH+
(N-CHDAN+ (F°ch2 = 151 ml mol“J using the cal-
culation method and the experimental data given by
Verrai and Conway.3

The sharp drop in the V°QOmn value, which is always
observed when we pass from cations containing the
nitrogen center tricoordinated at carbon atoms to cat-
ions containing tetracoordinated nitrogen, is due to
the prevailing effect of water structure promotion,
typical of tetraalkylammonium ions, I/ over the
électrostriction removal. The lower F°chj values
which are calculated for the changes I-CH3pyrrolidin-
ium -> 1,1-(CH32pyrrolidinium and 1-CH3piperidin-
ium — 1,I-(CH32piperidinium with respect to the
(CH3NH+ —» (CH34AN+ change are, on the other
hand, hard to explain: the charge distribution on
asymmetrical ions and the électrostriction removal
as well as the water-cation interactions should at least
be taken into account.

Volume Changes in the lonization Process. Volume
changes associated with the reaction

BH+ —> B + H+ (%)
were calculated through
AF°im= F’b+ FVCcCi- - V°bh+ci- ®)

assuming for the limiting partial molal volume of HC1
the value 17.815 cc mole* 12l The results are reported
in Table 1V with the ionization entropy (AS’ia) values.
For comparison, data for other amines are also given.
The ionization entropies vary sensibly passing from
secondary to tertiary cyclic amines, as already observed
for methylamines.2 On the contrary, AF°in values
are practically independent of the type of amine. A
slight decrease of AFr°jon iS, however, observed along
the series of secondary as well as of tertiary cyclic
amines. This trend is not in accordance with what is
expected on the basis of the packing density concept,
proposed by King to account for the effect of the chain
length on volume changes associated with the ioniza-
tion reaction of acid cations.23

The small AF°ian changes, compared with the large
changes in AS’ilmwhich are observed for N-containing
acid cations as the degree of alky substitution is varied,
can hardly be interpreted.3 However, the close anal-
ogy in the volumetric behavior of amines and their
conjugated acids suggests that the hydrophobic part
of both these solutes is inserted in the cluster cavities,

1347

Table 1V: Volume and Entropy Changes Associated with
the lonization Process: BH+ *=B + H+

V°B, V°BH+cr, AV'ion, AS’ion,
Base ml mol-1  ml mol-1 ml mol"l eu
Aziridine 48.87 61.99 +4.7 -6.8
Azetidine 63.71 76.56 +5.0 -9.4
Pyrrolidine 77.77 91.72 + 3.9 -8.7
Piperidine 92.53 106.80 + 3.5 -8.3
90.2 107.3 +0.8"
Hexamethylnimine 105.55 120.87 + 2.5 -7.3
Heptamethylenimine 120.09 134.94 + 3.0
1-Methylpyrrolidine 97.29 110.64 +4.5 -15.0
1-Methylpiperidine 110.54 125.49 +2.9 -13.7
Ammonia 24.6 36.0 + 6.4" —0.36
Methylamine 40.0 53.8 +4.0' —4.7"
41.6 55.5 + 3.9 -4 . F
Dimethylamine 58.6 72.5 + 3.9' -9 .5
59.1 73.1 +3.8“ —8.7*
Trimethylamine 77.9 90.6 +5.1' —15.2¢
78.4 91.7 +4.5“ -15.F

“S. D. Hamann and S. C. Lim, Aust. J. Chem., 7, 329 (1954).
6J. J. Christensen, R. M. lzatt, D. P. Wrathall, and L. D.
Hansen, J. Chem. Soc. A, 1212 (1969). ' Reference 3. dD. H.
Everett and W. F. K. Wynne-Jones, Proc. Roy. Soc., Ser. A,
177, 499 (1941).

thus lengthening their mean life, independently of the
neutral or charged character of the polar site. The
volume and entropy changes accompanying the proton
dissociation reaction should then be mainly determined
by the modification which the functional group under-
goes and by the different interactions between this
center and water in the free bases and in their acid cat-
ions.

The large difference in the ASian values between
primary, secondary, and tertiary amines have been
attributed to the different solvation of the acid cations
with respect to the free amines. Therefore, the con-
stancy of Af°ian can be justified assuming that the
polar groups capable of forming hydrogen bonds cause
no appreciable volume changes when introduced into
the solvent. The nearly constant AF°imvalue (AF°in
= 3 + 2 ml mol-1) observed for all the amines should
then be almost exclusively due to the loss of the proton
from acid cations. More ASin and AF°ian data are
necessary in order to better clarify the thermodynamics
of this process.
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The difference between the conduction and diffusive transport modes in melts is discussed in terms of the

movement of the basic entities of which the melt is composed.

Data for the conduction and diffusion in T1C1

are used to illustrate a suggested method of separating out the contributions of ions, ionic agglomerates, and

molecules to the conductive and diffusive transport modes.

Indications are that individual ions are the pre-

dominant conductive and diffusive vehicle in a region above the melting point of the salt while ionic agglom-

erates are the predominant conductive and diffusive entity just above the melting point.

About 900° the

molecular character of the melt commences to become significant; thereafter it increases in importance up to

the critical point where it is predominant.

KlemmZlhas pointed out that the form of the temper-
ature dependence of molten salt conductance as found
by Yaffe and Van Artsdalen2implied the existence of a
conductance maximum at temperatures approaching
the critical point. Grantham and Yosim34 have ob-
served these maxima for a variety of melts. Indeed
such maxima also occur in agueous electrolyte solutions.
As melts become less molecular and more ionic in char-
acter the observed specific conductance maxima in gen-
eral shift first to higher temperatures and then to loner
temperatures as the conductance at the maximum in-
creases. The corresponding diffusion coefficient-tem-
perature relation shows a consistent rise with no max-
imum.6 This indicates clearly that there are differ-
ences in the basic mechanisms controlling conduction
and diffusion in melts. Some idea of the nature of these
differences can be gained by a detailed examination of
the temperature relations of these two different trans-
port modes. A great deal of discussion about the dif-
ference between conductive and diffusive transport in
melts has been centered around the Nernst-Einstein re-
lation, and many suggestions have been advanced to
explain the positive deviations from its predictions that
have been observed for melts.6-11 However, conduc-
tion and diffusion can be interpreted in terms of several
complementary effects some of which follow the Nernst-
Einstein relation.

Spedding and Mills1l developed the suggestion that
diffusion could be viewed in terms of movement of the
two basic entities of which the melt was composed,
namely agglomerates of ions and individual particles.
The speed of movement of these entities would be ex-
pected to depend on their physical size. If this were
the case, then the observed increase in diffusion with
temperature can occur on two accounts, firstly through
increased movement of both the ionic agglomerates and
individual particles which make up the melt, but more
importantly through the thermal breakdown of the
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ionic agglomerates into individual ions.5 Conduction,
on the other hand, can be viewed as proceeding through
a combination of a Grotthus-type mechanism (or more
correctly a Grotthus-Clausius mechanism) of charge
transfer operating within and between the ionic ag
glomerates, and through individual movement of ions.
The Grotthus mechanism thus would contribute to con-
duction but not to diffusion. Increased temperature
would raise conduction through greater Grotthus-type
charge movement and through faster movement of the
individual ions, which increase in number as the ionic
agglomerates are thermally broken down. However,
the thermal breakdown of ionic agglomerates ultimately
leads to a decrease in conduction because the Grotthus
mechanism wanes as the agglomerates are thermally
destroyed and the melt increases in molecular or “gas-
like” character as the critical point is approached.
This latter effect has been observed by Grantham and
Yosim.D

(1) A. Klemm, Euratom. Report, EUR 2466 e, 1964, p 31.

(2) 1. S. Yaffe and E. R. Van Artsdalen, J. Phys. Chem., 60, 1125
(1956).

(3 (@ L. P. Grantham and S. J. Yosim, ibid., 67, 2506 (1963);
(b) L. F. Grantham and S. J. Yosim, ibid., 72, 762 (1968); (c)
L. F. Grantham and S. J. Yosim, J. Chem. Phys., 38, 1671 (1963);
(d) L. F. Grantham and S. J. Yosim, ibid., 45, 1192 (1966).

(4) (@ L. F. Grantham, J. Chem. Phys., 43, 1415 (1965); (b) L. F.
Grantham, ibid., 44, 1509 (1966); (c) L. F. Grantham, ibid., 49,
3835 (1968).

(5) P. L. Spedding, Rev. Pure Appl. Chem., 21, 1 (1971).

(6) A. S. Dworkin, R. B. Escue, and E. R. Van Artsdalen, J. Phys.
Chem., 64, 872 (1960).

(7) A. Z. Borucka, J. O'M. Boekris, and J. A. Kitchener, Proc. Roy.
Soc., Ser. A, 241, 554 (1957).

(8) J. O’'M. Boekris and G. W. Hooper, Discuss. Faraday Soc., 32,
218 (1961).

(9) F. Lantelme and M. Chemla, Bull. Soc. Chim. Fr., 169, 969
(1963).

(10) C. A. Angell, J. Phys. Chem., 69, 399 (1965).

(11) (@) P. L. Spedding and R. Mills, J. Electrochem. Soc., 112, 594
(1965); (b) P. L. Spedding and R. Mills, ibid., 113, 599 (1966);
() R. Mills and P. L. Spedding, J. Phys. Chem., 70, 4077 (1966).



The Besic Madkes of Transport in Molten Salts

An initial evaluation of these suggested transport
modes arises from an examination of the diffusion and
conduction data of TICL  This salt was chosen because
the measured diffusion coefficient of both the cation and
anion virtually are the same; thus it avoids any compli-
cations of considering two different diffusion coeffi-
cients when applying the Nernst-Einstein equation.
The conductance data for TICl, «t, are shown as the
full line in Figure 1. The data have been extended
beyond the experimental range reported by Grantham
and Yosim3d by using a reduced variable technique
which allonwed a universal curve to be developed that
fitted the majority of the available data.34 Additional
experimental work in this laboratory has confirmed the
reliability of this extrapolation technique up to 1448°.
The apparatus which was used consisted of a simple
coaxial alumina cell capable of operating under pressure.
It was made from a close fitting rod and tube so that the
annular space provided a suitable restrictive conduc-
tion path between the electrodes. Strictly, the ex-
tended T1Cl conductance data beyond 1448° should be
checked by experiment. The same applies to the dif-
fusion data, Dt, presented in Figure 2, which has been
extended beyond the experimental range by using an
Arrhenius-type plot.

In Figure 1 the conduction, «t, is shown as being the
sum of two different conduction modes: the Grotthus
mechanism of conduction associated with ionic agglom-
erates, ka, and individual ionic conduction, ki. These
two latter curves were obtained in the following manner.
Before the melting point the solid salt had a small but
definite conductance due to individual ionic transport.
At the melting point the total conductance kt increased
sharply. It was assumed that the sharp rise in con-
ductance was due to the commencement of the Grotthus
mechanism and that individual ionic conductance re-
mained at about the same level as that observed in the
solid salt before melting. At the other extremity of the
conductance ourve it was assumed that both the con-
duction modes reduced to a low value when the critical
point was approached, firstly because the ionic agglom-
erates which alloned the Grotthus mechanism to occur
had been destroyed thermally or more correctly reduced
to molecular size, and secondly almost all the individual
ions had been removed by the liquid increasing in mo-
lecular character. Both the conduction modes ka and
ki must maximize, and it was assumed that this was due
to the operation of two opposing effects in each case.
The Grotthus mechanism, which was assumed to be
predominant at the melting point, initially increased
with temperature but was opposed by the gradual re-
moval of ions from the agglomerates by thermal energy.
Individual ionic conduction initially increased rapidly
with temperature because more individual ions were
made available from the thermal breakdown of the ionic
agglomerates. It will be shown later that at about
900° individual ionic conduction commenced to de-
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TEMPERATURE “C

Figure 1. Conductivity of thallium chloride melt, kt, shown
as the sum of the conductivity due to individual ions,

ki and that due to the Grotthus mechanism

of ionic agglomerates, «a.

Figure 2. Self-diffusion of thallium chloride melt, D t, shown
as being made up of the diffusion of ionic agglomerates,
individual ions, Di, and molecules.

crease as the molecular character of the melt started to
become significant. The exact nature of the molecular
liquid formed in this melt is uncertain, but from the
work of Bauer and Porter2 and CubicciottiBBit is most
likely composed of the dimer in the region of the critical
point. The conduction due to individual ions passed
through a maximum value and reduced to some low
conductance at the critical point. Since only three
points on each of the two conductance curves ka and ki
could be plotted, that is the value at the melting point,
the critical point, and their intersection, the intervening
regions have been sketched in. It can be argued that
distributions other than the two shown in Figure 1 are
possible. However, a detailed examination of all pos-

(12) S. H. Bauer and R. F. Porter, “Molten Salt Chemistry,” M.
Blander, Ed., Wiley, New York, N. Y., 1964, p 607.

(13) D. Cubicciotti, J. Phys. Chem., 68, 1528 (1964).
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sible alternatives has shown that the distributions given
in Figure 1 are the most reasonable.

Thus in Figure 1 the overall conductance kt was as-
sumed to be the sum of the Grotthus conductance, «a,
and the individual ionic conductance ki, and rose rap-
idly from the ionic conductance of the solid phase at the
melting pointl4B to a maximum value and then fell
away to the conductance of the molecular liquid at the
critical point. The individual ionic conductance ki
followed a similar pattern rising rapidly from the con-
ductance of the solid at the melting point to a maximum
value and then falling away to a low value at the critical
point. The Grotthus conductance ka, on the other
hand, had a relatively high value of conductance at the
melting point, actually the difference between the ob-
served total conductance and the ionic conductance of
the solid, rose slomly to a maximum value, and dropped
away to some low value of conductance at the critical
point.

The effects of the suggested conductive transport
modes on diffusion are detailed in Figure 2, where Dt is
the average of theZ>Ti+ and Dei- data for T1C1,1618 and
Di is the diffusion coefficient calculated from the indi-
vidual ionic conduction data «i of Figure 1 using the
Nernst-Einstein relation eq 13, while the ionic agglom-
erate diffusion Da, is the difference between these two.

Da= Dt — Di (1)

Clearly the ionic agglomerates provide the major
contribution to diffusion at the melting point. As the
temperature is increased above the melting point, indi-
vidual ionic movement becomes increasingly more im-
portant at the expense of the ionic agglomerates.
There is an inflection in the calculated individual ionic
transport data Di at about 900°. If this is ignored and
the Di data are extended, they meet the measured in-
dividual ionic diffusion data D+t at the critical point.
This may be fortuitous but is nevertheless suggestive
that the melt commences to exhibit a significant molec-
ular character about 900° at the expense of the individ-
ual ions. The form of the calculated individual ionic
diffusion Di above 900° suggests that the molecular
character of the melt increases in importance up to the
critical point where it is predominant.

Therefore it can be concluded that only the individual
ions contribute to conduction and diffusion in the nor-
mal manner and can be expected to obey the Nernst-
Einstein relation, equation 13. On the other hand,
the Grotthus mechanism contributes to conduction
but not to diffusion while any molecular melt character
has the opposite effect. In short both the Grotthus
mechanism and molecular melt character result in diffu-
sive transport which cannot be expected to follow the
Nernst-Einstein relation. The same would be true for
the movement of ionic agglomerates because charge
masking effects are involved.

Taking a basis of 1 g-mol of T1C1 and that A g-mol is
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present as individual ions, then the amount of salt held
as ionic agglomerates is 1 — A g-mol. The contribu-
tion to the observed diffusion coefficient DT at tempera-
ture T°K by the net movement of individual ions is the
product of the number of g-mol of a particular ion and
its pure diffusion coefficient when only individual ions
are present. However, the measured diffusion coeffi-
cients Dt in Figure 2 are shown for one type of ion,
either DTi+ or Dei-, in order to better illustrate the mo-
lecular nature of the fluid being predominant at the
critical point, so that

Di = AC exp(-E/RT) (%)

where C is a constant and E is the activation energy for
the pure individual ionic diffusion process in cal/g-mol.

Assuming that the ionic agglomerates thermally
break according to an Arrhenius law then for the tem-
perature region between the melting point and the criti-
cal point

A = AOexp(-B/RT) (©)]

where AQis a constant and B is the activation energy
for the agglomerate breaking process. From eq 2

Di = AQC exp[—(B + E)/RT] )

The conduction of the solid at the melting point has
been assumed to be due to individual ions exclusively.
From the data given in Figure 1 an estimate of 0.0181
can be made for A at the melting point. From this
estimate the agglomerates at the melting point can be
shown to consist only of the first and second coordina-
tion shells. Ignoring the formation of molecules, and
taking A = 1.0 at the critical point, then eq 3 leads to

A = 6.38 exp(—8200/D7) 5)
Bu substitution in eq 4
Di = 6.38C exp[(—8200 + E)/RT] (6)

From Figure 2 the Di data which were calculated using
the Nernst-Einstein relation allow the following rela-
tion to be derived if the inflection point at 900° is
ignored

Di+m = 17.0 X 10-4 exp(—8200/D7) @)

Therefore C = 2.67 X 10-4 and E = 0. That is, the
activation energy for diffusion of the individual ions is
virtually zero.

The diffusion coefficient at any temperature due to
the net movement of ionic agglomerates is given by

(14) R. J. Friauf, Phys. Chem. Solids, 18, 203 (1961).

(15) A. R. Beljajew, E. A. Sheintschushina, and L. A. Firsanowa,
“Physikalische Chemie geschmolzener Salze,” VEB Georg Thieme,
Leipzig, 1964, p 119.

(16) E. Berne and A. Klemm, Z. Naturforsch. A, 8, 400 (1953).
@17) A. Klemm, Tbid, 15, 173 (1960).

(18) C. A. Angell and J. W. Tomlinson, Trans. Faraday Soc., 61,
2312 (1965).
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Da= (1- A)G exp(—/RT) )

where G is a constant and | is the activation energy
for ionic agglomerate diffusion. By substitution for A

ineq 8
Da = [Gexp(-I/RT)] -
[6.38 exp(—8200/RT)[G exp (-//7?T)] (9

From the data of Figure 2

Da = Di — Z)i+m (10)

and by substitution for DT and Di+m

Da = [7.6 X 10~4exp(-4550/72T)} -
[17.0 X 10~4exp(-8200/E7")]

This is a complex function, as is illustrated in Figure
3, and it is not possible to evaluate fully eq 9 and 10 in
terms of an Arrhenius equation above 900° where the
melt begins to exhibit appreciable molecular character.
The same comments apply to the diffusion of molecules
Dmalthough the Arrhenius plot is followed for a greater
temperature range. From Figure 3, the limited rela-
tions which can be found in this case are

Da = 2.07 X 10- 4exp(—2900/7?T)
from the melting point up to 900° (11)

Dm = 3.92 X 10-3exp(—16,200/7?T)
between 1000 and 1800° (12)

The Arrhenius coefficients for diffusion in eq 11 and
12 are worth comment. The ionic agglomerate diffu-
sion has an Arrhenius coefficient which is an appreciable
fraction of the observed Arrhenius coefficient for diffu-
sion of +4550 cal/g-mol in contrast to the activation
energy of the individual ionic diffusion. On the other
hand, the molecular diffusion Arrhenius coefficient of
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Figure 3. The diffusion coefficients for the movement of ionic
agglomerates, Da, and molecules, Dm in thallium chloride melt.

+ 16,200 cal/g-mol is very large. The reason for this
is obscure. The Arrhenius coefficient for movement of
the ionic agglomerates provides about 65% of the ob-
served Arrhenius coefficient for diffusion up to 900°.
The remainder of the observed Arrhenius coefficient
arises from the thermal breakup of the agglomerates
providing diffusion through individual ions. Above
900° the Arrhenius coefficient is increasingly made up
from the Arrhenius coefficient for molecular movement
within the melt.

The conduction due to individual ionic movement is
given by the simple equation

Ax = FDj/IRT 13

The conduction due to movement of ionic agglom-
erates and the Grotthus mechanism is more complex

Aa = FDaRT + 77(1 - A) exp(-J/7?T) (14

where 77 is a constant and J is the Arrhenius coefficient
for conductive movement via the Grotthus mode.
Equation 14 cannot be evaluated simply in terms of
an Arrhenius expression.
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Product studies on reactions of recoiling silicon atoms in binary mixtures of phosphine, the silicon precursor,
and silane, disilane, and trisilane, respectively, support a mechanism for the product-forming steps involving

silylene 3ISiH2as the principal reactive intermediate which gives rise to the observed products.

In each case

the major product is a next-higher homolog of the starting silane, the expected product of Si-H insertion by
3ASiH2 Four other mechanisms are discussed and rejected on the basis of product studies and scavenger
experiments. Competition experiments in ternary phosphine-silane-disilane and quaternary phosphine-
silane-disilane-nitric oxide mixtures are correlated by a kinetic scheme for the product-determining steps

involving a single intermediate.

It is suggested that the product-determining steps are the product-forming

steps and that the single kinetically important intermediate is 3SiH2 Formation of lower homologs of the
major products is explained by the unimolecular dissociation of vibrationally excited silylene insertion products.

Introduction

Initial observations on the reactions of silicon atoms
recoiling from the nuclear transformation 3IP(n,p)3iSi
were presented 3 years ago.2 Our goal has been to
answer the questions: what is the chemistry of re-
coiling silicon atoms, and how do the reactions of re-
coiling silicon atoms take place? It is hoped that these
studies will provide insight into the nature of primary
reaction processes—collisions leading to the formation
or rupture of one or several bonds. In this paper we
return to the elucidation of the final step of the reac-
tion sequence which converts recoiling silicon atoms
into stable tetravalent silicon compounds.3 In future
papers the nature of the primary reactions of the re-
coiling atoms will be considered.

The small total number of atoms produced in a re-
coil experiment, typically 10sto 10Din the case of 3iSi,
and the infinitessimal steady-state concentration dur-
ing the experiment—less than one uSi atom per reaction
mixture—preclude direct kinetic measurements at the
present state of the art, and compel the use of end-
product studies to shed light on reaction mechanisms.
This approach to gas-phase hot-atom chemistry was
pioneered by Willard,4 Wolfgang,6 Wolf,6 and Row-
land7in their studies of the reactions of recoiling halo-
gen, tritium and carbon atoms. The reactions of re-
coiling silicon atoms in the gas phase have been investi-
gated by determining the reaction products from var-
ious substrates and measuring the effects on product
distributions of changes in such disposable parameters
as the structures of substrates, the total pressure of
the reaction mixture, and the amounts of moderators
and scavengers present.8 Products have been con-
veniently identified and their yields determined by a
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combination of vapor-chromatography and flow count-
ing, a standard technique in hot-atom chemistry.9

Because their reactions are more complex, the prob-
lem of unravelling the reaction mechanism for recoiling
polyvalent atoms is unfortunately of considerably greater
difficulty than the corresponding investigation of a
monovalent or divalent atom.

The well characterized primary reactions of recoiling
atoms are shown in Table 1.568 One or at most two
bonds to the recoiling atom are formed in a single step.
Abstraction and displacement are processes which can
form stable products from a single collision of univalent
recoiling atoms (i, ii, Table 1) and have been thoroughly
investigated in the case of tritium and the halogens.467
Of course even monovalent atoms can undergo reac-
tions which form reactive species if bond breaking in
the target molecule accompanies or follows displace-
ment, or if addition to a wwbond occurs (iii, iv, Table

(1) AEC Technical Report No. CO0O-1713-24. This work has been
carried out with financial support under contract from the U. S.
Atomic Energy Commission.

(2) P. P. Gaspar, S. A. Bock, and W. C. Eckelman, J. Amer. Chem.
Soc., 90, 6914 (1968). A preliminary communication also appeared:
P. P. Gaspar, B. D. Pate, and W. Eckelman, ibid., 88, 3878 (1966).
(3) A preliminary account of this work has appeared: P. P. Gaspar
and P. Markusch, Chem. Commun., 1331 (1970).

(4) J. E. Willard, Ann. Rev. Nucl. Sci., 3, 193 (1953); J. B. Evans
and J. E. Willard, J. Amer. Chem. Soc., 78, 2908 (1956).

(5) R. Wolfgang, Progr. React. Kinet., 3, 97 (1965).
(6) A. P. Wolf, Advan. Phys. Org. Chem., 2, 202 (1964).

(7) F. Schmidt-Bleek and F. S. Rowland, Angew. Chem. Int. Ed,, 3,
769 (1964); E. K. C. Lee, J. W. Root, and F. S. Rowland in “ Chemi-
cal Effects of Nuclear Transformations,” Vol. I, International
Atomic Energy Agency, Vienna, 1965, p 55.

(8) For lucid presentations of the principles of gas phase hot-atom
chemistry see ref 4 and 5 and also G. Stocklin, “ Chemie heiszer
Atome,” Verlag Chemie, Weinheim/Bergstrasse, 1969.

(9) R. Wolfgang and F. S. Rowland, Anal. Chem., 30, 903 (1958).
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Table I: Schematic Representation of Primary Reactions of
Monovalent and Divalent Recoiling Atoms. A is a monovalent
Atom, and B is a Divalent Atom. Stable Products Are Shown

in Boldface
i. Abstraction A+ X—Y—Z— A—X+ &—Z
ii. Displacement A+ X—Y—Z— A—Y—Z + X-
m. Displacement with A + X—Y—Z —mA—Y- + X- +
bond cleavage Z-
iv. Addition A+ W=Y -* A—W—Y-
V. Insertion B+ X—Y—Z X—B—Y—Z
vi. Addition B+ W=Y -* B
/I \
W -mmmmen Y
vii. Abstraction B+ X—Y—Z-* B—X + e—Z
viii. Displacement B+ X—Y—Z -B—Y—Z + X-

ix. Insertion with B+ X—Y—Z-* X—B—Y- + Z-
bond cleavage

). The valence of a divalent atom can be saturated
by insertion into single bonds and addition to w bonds
(v, vi, Table 1), both processes giving stable products.
However, those reactions of a monovalent atom which
lead to stable products give, in the case of divalent
atoms, reactive intermediates (vii, viii, Table I).

A polyvalent atom generally cannot form a stable
molecule by saturating its valence in a single reactive
collision. Therefore the end products actually identi-
fied in a recoil experiment with a polyvalent atom re-
sult from a sequence of consecutive reactions. The
primary reactions of the recoiling atoms produce inter-
mediates which are the reactants in secondary reactions
whose products may themselves be unstable species
which must undergo further transformations before
stable products are formed. The necessity of char-
acterizing a sequence of consecutive reactions is the
cause of the added complexity in the study of poly-
valent, in distinction to monovalent, recoil atoms.

Product structures provide important clues for the
identification of reactive intermediates in the reactions
of polyvalent recoiling atoms. Strictly speaking, of
course, product studies can only 'preclude certain in-
termediates. Thus in the case of recoiling carbon
atoms, the absence of hexanes as reaction products of
recoiling carbon atoms and pentane would have effec-
tively eliminated CH2from consideration as an active
intermediate, since methylene and pentane are known
to yield the three isomeric hexanes n-hexane and 2-
and 3-methylpentane in ratio 3:2:1.10 The finding
of the hexanes in correct ratio was used as positive
evidence for the intermediacy of methylene in recoil car-
bon reactions. 11'2

On the basis of a similar analogy it was proposed
that 3SiH2 is an important intermediate in the reac-
tions of recoiling silicon atoms.2 Here the analogy
was carried one step further since the insertion reac-
tion of silylene has only been firmly established in silane
pyrolyses in the past 2 years.134 In 1968 it seemed
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that the formation of disilane as a major product from
recoiling silicon atoms and silane (in the presence of
phosphine) could most easily be rationalized by inser-
tion of 3SiH2into an Si-H bond of silane. In the mean-
time other workers have demonstrated that the inser-
tion reaction indeed occurs.13-15 It is clear, however,
that there are alternative mechanisms. Disilane could
also be rationalized by a coupling of radioactive silyl
radicals with normal silyl radicals produced from silane
by radiation damage.

ASiH2 + SiH4—-> HRSISiH3 1)
ASiH3+ SiH3—> H3BUSISIH3 @)

A major motive in extending our product studies to
mixtures of phosphine with higher silanes was the de-
sire to make a firm choice between 3ISiH2 and 3ISiH3
as necessary product-forming intermediates.

It should be mentioned that product studies from
the reaction of recoiling silicon atoms with disilane and
trisilane were first reported by Cetini and coworkers.16
These workers used the 3Bi(n,7)3Si nuclear transfor-
mation to produce recoiling silicon atoms. This nu-
clear reaction produces a silicon atom with such low
recoil energy that neutralization of the initial positive
ion before chemical reactions occur cannot be regarded
as assured.217 Indeed differences in reactivity have
been noted between silicon atoms recoiling from
3P (n,p)3Si and 3Bi(n,7)3Si.Y No products higher
than trisilane were reported by Cetini, et al., possibly
as noted by the authors, due to radiation damage,’6
but more likely due to limitations in the available chro-
matographic apparatus.

A model has already been presented for the product-
determining steps in the reactions of recoiling silicon
atoms in pure phosphine and in phosphine-silane, phos-
phine-ethylene, and phosphine-silane-ethylene mix-
tures.2 The relative reactivity of a single intermedi-
ate toward the substrates present was believed to de-
termine the product ratios.

X + SiH4-A HIRISISiH3 3)
X + SiH4-A 3SiH4 @)

(10) W. vE. Doering, R. Buttery, R. Laughlin, and N. Chaudhuri,
J. Amer. Chem. Soc., 78, 3224 (1956).

(11) B. Gordon, A. Steinberg, and A. P. Wolf, Brookhaven National
Laboratory Annual Report, BNL 523 (AS-12) 51 (1958).

(12) A. Wolf in “Chemical Effects of Nuclear Transformations,”
Vol. Il, International Atomic Energy Agency, Vienna, 1961, p 3.

(13) P. P. Gaspar and B. J. Herold, “ Silicon, Germanium and Tin
Structural Analogs of Carbenes” in “ Carbene Chemistry,” 2nd ed,
W. Kirmse, Ed., Academic Press, New York, N. Y., 1971.

(14) R. B. Baird, M. D. Sefcik, and M. A. Ring, Inorg. Chem., 10,
883 (1971).

(15) M. Bowrey and J. H. Purnell, J. Amer. Chem. Soc., 92, 2594
(1970).

(16) G. Cetini, M. Castiglioni, P. Volpe, and O. Gambino, Ric. Sci.,
39, 3921 (1969).

(17) P. P. Gaspar, S. A. Bock, and C. A. Levy, Chem. Commiin.,
1317 (1968).
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X + PH3 3ISiH4 (5)

X + ph3

other products and involatile material (6)

The data on the variation of absolute and relative
yields of volatile products from phosphine-silane mix-
tures were adequately correlated by expressions relat-
ing product yields to substrate ratios which were derived
from this partial kinetic scheme.2 Phosphine-silane-
ethylene mixtures gave results compatible with the
same reaction scheme supplemented with steps involv-
ing the reactions of ethylene. While any number of
more complex reaction schemes could lead to the same
responses to variations of the substrate ratios as were
observed experimentally, it was felt that any scheme
involving several product-forming intermediates in
varying ratios would lead to deviations from the linear
relationships observed.

In the reaction systems previously employed to test
the above kinetic scheme the bulk of the volatile prod-
ucts were formed in the reactions of just one of the
substrates present. The experiments to test the sim-
ple kinetic scheme should become more meaningful
when several components whose concentrations in the
reaction system are varied lead to high yields of volatile
products. Therefore competition experiments have
been undertaken in ternary mixtures containing silane
and disilane in addition to phosphine.

As stated above, 3ISiH2was chosen as the most likely
intermediate X in the kinetic scheme shown because
of the formation of the “insertion product” disilane.
The alternative set of product-forming steps involving
coupling reactions of silyl radicals was rendered unlikely
by scavenger experiments in which the presence of
small quantities of nitric oxide or ethylene caused only
a minor decrease in the absolute product yields without
perturbing the relative yields.

While 3ISiH2 is certainly a plausible intermediate
in the reactions of recoiling silicon atoms, evidence in
its favor was not conclusive. The alternative inter-
mediate 3ISiH3 was difficult to exclude definitively by
means of scavenger experiments because the chemistry
of silyl radicals was not and is not well known. Silyl
radicals have not been characterized. No electronic
spectrum of SiH3is contained in Herzberg's great com-
pendium,18 and only recently has an esr spectrum of
SiH3in solution become available.l9 Thus the failure
of certain molecules to act as scavengers can only be
interpreted as precluding the participation of silyl radi-
cals on the basis of assumptions about how silyl radi-
calsreact.D

Reactions of recoiling silicon atoms in mixtures of
phosphine with higher silanes have been investigated
because the product distributions enable a distinction
to be made between silyl radicals and silylene as neces-
sary intermediates, free from much of the ambiguity
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of the phosphine-silane system. In the latter system
both intermediates can give rise to the observed major
product disilane by reactions 1 and 2 above. With
disilane, however, 3SiH2should give trisilane as major
product, while 3ISiH3 can couple with both types of
silyl radicals formed from disilane by radiation damage,
giving rise to both disilane and trisilane as major prod-
ucts. An extended set of product-forming steps is
considered in the discussion (vide infra).

radiation
HBISiH3 -~ >
damage

SiH3+ HXSiSiH3+ other products (7)

3SiH3+ SiIH3— H3RAISISIH3 )

3SiH3+ HXSIiSiH3— > H3AISiISIHSIHS (8)

This paper is confined to the consideration of the
nature of the product-forming steps because the evi-
dence presented for the determination of the reactive
intermediates consists of qualitative and quantitative
product studies. As one works “backward” along
the multi-step reaction sequence which converts a poly-
valent atom to stable products, the identification of
reactive intermediates by analogy with known species
which give the same products becomes progressively
more tenuous. We feel ourselves to be on reasonably
safe ground in analyzing the product-forming steps.
The same arguments cannot be extended simply to
earlier steps in the reaction sequence whose products
as well as reactants must be ascertained by indirect
means.

The arguments of the discussion section will be seen
to buttress previous conclusions identifying 3ISiH2 as
the sole important intermediate in product-forming
steps. It may be argued that this is gilding the lily.
However, careful consideration of the silylene model
for the formation of major products is necessary be-
cause we shall argue in succeeding papers that certain
stable end products of recoil silicon reactions which
are not compatible with an SiH2 intermediate provide
important clues both to the nature of other intermedi-
ates and to the details of primary reactions of recoiling
silicon atoms.

Disilane and higher silanes were chosen as reaction
substrates for several reasons in addition to the hope
that the structures of reaction products would shed light
on the intermediates in product-forming steps, (a)
The high yields obtained from phosphine-silane mix-
tures suggested that high yields could be expected
from other silanes, (b) The presence of Si-Si bonds

(18) G. Herzberg, “ Electronic Spectra of Polyatomic Molecules,”
D. Van Nostrand, Princeton, N. J., 1966, p 513.

(19) P. J. Krusic and J. K. Kochi, J. Amer. Chem. Soc., 91, 3938
(1969).

(20) These assumptions are reasonable and are, where possible,
being tested. Silyl radicals in solution add to ethylene very rapidly
(unpublished work of P. P. Gaspar and K. Y. Choo. See also
P. J. Krusic and J. K. Kochi, J. Amer. Chem. Soc., 91, 6161 (1969)).
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provides a structural feature which might influence the
reactions of the recoiling atoms, (c) The larger num-
bers of internal degrees of freedom and the more facile
pyrolysis of the higher silanes provide opportunities to
study consequences of vibrational excitation in recoil
silicon reactions.

Experimental Section

Materials. Phosphine (99.5%) was obtained from
the Rocky Mountain Research Co. and was used with-
out purification. No impurities were detected by vapor
chromatography. Silane (semiconductor grade) from
Matheson Gas Products was used without purification.
No impurities were detected by gas chromatography
and mass spectroscopy. Disilane and trisilane were
prepared by lithium aluminum hydride reduction of the
appropriate perchlorosilane.2l Neon (cp 99.99%) and
nitric oxide (cp 99.0%) were obtained from Air Products
and Chemicals, Inc., and were used without purifica-
tion. Higher silanes and silylphosphine were prepared
for carrier purpose by conversion of silane in a silent
electric discharge.2 Identification was by mass spec-
troscopy. Trimethylphosphine was prepared by re-
action of a methyl grignard reagent with phosphorus
trichloride.2

Reaction Mixtures. Reaction mixtures were pre-
pared on a conventional high-vacuum line equipped
with greaseless Teflon and Yiton stopcocks. Vacua
of less than 10-s Torr pressure were attained for out-
gassing purposes using a mercury diffusion pump. Re-
action mixtures were prepared by freezing condensable
gases into quartz ampoules from a 182-cm3 section of
the vacuum line followed by any noncondensable com-
ponents. Pressures were measured with a Statham
Model PA-731-350-TC absolute pressure transducer (0
to 1 psi range) frequently calibrated against mercury
and butyl phthalate manometers. The transducer was
used with a Statham Model SC-1100 bridge amplifier
whose output was read on a digital voltmeter. The 0
to 50 Torr capacity of the transducer gives a0 to 5V
readout with less than 0.5% nonlinearity. All reaction
mixtures were prepared and irradiated in 6 mm i.d. X
9-cm quartz ampoules. Recoil loss was determined by
comparison of absolute yields of volatile products with
those extrapolated from high pressures in larger (14
mm i.d.) ampoules. Recoil losses for 1:1 phosphine-
silane mixtures are: zero at 1000 Torr, 9 + 1% at 500
Torr, and 41 + 4% at 200 Torr.

Fast-Neutron Irradiations. As many as 18 ampoules
could be irradiated together strapped to a thin-wralled
polyethylene spindle rotated continuously during the
ca. 45 min irradiation period to ensure equal integrated
neutron fluxes for all ampoules. The ampoules were
shielded from thermal neutrons by a cadmium sheet.
No detectable 3iSi activity is produced from 3000 Torr
of pure gaseous silane. Fast neutrons were produced
by a ca. 20-nA current of 13-MeV deuterons produced
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by the Washington University Cyclotron impinging
on aberyllium target. The Be(d,n) IBe nuclear trans-
formation produced a flux of ca. 10s neutrons/cm?2
sec at the reaction mixtures.

Analysis of Reaction Mixtures. Radioactive prod-
ucts were detected and their yields were determined by
conventional radio-gas chromatographic procedures pre-
viously described.2 For most of the present experi-
ments a windowless flow counter was used (Nuclear
Chicago Model 4997 digital gas radiochromatography
system) in which counter gas is mixed with the effluent
carrier gas stream of the vapor chromatograph before
it enters the counter.

Ampoules containing reaction mixtures were broken
directly in the inlet manifold of the vapor chromato-
graph without aliquots being taken. The heated break-
ing chamber and heated connecting tubes to the vapor
chromatograph are of stainless steel. The breaking
chamber has its own vacuum pump and helium supply
for repeated evacuation and purging prior to breaking
the ampoules.

Chromatographic columns are 0.25-in. o.d. aluminum
tubing 18 ft in length. All product yields wEre deter-
mined on a stationary phase consisting of 60 g of diethyl
phthalate plus 20 g of DC 555 silicone 0il/100 g of
40-50 mesh diatomaceous earth solid support (Anakrom
ABS, acid- and base-washed and silanized). Authentic
carrier silane, disilane, and trisilane were coinjected
with the irradiated reaction mixtures for yield deter-
minations. Reaction products were identified by com-
parison of retention times with authentic materials
injected serially and consecutively. Trisilane was
identified by comparison of reaction product and
authentic trisilane on three stationary phases: diethyl
phthalate-silieone oil, tricresyl phosphate, and neo-
pentylglycol sebacate.

Quantitative analyses of reaction mixtures were
carried out with catherometer (hot wire) detector,
chromatographic column, breaker, and connecting lines
at 50° and counter at 100°. The helium carrier gas
flow rate was 80 ml/min. Propane was used as counter
gas (Matheson instrument grade 99.5% passed through a
pyrogallol deoxygenating tower and several drying
towers) at 100 ml/min. The counter plateau was at
ca. 2100 to 2600 V. When methane was used as counter
gas, difficulty was encountered with both quenching
and spurious count enhancement due to silanes in the
windowless counter. With propane counter gas there
was no quenching nor enhancement so long as a reaction
mixture contained less than ca. 2000 ml Torr of silane
or less than ca. 1400 ml Torr of disilane. Even smaller
quantities of higher silanes cause quenching or enhance-
ment.

(21) P. P. Gaspar, C. A. Levy, and G. M. Adair, Inorg. Chem, 9,
1272 (1970).

(22) E. J. Spanier and A. G. MacDiarmid, ibid., 1, 432 (1962).
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Absolute yield measurements were carried out as
previously described.2 Improved accuracy was ob-
tained when radioactive products were trapped on
glass wool in Pyrex ampoules and the radioactivity
measured in a liquid scintillation counter. The am-
poules containing individual products trapped after
chromatographic separation were broken directly in
the counting vials under scintillator fluid. The activity
of each product was compared to the total activity
induced in a reaction mixture. The total activity
was obtained by breaking a complete reaction ampoule
in a counting vial. An error analysis has also been
published.2

Dose. The total dose in these experiments was less
than 10-2 eV per molecule as determined by acetylene
dosimetry.

Results

Product yields have been determined from the fast-
neutron irradiation of the following reaction mixtures:
(&) phosphine-silane, (b) phosphine-disilane, (c) phos-
phine-trisilane, (d) phosphine-silane-disilane, (e) phos-
phine-silane-disilane-nitric oxide, and (f) trimethyl-
phosphine-trimethylsilane. In addition, experiments
were carried out with 1:1 phosphine-silane mixtures
varying the total pressure and the duration of fast-
neutron irradiation.

Phosphine-Silane. Silane and disilane were the only
radioactive products originally reported from phos-
phine-silane mixtures.2 Trisilane has now been es-
tablished as an additional product formed in yields of
less than 10% of the total volatile activity (TVA).3 No
higher product has been found under conditions where
1% of the TVA was readily visible and authentic
carriers tetrasilanes and pentasilanes were added after
neutron irradiation. Figure 1 shows the variation of
product yields as a function of the composition of the
reaction mixture at constant total pressure. Yields
of all volatile products increase with increasing silane
concentration. Figure 2 shows the trisilane yield plotted
against the square of the silane concentration. A
second-order dependence is indicated (see Discussion).

The identity of trisilane was confirmed by comparison
of retention times with authentic trisilane on three
different columns. A decay analysis on trapped purified
product gave a half-life of 2.69 hr in good agreement
with the literature value of 2.65 hr.24

A fourth, very minor, product is silylphosphine H33k:
SiPH2 formed inca. 4% of TVA (2% absolute) from 1:1
phosphine-silane mixture. Silylphosphine is only ob-
served as a radioactive product when nonradioactive
silylphosphine is present during neutron bombardment.
That the nonradioactive silylphosphine is acting as a
carrier only is indicated by the yield of radioactive silyl-
phosphine remaining constant over a hundredfold
change of silylphosphine concentration (mole fraction
0.001 to 0.1). Apparently silylphosphine in unstable
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Figure 1. Variation of absolute product yields from
phosphine-silane mixtures with composition at constant total
pressure (1000 Torr). If error bars were shown they would
extend 0.15 of each yield above and below each point.

Figure 2. Variation of trisilane yield from phosphine-silane
mixtures at constant total pressure (1000 Torr) with the square
of the silane concentration.

under the reaction conditions. The radioactive prod-
uct was identified by comparison of retention times
with authentic silylphosphine on three different col-
umns. A decay analysis on the isolated product indi-
cated that the activity is due to 3Si.
Phosphine-Disilane. Trisilane is the major radio-
active product from phosphine-disilane mixtures,3com-
prising ca. 70% of the volatile products. Silane, di-
silane, tetrasilanes, and pentasilanes are also formed
in low yields as shown in Table Il. Figure 3 shows
the variation of product yields with composition of
the reaction mixture at constant total pressure. Again
all yields increase with silane concentration, the yield

(23) L. M. Dorfman and F. J. Shipko, J. Amer. Chem. Soc., 77,
4723 (1955).

(24) C. M. Lederer, J. M. Hollander, and I. Perlman, "Table of
Isotopes,” 6th ed, Wiley, New York, N. Y., 1967, p 10.
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Relative Yields of Volatile Radioactive Products from 1:1 Mixtures of

Phosphine with Various Silanes at a Total Pressure of 1000 Torr®

Reaction

--------- —Yie
mixture «SUL HsSiSiHs
1:1 PHa-SiH, 13.8+ 1.4 76.4 7.6
1:1 PH3SiH9 8.5+ 0.9 55+ 0.6 6
1:1 Pha-SisHg 8.1+ 0.8 6.0+ 0.6

®In all cases combined absolute product yields total ca. 50 +
detected. c Isomers not identified.

Figure 3. Variation of absolute product yields from
phosphine-disilane mixtures with composition at constant total
pressure (1000 Torr).

of 3SiH4being least affected. Figure 4 shows product
yields as a function of disilane pressure, holding the
phosphine pressure constant. Above 1000 Torr of di-
silane (90.9%) product yields approach a constant
value, as expected when recoil loss is negligible, the
composition of the reaction mixtures is essentially con-
stant, and the sum of volatile product yields ap-
proaches a constant value.

Phosphine-Trisilane. Tetrasilanes are the major
radioactive products from a 1:1 phosphine-trisilane
mixture accounting for three-fourths of the observed
volatile products as shown in Table Il. A small
amount of pentasilane (4% TVA) of unknown structure
was detected. Hexasilanes and still higher silanes
would not have been detected under the chromato-
graphic conditions employed. The ratio of normal- to
iso-tetrasilane is 3.1 + 0.3.

Phosphine-Silane-Disilane. Figures 5 and 6 indi-
cate the product yields as a function of composition
at constant total pressure and constant concentration
of phosphine. The data for Figure 5 were taken at
1000 Torr total pressure, 500 Torr of PH3 The data
for Figure 6 were taken at 600 Torr total pressure, 100
Torr of PHS The combined absolute yields remain

Ids as % of total volatile activityO-

" SiSiH, t-slSiSigHio n-!ISiSiiHio a>SiSUHi2c
9.8+ 1.0 06 06 0"
9.2+ 7.0 4.2+ 0.4 105+ 1.1 d

1.1+ 0.1 19.7+ 2.0 59.2+ 5.9 39+ 04
10%. bNone observed under conditions where 1% would have been

dProduct detected, but quantitative data not available.

Figure 4. Variation of absolute product yields from
phosphine-disilane mixtures at constant phosphine pressure
and varying disilane pressure. Arbitrary units can be
converted to percentage units using combined total yields of
60 + 20% at high disilane pressures.

constant independent of the silane-disilane ratio.
Yields of radioactive disilane and trisilane change
monotonically, trisilane increasing and disilane de-
creasing with increasing disilane concentration, as ex-
pected from the results of experiments in binary mix-
tures (vide supra).

Phosphine-Silane-Disilane-Nitric Oxide. Figure 7
gives product yields as a function of composition at
constant total pressure and constant concentrations
of phosphine and nitric oxide scavenger. The simi-
larity of Figures 5, 6, and 7 is striking. While the
absolute yields of all products decrease ca. 45% in
the presence of 1to 5% nitric oxide scavenger, the rela-
tive yields are unaffected. Table Il gives the varia-
tion of 3ASiH4and 3SiSiH6yields from 1:1 phosphine-
silane mixtures with nitric oxide concentration.

Trimethylphosphine-Trimethylsilane. Fast neutron
irradiation of a mixture of 200 Torr of (CH33 and
800 Torr of (CH33XiH vyielded products identified as
3SiH4 (CH8X®i3SiH3 and (CH3Xi3SiHSI(CH33 in
ratio 1:4:2 as well as several unidentified peaks com-
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Table 111: Variation of Silane and Disilane Yields from 1:1
Phosphine-Silane Mixtures with Nitric Oxide Concentrations",6,c

% Added s Yields-------—-

nitric 31SiH* 31SiSiHe 31SiSiHe/

oxide counts counts 3ISiH*

0 5008 19,269 3.85

5709 21,160 3.71

i 3003 10,276 3.42

3305 11,589 3.51

2 3043 10,638 3.50

3128 11,030 3.53

5 3559 9,742 2.74

3094 10,441 3.37

° All samples irradiated simultaneously at equal flux. All
reaction mixtures contained 500 Torr each of phosphine and
silane. bNumber of counts extrapolated to end of irradiation
for each sample. cProbable errors are £+10% for all data in
this table.

Figure 5. Variation of absolute product yields from
phosphine-silane-disilane mixtures with composition at constant
total pressure (1000 Torr) and constant phosphine pressure
(500 Torr). Combined absolute yields total 40 + 10%

at all compositions.

prising ca. 40% of the TVA. Combined absolute
yields of ca. 20% were obtained.

Pressure Dependence. A series of 1:1 mixtures of
phosphine and silane at total pressure 200 to 2000 Torr
was irradiated simultaneously with fast neutrons. The
absolute yields of disilane and trisilane decrease with
total pressure while the silane yield increases slightly.
When corrected for recoil loss the silane yield increases
with decreasing pressure, the disilane yield decreases
slightly, and the trisilane yield decreases. The data
are shown in Figure 8.

Effect of Duration of Irradiation. A series of 1:1
phosphine-silane mixtures at constant total pressure
of 1000 Torr was subjected to fast neutron irradiation
of constant flux but varying duration. The results
are presented in Table IV. For irradiation times of 1.6
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KSIH4 ICD & 60 40 2 0
%Si2H 0 Y.y 40 60 60 100

Figure 6. Variation of absolute product yields from
phosphine-silane-disilane mixtures with composition at
constant total pressure (600 Torr) and constant phosphine
pressure (100 Torr). Combined absolute yields total 70 +
15% at all compositions.

%Si26 0 2 40 60 80 IO

Figure 7. Variation of absolute product yields from
phosphine-silane-disilane-nitric oxide mixtures at constant
total pressure (1020 Torr) and constant phosphine (200 Torr)
and nitric oxide (20 Torr) pressures. Combined absolute yields
total 40 + 10% at all compositions.

to 16 pA-hr all yields are constant within experimental
error. At 32 pA-hr there is a decrease in the yield
of the major radioactive product, disilane, of ca. 30%.
Over the tenfold range 1.6 to 16 pA-hr there appears
to be little effect of radiation damage on absolute or
relative product yields. At alonger irradiation time, 32
mA-hr, decreased yields are apparent.

Discussion

Possible Product-Forming Steps and the Relevance of
Scavenger Experiments. The major volatile radioactive
products from reactions of recoiling silicon atoms in
mixtures of phosphine with various silanes always con-
tain one more silicon atom than the reactant silane.
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Table IV: Variation of Product Yields from 1:1 Phosphine-Silane Mixtures with Neutron Irradiation Time"“’'6,0

Micro-

ampere Total volatile

hours, t, R activity— VSiH,-—-

IXA-hr Counts Counts/i Counts % TVA  Counts/i
1.6 14,450 9031 1,343 9.6 871
4 36,550 9138 3,368 9.2 842
8 70,720 8802 8,774 12.4 1097
16 158,571 9911 15,056 9.6 942
32 217,331 6791 34,349 15.8 1073

“ All samples irradiated at equal flux from constant deuteron current 20 ,uA/hr.

tion for each sample.

Figure 8. Variation of absolute product yields from 1:1
phosphine-silane mixtures with pressure. Yields detected are
shown as normal “white” points. “Black” points show typical
corrections for recoil loss below 1000 Torr. Dashed lines are
yield curves corrected for recoil loss. Recoil loss is negligible
above 600 Torr.

Several mechanisms must be considered as a priori
possibilities for the product-forming steps.
a. Abstraction of Single Hydrogen Atom by Trivalent
Silicon.
SiIH3SIH2RISiH2- + H-Z —>
SiH3SiH2, 3SiH3+ Z (n=012;

H-Z = SiH4 SiH6 SiH8 PH3  (9)
b. Abstraction of Two Hydrogens by Divalent Silicon.

SiH3SiH2,3SiH: + HZ —>

SIH3SIHYEISIH3 + Z (n=0,12
HZ = SiH4 SiHG SiH8 PH3 (10)
c. Insertion by Silylene.
3SiH2+ H-(SiH2,SiH3—>
H3&ISi(SiHD,SiH3  (» = 0, 1,2) (11)

d. Coupling of Silyl Radicals.

-Yields-
—«SiSiHt- *»SiSiH8
Counts % TVA Counts/i Counts % TVA Counts
11,632 80.4 7270 1,426 9.8 891
31,808 87.0 7952 1,374 3.7 344
58,236 82.6 7280 3,416 4.8 427
135,594 85.5 8475 7,912 4.9 495
168,486 77.5 5265 14,496 6.6 453

6 Number of counts extrapolated to end of irradia-

c Probable errors are £10% for all data in this table except errors for trisilane, which are +20%.

ASIH3 + «(SiH2,SiH3— >

H&ASi(SiIH2,SIH3  (n = 0, 1, 2) (12)

Of the four mechanisms above, two (a and d) involve
trivalent silicon free radicals. If scavengers were avail-
able which could divert silyl radicals in competition
with silanes themselves, then the two free radical paths
could be distinguished from the two mechanisms in-
volving divalent silicon intermediates, but only if there
is a significant difference in reactivity between the tri-
valent and divalent species.

Scavenger experiments have been reported previously
and did not lead to a change in the product spectrum
other than a slight diminution of all yields.2 These
observations were taken as evidence against the oc-
currence of the “radical paths” aandd. Unfortunately,
the reaction efficiencies of the scavengers employed
toward silyl radicals are still unknown. In most cases
where small amounts of scavengers have been reported
to alter the reaction products significantly, the reactive
silicon intermediate was not identified. For instance,
Gunning and coworkers have found that the presence
of 6% nitric oxide in silane completely suppressed the
formation of disilane upon mercury-sensitized decom-
position of silane.5 The reactive intermediate in di-
silane formation from silane could not be positively
identified as SiH3 Although SiH3was considered the
most likely reactive species present, quantum yield
measurements required the participation of processes
other than simple scission of single Si-H bonds of
SiH4%5 That NO might indeed be a suitable scavenger
for differentiating reactions of SiH2 and SiH3 was in-
dicated by the lack of scavenger action by NO in a
photochemical experiment believed to produce a di-
valent silicon species. Gunning and coworkers relied
heavily on scavenger evidence to indicate that the
vacuum ultraviolet photolysis of methylsilane yields
methylsilylene. 5

(25) M. A. Nay, G. N. C. Woodall, O. P. Strausz, and H. E. Gun-
ning, J. Amer. Chem. Soc., 87, 179 (1965).

(26) K. Obi, A. Clement, H. E. Gunning, and O. P. Strauss, ibid.,
91, 1622 (1969).
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CHXIiH3 miv > CH,SiH + H2and 2H (13)
1470 A

The presence of scavenger quantities of NO led to
only a slight decrease in the yield of the major product
which was attributed to insertion by the silylene inter-
mediate

CHsSiH + H-SIHXH3—> CHXBIHSIHZH3 (14)

The small decrease in yield of the 1,2-dimethyldisilane,
similar to that found by us in the recoiling silicon ex-
periments, was believed due to the low reactivity of
divalent silicon species toward nitric oxide,® the same
postulate previously made by us.2 Gunning had pre-
viously demonstrated that alkylsilyl radicals CHXSiH2
(CHanSiH, and (CH33X>i are efficiently scavenged by
nitric oxide.5

Kamaratos and Lampe have studied the mercury-
photosensitized reactions of silane with nitric oxide.Z
The induction period for the formation of disilane was
was ascribed to the efficient scavenging of silyl radicals
by nitric oxide. However, the production of silyl radi-
cals was assumed rather than demonstrated. The in-
volvement of silyl radicals in disilane formation was in-
ferred from the scavenger effect of nitric oxide and from
the formation of SiHaONNO during the induction
period.

Our previously reported scavenger experiments taken
by themselves indicate that silyl radicals are not im-
portant precursors to the major products from recoil-
ing silicon atom reactions. The uniform decrease in all
product yields (ca.45%) in the presence of 1to 5% NO
indicates that all the major products are derived from
intermediates weakly scavenged by NO. This argu-
ment remains questionable until independent evidence
is presented for the occurence of divalent and absence
of trivalent silicon species in systems employed in the
scavenger experiments. It is hoped that such inde-
pendent evidence is furnished by the product studies
and competition experiments reported in this paper.

Path d above requires an encounter between two
radicals for product formation to occur. The infinites-
imal concentration of recoil species (vide supra) renders
very unlikely the coupling of two radioactive silyl radi-
cals, even if 3ISiH3is an important intermediate. There-
fore path d requires the participation of nonradioactive
silyl radicals which could be produced from silane and
higher silanes by radiation damage. Ando and Oae
have reported the formation of ca. 1% disilane from
the 8Co 7 radiolysis of silane with total energy de-
posited (dose) of ca. 3 X 10-2 eV/molecule.B This
dose is at least an order of magnitude greater than that
which is received in our recoiling silicon experiments.
Nevertheless, sufficient concentrations of nonradioactive
silyl radicals may be generated by radiation damage
to make path d a practical possibility.

Schmidt and Lampe have also studied the 7 radiolysis
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of silane.® Disilane formation was believed to be
due to ionic as well as radical reactions, with the latter
predominating.

Product Studies as Indicators for the Mechanism of
Product Formation. In the phosphine-silane system
path d cannot be distinguished from path c on the
basis of the product spectrum. Both paths lead to
disilane as the major product

path ¢: 3ISiH2 + SiH4- -> H3BISiISIH3 (1)

path d: 3ISiH3+ SiH3- -» HRAISISiIH3 2

In the case of higher silanes, the two paths can be dis-
tinguished by the products formed. Radiation damage
to disilane should give rise to silyl and disilanyl radi-
cals®and path d is expected to give rise to both radio-
active disilane and trisilane, while path c leads to tri-
silane as the major product.

path ¢:  3SiH2 + HBISIH3— HRISISIHSIH3 (15)
path d: H$iSiH3-f§:fm-a-:-;f;> SiH3and SIHZSIH3 (16)

3SiH3+ SiHa — > Ha3lSiSiHa (2)
3ISiHa + SiHXSiHa — » HRAISISIHSIH3 - (17)

The experiments have indicated that disilane and tri-
silane as well as silane give single predominant products
(counting both isomers of tetrasilane together, see Ta-
ble Il). Thus the product spectrum favors path c.
While the relative concentrations of various silyl radi-
cals produced by radiation damage to a given silane
are not known, the production of “silylene insertion
products” in yields greater than ten times those of
next lower homologs argues strongly against the opera-
tion of mechanism d. The insensitivity of product
yields to the duration of irradiation found over a tenfold
range from Vio the normal irradiation time also in-
dicates a minimal role for radiation damage in product
formation. The formation of radioactive silane is dis-
cussed below.

Another mechanism for the formation of higher silanes
from silyl radicals has been proposed recently which
consists of a simultaneous insertion into a SiH bond
and detachment of a hydrogen atom by a silyl radical.3L

(27) E. Kamaratos and F. W. Lampe, J. Phys. Chemn. 74, 2267
(1970).

(28) W. Ando and S. Oae, Ann. Rept. Rad. Center Osaka Pref., 2,
95 (1961); Bull. Chem. Soc. Jap., 35, 1540 (1962).

(29) J. F. Schmidt and F. W. Lampe, J. Phys. Chem, 73, 2706
(1969).

(30) There is no report of the radiolysis of disilane. The radiolysis
of hydrocarbons does lead to both C-C and C-H bond rupture.
See S. C. Lind, “ Radiation Chemistry of Gases,” Reinhold, New
York, N. Y., 1961, pp 103, 174; also A. V. Topchiev, Ed., “ Radi-
olysis of Hydrocarbons,” Elsevier, Amsterdam, 1964. Silanes tend
to suffer both SiH and Si-Si bond rupture more than hydrocarbons
under electron impact. See J. D. Pupezin and K. F. Zmbov, Bull.
Inst. Nucl. Sci. “ Boris Kidrich” {Belgrade), 8, 89 (1958).

(31) M. A. Ring, M. J. Puentes, and H. E. O’Neal, J. Amer. Chem.
Soc., 92, 4845 (1970).
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path e H'-SiH2+ H"-SiH3' —>

H"HXBISIHZ' + H' (18)

This is an extraordinary reaction for which no analogy
exists. Ring and coworkers have calculated an
extremely long chain length 10115 for the sequence
including path e above and another chain-carrying
step

H + H-SiH3—> H2+ SiH3 (19)

Since path e is first order in silyl radical it does not
require the formation of radicals by radiation damage
to operate in the recoiling silicon systems. We regard
it, however, as a highly improbable mechanism until
additional evidence is presented in its favor. In accord
with this mechanism, Ring and coworkers found that
the hydrogen produced from the pyrolysis of silane-
perdeuteriosilane mixtures consisted largely of HD.3L
This suggested that the primary step in silane pyrolysis
is the cleavage of a single Si-H bond, rather than the
loss of molecular hydrogen.

SiH4-~ SiH3+ H (20)
SiD4—H- SiD3+ D (21)
H + SiH4- -» H2+ SiH3 (29)
D + SiD4- D2+ SiD3 (22)
H + SiD4— »HD + SiD3 (23)
D + SiH4— > HD + Sills (24)
X
SiH4-X *- SiH2 + H2 (25)
A
SiD4-)(*m SiD2+ D2 (26)
A

On the other hand the major product, disilane, con-
tained virtually no SiH3iD3 but it did contain signifi-
cant amounts of SIHDSID3 and SiHDZXSiH8 This
precluded simple radical coupling and direct displace-
ment by silyl radicals as paths for the formation of
disilane and left as an alternate possibility path e.
The Kkinetic analysis, however, required the competing
reaction, the simple coupling of silyl radicals, to have an
unusually low preexponential factor of 106 1 mol-1
sec-1, some four orders of magnitude below that for
methyl radicals.3L It has been recently shown that
trimethylsilyl. radicals (CH33i undergo dimerization
at a normal rate in liquid solution® and we have found
that silyl radicals themselves undergo dimerization at
—120° slightly more rapidly than trimethylsilyl radi-
cals.38 It should also be pointed out that in the
mercury-photosensitized decomposition of silane, in
which silyl radicals are probable reaction intermediates,
the quantum yield of hydrogen formation is less than 10,
which is incompatible with the long chain length cal-
culated by Ring and coworkers.3L
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Path b has been rendered unlikely by experiments
in the system (CH3P-HSi(CH 33 where the silane offers
the only labile hydrogen atom, and neither substrate
has two labile hydrogens.3 Thus path b cannot operate
in this system. Nevertheless, 1,1,1-trimethyldisilane
is formed in reasonable yield as is 1,1,1,3,3,3-hexa-
methyltrisilane. The former product has been ob-
tained (corresponding to path c¢) under conditions
where SiH2 is believed to be the active intermediate3®
and the latter has been obtained from the thermal
evaporation of silicon and cocondensation with tri-
methylsilane.3

SiH2+ H-Si(CH33 HXBISI(CH33  (27)

Si + H-Si(CHB3—> H-Si-Si(CH33
H-Si-Si(CH33+ H-Si(CH33—~
(CH3SiSiHSI(CH33 (29)

Thus the major products from the reactions of recoil-
ing silicon atoms with mixtures of phosphine with
disilane, trisilane, respectively, and of trimethylphos-
phine with trimethylsilane are in accord with the
proposal (path c) that insertion by silylene is the major
product-forming reaction. While paths a and e are
not excluded by product studies, they are rendered
unlikely by the scavenger experiments. Paths b and d
are excluded by the product studies.

Competition Experiments. In order to test whether
the product-determining steps in the reactions of re-
coiling silicon atoms can be described by a simple
kinetic scheme, competition experiments were under-
taken in ternary mixtures. The phrase “product-
determining” is used rather than “product-forming”
in order to beg the question whether the products are
formed directly in these elementary reactions or whether
instead the product-determining steps are simply branch
points in the overall mechanism. In the ternary (and
quaternary) mixtures investigated, phosphine-silane-
disilane and phosphine-silane-disilane-nitric oxide, the
components whose concentrations were varied in a
series of experiments both give rise to high yields of
volatile products. Thus a clearer test was undertaken

(32) P. T. Frangopol and K. U. Ingold, J. Organometal. Chem., 25,
69 (1970).
(33) P. P. Gaspar and K. Y. Choo, unpublished work.

(34) It has been shown (P. P. Gaspar and P. Markusch, unpub-
lished work) that C-H bonds do not participate in the product-
determining reactions of recoiling silicon atoms. From phosphine-
alkane (methane, ethane, propane, isobutane) and phosphine-
silane-alkane mixtures covering a wide range of compositions and
pressures, no volatile radioactive alkyl silanes have been detected.
Added alkanes are less effective at reducing the yield of radioactive
silanes than is neon although alkanes should be better moderators
than neon and have less effect on product ratios. Therefore it is
inferred that alkanes do participate in the reaction sequence which
produces the observed products, but not in the product-determining
steps.

(35) M. Bowrey and J. H. Purnell, J. Amer. Chem. Soc., 92, 2594
(1970).

(36) P.S. Skell and P. W. Owen, ibid., 89, 3933 (1967).
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of the kinetic scheme than the previously reported
competition experiments in phosphine-silane mixtures
in which only silane gave reasonable yields of volatile
products.

The specific question which we have attempted to
answer is: does a minimum mechanism involving one
intermediate in the product-determining steps suffice
to describe the reactions of recoiling silicon atoms in
phosphine-silane-disilane systems?3¥

The minimum Kinetic scheme for PH3SiH4SiZ2H6
mixtures (ignoring the steps which produce involatile
products) is

X + SiH4 a3lSiH4 + &3ISiSiH6+ c3ISiSiZH8 (30)

X + SiH6 ri3SiH4 +

e3ISiSiH6 + / “SiSiiHs + ~3SiSi>AH>8 (31)

The stoichiometric constants a through g may be
regarded as the ratios of the individual rate constants
for reaction of species X with a substrate molecule to
give a particular product to the sum of the individual
rate constants for reactions of species X with the sub-
strate.

X + SiH4 3SiH4 (30a)
X + SiH4 3ISiSiH6 (30b)
X + SiH4 3SiSiH8 (30c)
KR —ka+ kb+ kc (32)
a = kjkx (33)

b = kv/ki (34)

- (35)

These constants a through g are equal to the relative
product yields from binary phosphine-silane and phos-
phine-disilane mixtures.

From this scheme the following function is derived
relating the product ratio 3ISiSiZH8 3ISiSiH6 to the
substrate ratio SiZHG8SiH4

d[3SiSiHE = |fcfcifgiH4] + e£2[gizH6ij [X] (36)

SIS - fetersimg +ALSTH E}X] (3)

Then
3ISiSIH8 = cki[SiH4] + /fc2[Si2H €]

3SiSiH6  bh[SiH4] + eft2[SiZH €] (38)

Rearrangement of eq 38 gives

fr(3SiSiZHY 3ISiSiHg -

/ - e(3ISiSiHY 3SiSiHg “

¢ = h [SiH6]
ki [SiH4] (39)

Figure 9 shows the data from two series of experiments
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S2H6/ SH*
Figure 9. Variation of product ratio function (left-hand side of
eq 39) as a function of substrate ratio.
from Figure 5 and triangles represent data from Figure 6.

Circles represent data

plotted according to eq 39 above. The constants b, c, e,
and / are obtained from binary phosphine and phos-
phine-disilane mixtures. In the first series of experi-
ments there was 100 Torr of PH3present and 500 Torr
of a mixture of SiH4 and SiH6 The yield data are
given in Figure 5. In the second series reaction mix-
tures, whose results are given in Figure 6, consisted
of 500 Torr of PH3and 500 Torr of mixed silanes. The
following conclusions seem warrented by Figure 9.

(@ The plot is linear within experimental error
indicating that the kinetic scheme is compatible with
the available data.

(b) Neither the change in total pressure from 600
to 1000 Torr nor the change in the amount of phosphine
present from 17% to 50% affects the function plotted
in Figure 9, even though the absolute yields of volatile
products drop from ca. 80% to ca. 50% as the phosphine
increases from 17 to 50%. Thus the formation of
involatile products may be regarded as a reaction which
competes for intermediate X or for a precursor to
intermediate X.

(c) It is therefore suggested that a kinetic scheme
involving a single intermediate X or a set of interme-
diates formed in constant ratio is responsible for the
determination of product ratios. However, since a
single rate-constant ratio suffices to describe the phos-
phine-silane-disilane system over a wide range of con-
centrations; it seems likely that only a single interme-
diate is involved in the product-determining steps.3

(d) The slope of the plot in Figure 9 gives the reac-
tivity ratio of disilane to silane which is 2.8 + 0.5.
The ratio of hydrogens in the two molecules is 1.5,
so disilane is apparently twice as reactive as silane

(37) It can easily be shown that if to a second intermediate Y is
ascribed all the reactions of X, but with different relative rate con-
stants, then product yields, relative and absolute, will depend on
the relative amounts of X and Y formed.
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on a perhydrogen basis. Two explanations seem pos-
sible:3 (1) Si-H bonds of disilane may be weaker than
those of silane® thus facilitating Si-H insertion by
3SiH2;, and (2) 3SiH2might insert into the Si-Si bond
of disilane as well as into the Si-H bonds.33% Only a
degradation experiment to locate the 3iSi in the radio-
active trisilane product will directly indicate whether
Si-Si insertion occurs.

3ISiH2 + SiH6 Tl;é'~ﬁm> H3SiSIHSIH3 - (40)

3ASiH2 + SiH6 — — > HXBIASIHSIH3  (41)

insertion

The minimum Kinetic scheme can be corrected by
taking into account the fact that the formation of
radioactive trisilane from silane is second order in
silane concentrations, as shown by Figure 2.

X + SiH4  a3iSiH4+ 63ISiSiH8 (42)
Y + 2SiH4 3ASiSiH8 (43)
X + SiH6  d3iSiH4+ e3ISiSiHe +

/ 3ASiSiH8 + 73ASiSi>2H>8 (44)

Let us introduce the simplifying assumption that Y and
X are produced in constant ratio, that is

[Y] = m[X] (45)

Then it can be shown that in the absence of disilane
the following product ratio should be obtained

3ISiSiH8 ]
. fISIH J (46)
3ISiSiH6 h

Data from phosphine-silane mixtures at constant total
pressure are given in Figure 10 plotted according to
the equation above. The plot appears linear with
zero intercept and the slope gives an experimental
value for the quantity m n/«i. Then for phosphine-
silane-disilane mixtures the following new function can
be derived relating the product ratio to the substrate
ratio

dJ3- A iHEl = {  [SiHA] + e [SIZHE} [X]  (47)

d[3SiSiHE = fe3[Y][SiHA]2 +/fc2[X [[si2HE  (48)

Introducing eq 45 as an assumption one obtains by
integration of eq 47 and 48 the product ratio

8SiSiZH8 = mfc3[SiH4]2 + /fc2[Si2H 6]

3ISiSiH6 6*! [SiH4] + €f2[SiZH4] 1]
Rearrangement of eq 49 gives
5(3SiSiHg 3SiSiHG - (mh/h) [SiH4]

/ - e(3ISiSiHg 31SiSiHg
fe[SizH 6]

ki [SiH4] (50)
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Figure 10. Variation of trisilane to disilane product yield ratio
from phosphine-silane mixtures with composition at constant

total pressure (1000 Torr). Product yields shown in Figure 1.

Si2H6/ SiH4

Variation of product ratio function (left-hand side
Data from

Figure 11.
of eq 50) as a function of substrate ratio.
Figure 5 are represented by circles, from Figure 6 by

triangles. Figure 10 provides the quantity Mk3¥/Ki.

The plot of this function is shown in Figure 11, use
having been made of the quantity mk3ki, the slope
of the line in Figure 10, and of the constants b and /

(38) R. P. Hollandsworth and M. A. Ring, Inorg. Chem.. 7, 1635
(1968).
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derived from binary mixtures. The product ratios
are taken from the data of Figures 5 and 6.

While this plot is also linear there is no obvious
improvement over the plot of eq 39 shown in Figure 9.
It is probable that the experimental error is larger than
the possible correction. It is clear that the correction
due to the inclusion of eq 43 in the Kkinetic scheme is
small since the ratio of 3SiSiZH3J 31SiSiH6 from the
phosphine-silane mixtures is less than 0.2 even at 90%
silane.

Having seen that phosphine-silane-disilane mixtures
give product yields which are in agreement with the
simple kinetic scheme given by eq 42, 43, and 44, it was
thought desirable to determine whether the same kinetic
scheme would rationalize product yields from mixtures
containing scavenger. In binary phosphine-silane sys-
tems the presence of a few % nitric oxide has been
shown to decrease yields of volatile products by ca
40% without changing product ratios.2

The yield vs. composition curves (Figure 7) for the
series of experiments on mixtures containing 200 Torr
(19.6%) of PH3 and 800 Torr (78.4%) of silane and
disilane and 20 Torr (1%) of NO are similar in form
to those obtained in the absence of NO (Figures 5
and 6). Thus even in ternary mixtures of phosphine,
silane, and disilane, nitric oxide decreases absolute
yields without affecting relative product yields. This
is underlined by subjecting the data of Figure 7 to
kinetic analysis by plotting the product ratio vs. sub-
strate ratio function, eq 39. The result, shown in
Figure 12 is a straight line with slope 2.5 + 0.5, identical
within experimental error to that found in the absence
of NO. That the relative reactivity of SiH4and SiZH6
does not change in the presence of scavenger even
though absolute product yields decrease suggests that
at the point in the reaction sequence at which scavenging
occurs, a single intermediate is involved rather than
several intermediates.

Formation of Silane and Other Lower Homologs of
Major Products. The present model for the formation
of major products in the reactions of recoiling silicon
atoms in mixtures of phosphine and silane, disilane,
and trisilane consists of insertion of 3ISiH2into silicon-
hydrogen bonds. Previously the formation of radio-
active silane caused embarrassment, since silane is
obviously not a direct product of a silylene reaction
unless path b is operative. Since radioactive silyl
radicals are believed to be unimportant as reaction in-
termediates, mechanism a is also excluded as a source
of radioactive silane. The same intermediate is be-
lieved to be the precursor of radioactive silane and
disilane in the phosphine-silane system. This is con-
firmed by scavenger experiments in which the silane-
disilane ratio stays the same even though the total
yields decrease by ca. 45%. If the common precursor
of radioactive silane and disilane is 3ISiH2 then what
is suggested is the conversion of 3ISiH2to 3ISiH4with-
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Si2H6 / SiH4

Figure 12. Variation of product function ratio (left-hand

side of eq 39) as a function of substrate ratio from

phosphine-silane-disilane-nitric oxide mixtures. The product

yield data for the same experiments are shown in Figure 7.

out the intervention of 3ISiH3 This had been recognized
before the details of such a reaction were known.2

The most plausible explanation for the formation of
silane from the reactions of recoiling silicon atoms
in phosphine-silane mixtures comes from the finding
by several groups that disilane suffers pyrolysis to
silane and silylene.33394

SiH6—> SiH2+ SiH4 (51)

This suggests a reasonable mechanism for the formation
of radioactive silane from 3ISiH2 and SiH4 without
the intervention of 3ISiH3 The insertion of 3ISiH2
into an Si-H bond of SiH4to form disilane is exothermic,
and the initially vibrationally “hot” disilane must be
collisionally deactivated or it will dissociate. If the
unsymmetrical cleavage yields 3SiH2then the insertion
has simply undergone reversal. If nonradioactive sil-
ylene is produced, then radioactive silane has also been
formed

ASiH2 + Sill, (HRISISIH3* —> SiH2+ 3SiH4

> HRISiSiH3 (52)

stabilization

Evidence for this mechanism is found in the pressure
dependence of product yields from 1:1 phosphine-
silane mixtures, Figure 8. When corrected for recoil
loss, the absolute yield of radioactive silane increases
with decreasing pressure, while the disilane yield (and

(39) E. M. Tebben and M. A. Ring, Inorg. Chem, 8, 1787 (1969).

(40) P. Estacio, M. D. Sefcik, E. K. Chan, and M. A. Ring, ibid,,
9, 1068 (1970).
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the trisilane yield) decreases. A similar mechanism
explains the formation of radioactive silane and disilane
from phosphine-disilane mixtures and silane, disilane,
and trisilane from phosphine-trisilane mixtures.

Summary

We have presented the results of product studies
and competition experiments on the reactions of recoil-
ing silicon atoms with mixtures of phosphine and various
silanes. In terms of these results we have discussed
five possible mechanisms for the formation of the major
products, which are the next higher homologs of the
silane substrate. The products formed are in accord
with the insertion by 3ISiH2 being the predominant
product forming step (path c¢). This insertion reaction
was initially suggested by us on the basis of preliminary
experiments, but has in the intervening 5 years become
well established in pyrolysis and photolysis experiments
by other workers. While a coupling mechanism in-
volving 3ISiH3 (path d) can be ruled out by the com-
bined evidence of product studies and the -earlier
scavenger experiments, other mechanisms have also
been considered and rejected. A reaction sequence
whose last step is abstraction of a single hydrogen atom
(path a) is rejected on the basis of the scavenger experi-
ments. Another mechanism involving abstraction of
two hydrogens as the last step (path b) is ruled out by
the formation of the silylene insertion product from
substrates without two labile hydrogens. The mech-
anism requiring pseudo-insertion by a silyl radical
(path e) is precluded by the scavenger experiments.
Competition experiments between silane and disilane
indicate that a kinetic scheme including a single in-
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termediate in product-determining steps suffices to de-
scribe the phosphine-silane-disilane system. That in-
termediate may be safely regarded as 3ISiH2

In a future paper the question of the primary steps
in recoiling silicon reactions will be taken up. We
will provide evidence for a primary mechanism con-
sisting largely of insertion reactions. Thus the forma-
tion of trisilane in silane-phosphine mixtures, reported
in this paper but not explained, is believed to be due
to two consecutive insertion reactions

stabilization

3ASi + SiH4  (H-3Si-SiHZ* il > H -3Si-SiH4
H - Si 3ASiH2 (53)
8Si + PH3m  (H-3Si-PH2* -2 H . 28i-PH3

H -31Si-SiH3+ SiH4—> HXI3SIHSIH3  (54)
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The enthalpies (at 25 and 35°) and the partial molal heat capacities (at 30°) of transfer of BuANBr from water
to aqueous urea solutions (up to 10 m) have been determined calorimetrically. The entropies of transfer
are obtained by combining the enthalpies of transfer with the free energies of transfer reported in the litera-

ture. The results show that transfer of BuANBr from water to aqueous urea solutions is accompanied by a
negative free energy change, positive enthalpy and entropy changes, and a decrease in partial molal heat
capacity. The results are consistent with the view that solutes containing nonpolar groups find aqueous
urea less structured than pure water. The effect of urea breaking down water structure, which seems to be
significant only at higher concentrations of urea, increases with the increase in concentration reaching satura-
tion effect around 10 m. The implication of the results on the role of urea causing dénaturation of proteins

has been discussed.

Introduction

The role of urea in affecting the structure of water
has been critically analyzed recently by Holtzer and
Emerson.1 The pertinent references on the various
studies on the urea-water binary' system have been
listed in our previous papers.23 Our studies23 on
the nmr and the excess partial molal heat capacities
of the urea class of protein dénaturants have led us to
suggest that urea does not appear to alter water struc-
ture significantly, and if the water structural changes
play an important role in the dénaturation of proteins
by urea, then it is more likely that urea modifies the
water structure in the presence of proteins. It would
then seem more relevant and fruitful to study the trans-
fer behavior of model compounds containing large non-
polar groups (structure-making solutes) from water to
aqueous urea solutions containing large concentration of
urea. A number of studies in this direction4-9 sup-
port the contention that urea behaves as a structure
breaker. The studiesl011 on the transfer behavior of
structure-breaking solutes like common electrolytes
from water to concentrated urea solutions also lead to
the same conclusion that urea breaks water structure.
Recent studies on the activity coefficients of the water-
urea-BuiNBr ternary system by Wen and Chen22have
led them to suggest that the lowering of the activity
coefficients of urea and BudANBr in the urea-water-
Bu4dNBr ternary system may be due to either the water-
structure-breaking effect of urea or to the formation of
some complexlike aggregates between urea and R4N +
salts in aqueous solution.

In this paper, we have reported the results on the
enthalpies, entropies, and heat capacities of transfer
of BuANBr from water to aqueous urea solutions (up
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to 10.2 m), and we find that urea does behave as a
structure breaker (the structure-breaking effect of
urea increasing with concentration) in the ternary
system of urea-water-BudNBr. The implication of
this is discussed in the denaturation of proteins by urea.

Experimental Section

The submarine calorimeter and the operational pro-
cedure used for the measurements of the integral heats
of solution have been described previously.1314 The
temperature of the thermostat was maintained to
+0.002°. Electronic amplification was used with a
thermistor as the temperature-sensing device. With
this calorimeter a temperature difference of the order of
2 X 10~6 could be detected. The calorimeter was
calibrated by measuring heats of solution of KC1

(1) A. Holtzer and M. F. Emerson, J. Phys. Chem,, 73, 26 (1969).

(2) S. Subramanian, D. Balasubramanian, and J. C. Ahluwalia,
ibid., 73, 266 (1969).

(3) S. Subramanian, T. S. Sarma, D. Balasubramanian, and J. C.
Ahluwalia, ibid., 75, 815 (1971).

(4) P. L. Whitney and C. Tanford, J. Biol. Chem., 237, PC 1735
(1962); Y. Nozaki and C. Tanford, ibid., 238, 4074 (1963).

(5) D. B. Wetlaufer, S. K. Malik, L. Stoller, and R. L. Coffin,
J. Amer. Chem. Soc., 86, 508 (1964).

(6) G. C. Kresheck and L. Benjamin, J. Phys. Chem., 68, 2476
(1964).

(7) W. A. Hargraves and G. C. Kresheck, ibid., 73, 3249 (1969).
(8) F. Franks and D. L. Clarke, ibid., 71, 1155 (1967).

(9) H. S. Frank and F. Franks, J. Chem. Phys., 48, 4746 (1968).
(10) J. H. Stern and D. J. Kulluck, J. Phys. Chem., 73, 2795 (1969).

(11) G. A. Vidulich, J. R. Andrade, P. P. Blanchette, and T. J.
Gilligan, 111, ibid., 73, 1621 (1969).

(12) W. Y. Wen and C. L. Chen, ibid., 73, 2895 (1969).
(13) S. Subramanian and J. C. Ahluwalia, ibid., 72, 2525 (1968).

(14) T. S. Sarma, R. K. Mohanty, and J. C. Ahluwalia, Trans.
Faraday Soc., 65, 2333 (1969).



Transfer of BU4\| Br from W ater to Urea

Table I:
o e 25.0°—

Urea, AHB AFtr

m cal mol-1

0 -2050 £ 15«

2.20 -1319 £+ 29 731 = 196
4.89 -815 + 19 1235 + 25
8.01 -427 £23 1623 + 20
10.20 -343 = 24 1707 + 28

« Values in pure water taken from ref 14.

in water and of THAM (tris(hydroxymethyl)amino-
methane) in 0.1 N HC1. The values obtained were in
good agreement (within 0.2%) with those reported by
Gunn.b

BiuNBr was obtained from Eastman Organic Chem-
icals. It was recrystallized by the method reported in
the literature. The recrystallized salt was dried
in vacuo at 60-80°. Urea was obtained from BDH
Ltd. (AR grade, assay >99.5%) and was used as
such. Calorimetric measurements were made with
freshly prepared urea solutions.

Results

The partial molal heats of solution AL7Sof BudNBr
in 2.20, 4.89, 8.01, and 10.2 m aqueous urea solutions
at 25 and 35° are given as supplementary material.I7
Since the concentration of BudNBr in aqueous urea
solution (0.0007-0.0035 m) was close to infinite dilu-
tion, any small concentration dependence of heats of
solution AHabeing within the experimental error, the
partial molal heat of solution at infinite dilution, ;AHS,
was taken to be the average of a number of AHs mea-
surements. The A/?s° values of BUudNBr in 2.2, 4.89,
8.01, and 10.2 m aqueous urea solutions at 25 and 35°
are fisted in Table | along with the values in pure water
reported earlier from this laboratory. 8 The uncer-
tainty in the AH ° values is expressed as standard de-
viation from the mean value. The AS ° values of
BuANBr in aqueous urea solutions at 25° are in fairly
good agreement with those reported by Cassel and
Wen.18 The enthalpies of transfer, AHIr (at 25 and
35°), and partial molal heat capacities of transfer, ACP,
at 30° from water to aqueous urea solutions were de-
rived from these data and are fisted in Table I. The
recently*reported12 free energies of transfer of BudNBr
from water to aqueous urea solutions (up to 5 m) at 25°
are plotted as a function of molality of ureain Figure 1
and extrapolated to 8 m urea. The values of free ener-
gies of transfer, AGtl, thus obtained (up to 8 murea) are
fisted in column 2 of Table Il. In Figure 1 are also
plotted the enthalpies of transfer, ;AHtr, at 25 and 35°
given in Table | as a function of concentration of urea
up to 10.2 m, and the interpolated values at 25° are
given in column 3 of Table Il. By combining these
enthalpies of transfer, AHTT, at 25°, with free energies
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Enthalpies and Heat Capacities of Transfer of BiuNBr from Water to Aqueous Urea

S —— 35.0°-—— 30.0°
AHs°® AFtr ACptr, cal
cal mol-1 deg“1mol-

-260 £ 15" 0
246 £ 18 506 + 23 -22 £ 3
593 + 10 855 + 18 -38 £ 3
761 £+ 25 1021 + 30 -60 = 4
796 + 18 1056 + 24 -65 + 4

6Uncertainty (std dev) in AHtl was calculated as eAHtr = [(eAHEe®)2+ (eAifB ) A.

of transfer, A(?tr, at 25°, the entropies of transfer at
25° were derived and are fisted in column 4 of Table
Il.  The values of the partial molal heat capacity trans-
fer, ACRr (up to 10.2 m) at 30° are plotted as a function
of molality of urea in Figure 2, and the smoothed and
interpolated values are given in column 5 of Table II.

Table 11: Thermodynamics of Transfer of Bu4NBr
from Water to Aqueous Urea

AfStre(25°), ACVt,4(30°),
Urea, AFtr«(25°), AFtrl(259, cal deg-1 cal deg'l
m cal mol-1 cal mol'l mol'l mol-1
1 -133 396 1.8 -10.5
2 -247 680 3.1 -19.5
3 -345 910 4.2 -27
4 -430 1095 5.1 -34
5 -507 1235 5.8 -40.5
6 -575 1300 6.3 -46.5
8 -704 1600 7.7 -57.5
10 1715 -66.5

“ A(?tr values were obtained by plotting the A(?tr values re-
ported in ref 12 as a function of molality and extrapolating to
8 murea. bAHtrvalues given in Table I were plotted as a func-
tion of molality of urea (see Figure 1), and smoothed out values are
given here. The estimated uncertainty (standard deviation) in
AHtr values is +25 cal mol"1l *Derived from ACtr and AHtr
values given in columns 1 and 2. The estimated uncertainty
(standard deviation) in A$tr values is +0.1 eu. dSmoothed-out
values from Figure 2. The estimated uncertainty (standard
deviation) in ACRUvalues is +3 cal deg“1mol"1

Discussion

The results given in Table Il and Figures 1 and 2
show that the transfer of the highly structure-making
solute BiuNBr13from water to agueous urea is accom-

(15) S. R. Gunn, J. Phys. Chem., 69, 2902 (1965)
(16) A. K. R. Unni, L. Elias, and H. I. Schiff, ibid., 67, 1216 (1963).

(17) The detailed listing of the values of partial molal heats of
solution AHawill appear immediately following these pages in the
microfilm edition of this volume of the journal. Single copies may
be obtained from the Business Operations Office, Books and Journals
Division, American Chemical Society, 1155 Sixteenth St., N.W.,
Washington, D. C. 20036, by referring to code number JPC-72-1366.
Remit check or money order for $3.00 for photo copy or $2.00 for
microfiche.

(18) R. B. Cassel and W. Y. Wen, J. Phys. Chem,, 76, 1369 (1972).
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Figure 1. The free energies and enthalpies of transfer of Bu4NBr
from water to aqueous urea solutions as a function of molality
of urea: (A) AGtTat 25°, (O) AHtr at 25°, (=) AHtt at 35°.

panied by a negative free energy change, positive en-
thalpy and entropy changes, and a decrease in partial
molal heat capacity. The effect on these transfer
thermodynamic functions increases with the increase in
the urea concentration, reaching almost maximum
effect around 10 w urea. The enthalpies of transfer
of BUiNIl and Am4AN| from water to 7 M aqueous urea
as obtained from solubility studies by Franks and
Clarke8 are also positive, though less in numerical
value, but are of the same order of magnitude as our
calorimetric values.

The positive entropy change and negative partial
molal heat capacity change (see Figure 2) of BUANBr
from water to aqueous urea solutions indicate that
BudNBr finds aqueous urea as less structured than
pure water. The A<MHr values (see Table Il and Fig-
ure 2) indicate that with increasing concentration of
urea the structure of aqueous urea solution decreases
appreciably, reaching the saturation effect around 10
to. In 10 w aqueous urea solution, the excess partial
molal heat capacity and therefore the structure-making
capacity of BUANBTr is reduced by about one-third its
capacity in pure water.

Recently Wen and Chen12 have reported that their
activity coefficient results of water-urea-BudNBr
and water-urea-MeANBr could be explained on the basis
of either (i) that urea breaks water structure or (ii) that
urea forms complexes with R4AN + salts in aqueous solu-
tions. Assuming that complex formation is accom-
panied by a decrease in entropy, the positive enthalpies
of transfer of BujNBr from water to aqueous urea rule
out the complex formation of urea with BudNBr in
aqueous urea, thus favoring the other possibility that
urea breaks water structure.

The results of this study are also consistent with
those of earlier studies4-8 on calorimetry, solubility and
partial molal volume of solutes containing nonpolar
groups such as hydrocarbons, amino acids, as well as
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Figure 2. The partial molal heat capacity and entropies of
transfer of BuANBr from water to aqueous urea solutions as a
function of molality of urea: (A) A<Strat 25°, (=) ACPRtat 30°.

studies on calorimetry and viscosity of common elec-
trolytes. 1011 The calorimetric investigations on the
transfer of amino acids from water to 6 M urea by
Kresheck and Benjamin6 show that the transfer (ex-
cept in the case of glycine which is a structure-breaking
solute) is accompanied by decrease in free energy,
enthalpy, and partial molal heat capacity and increase
in entropy. However, the increase in nonpolar side
chain of the amino acids was found to increase the en-
thalpy (less negative) and entropy of transfer while
further decreasing the partial molal heat capacity.6
It was shown by these workers that the effect of an
increase in the nonpolar side chain in an amino acid by
an isobutyl group was to increase the enthalpy of trans-
fer by 833 cal mol-1, increase the entropy of transfer
by 3.5 eu, and decrease the partial molal heat capacity
by 37 cal deg-1 mol-1. This is the same trend as
found for an RANBr salt, indicating that the effect
of the transfer of the nonpolar groups in different
aliphatic compounds from water to aqueous urea solu-
tions may be comparable and possibly involve the
same mechanism.

Wetlaufer, et al.,5from their solubility studies of hy-
drocarbons showed that the transfer of hydrocarbons
from water to 7 M urea is accompanied by a negative
change in free energy and a positive change in enthalpy,
which is consistent with our results and supports the
contention that RAN+ salts behave as soluble hydro-
carbons. Frank and Franks9have recently proposed a
model to account quantitatively for the results of
Wetlaufer, tt al., on the solubilities of hydrocarbons in
water and 7 M aqueous urea solutions. They have
suggested that the effect of urea on the water struc-
ture is rather subtle in the sense that it acts as a sta-
tistical structure breaker, unlike the structure-breaking
action by ions of common electrolytes. They have
given the details in their model as to how this is brought
about.9
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The statistical structure-breaking effect of urea on
water seems to be consistent with our previous studies2 3
in the water-urea binary system, where it was shown
that addition of small amounts of urea did not alter
the water structure, as well as being consistent with the
present study in the ternary system of water-urea-
BuANBr, which shows that the structure-breaking
effect of urea increases appreciably with increasing
concentration until reaching almost saturation limit
around 10 m (~7 M), where the water to urea ratio
is about 6 to 1.

If a concentrated aqueous urea solution is less struc-
tured than pure water, then the addition of structure-
breaking solutes such as common electrolytes should be
accompanied by a decrease in their structure-breaking
capacity. In other words, the transfer of structure-
breaking solutes from water to aqueous urea solutions
should be accompanied by a positive standard free
energy change and negative standard enthalpy and
entropy changes and an increase in standard partial
molal heat capacity. One indeed finds evidence in
support of this in the limited studies in this direction.D
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The importance of the role of the effect of urea on
the water structure in the denaturation of proteins
cannot be stated with certainty at this stage. It may
be, as has been suggested earlier by many workers,
that as a consequence of ffie weakening of hydrophobic
forces the solvation of the denatured form of the protein
is favored in aqueous urea solution. If the structure-
breaking effect of urea plays an important part in de-
naturation, then the mechanism of its structure break-
ing, as has been suggested earlier in this paper, should be
different from that of ions of common electrolytes.
The idea of urea acting as statistical structure breaker,
suggested by Frank and Franks,9which is supported by
our observation, needs to be verified by further calori-
metric and other investigations on the effect of the
transfer of solutes, from water to concentrated aqueous
urea solutions, as well from water to concentrated
aqueous solutions of structure-breaking solutes such as
common electrolytes.
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Thermodynamics of Transfer of Three Tetraalkylammonium Bromides

from Water to Aqueous Urea Solutions at 25°1
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The heats of solution of tetramethyl-, tetraethyl-, and tetrabutylammonium bromides have been measured
in water and in aqueous urea solutions of different concentrations. The measurements were carried out over
a salt concentration range of 0.001-0.1 m in order to observe the effect of urea on the apparent molal heat
content and to aid in the extrapolation to infinite dilution. The enthalpies of transfer from water to aqueous
urea were calculated and were combined with free energies of transfer of the tetramethyl- and tetrabutyl-
ammonium salts to give entropies of transfer. While the free energies of transfer for the two salts are both
small negative, the enthalpy and entropy of transfer of tétraméthylammonium bromide were found to be

large negative, and those of tetrabutylammonium bromide large positive.

These contrasting results are

discussed in terms of changes in water structure induced by urea and by the tetraalkylammonium ions. Our
results support models of urea as a water-structure breaker.

Introduction

The investigation of the changes in the conforma-
tional structure of proteins induced by added solute in
solution has stimulated interest in studies of electrolytes
and nonelectrolytes in water.2 In order to acquire a
meaningful model for the structural changes taking

place at the protein-solvent interface and in the regions
surrounding ions, it has been useful to study simple
two-component systems. From studies of the tetra-
(1) Abstracted in part from Ph.D. thesis of R. B. Cassel, Clark
University, 1971.

(2) W. Kauzmann, Advan. Protein Chem., 14, 1 (1959).
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alkylammonium salts, for instance, have come many
interesting insights into the complex structural changes
taking place in water as a result of the presence of
various ions.3

As a necessary link between the basic two-component
systems and the much more complex biological systems,
the investigation of multicomponent systems has be-
gun to net information about solute-solute interac-
tions.46 In particular, the effects of aqueous urea on
various solutes containing nonpolar groups have been a
stimulating subject of investigations.6-10 Despite a
large amount of experimental data available on the
simpler urea-water system,1l there exist divergent
views on the effect of urea upon the structure of
water.1012-14

In our previous study, urea has been found to lower
the activity coefficients of tetraalkylammonium salts in
aqueous solution. The lowering of the activity co-
efficients of both urea and salts could be due either to
the water-structure breaking effect of urea or to the
formation of some complexlike aggregates. Since a
test to choose between these two explanations may lie
in the enthalpy of transfer from water to aqueous urea,
we explore in this paper the effect of urea on the heats
of solution and heats of dilution of three contrasting
tetrallkylammonium bromides.

Experimental Section

Materials. Tetraalkylammonium halides were ob-
tained from Eastman Kodak Co. and were recrystal-
lized twice from the following solvent systems before
use: ethanol-methanol for (CHsbNBr and acetone-
ether for (CH54NBr and (C4H94NBr. Water used was
distilled and deionized, having a specific conductance
of lessthan 1 X 10-6 ohm-1cm-1. Reagent grade urea
was obtained from Fisher Scientific Co. and was re-
crystallized twice from methanol. Urea solutions were
prepared fresh each day, except for the 8.3 and 10.9 m
urea solutions, which were used for two days.

The Calorimeter. This single-cell calorimeter, which
has been described in detail elsewhere,1 was designed
to measure heats of solution and dilution or mixing.
The calorimeter vessel consists of a 250-ml dewar at-
tached at the top to a cyclindrical brass housing and
brass tubes which extend above the surface of the bath.
These contain the shaft of the stirring propellor, me-
chanical linkages for opening bulbs or pipets, and wiring
(see Figure 1). A Peltier cooling device, powered by a
precision power supply, is used to maintain the calo-
rimeter a few thousandths of a degree below the bath
temperature, thus counterbalancing the steady heat of
stirring. The use of this cooler eliminates condensa-
tion effects in the chamber above the calorimeter, al-
lows rapid temperature restoration after exothermic
events, and facilitates the establishment of thermal
equilibrium in preparation for calorimetric measure-
ment. The temperature of the calorimeter solution
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Figure 1. A schematic diagram showing a cross section of the
submarine calorimeter.

is measured using a thermistor in a Wheatstone bridge
circuit, the offbalance of which is amplified by a nano-
volt null detector,’ filtered, and recorded. The ther-
mistor probe,I7 which consists of a 1000-ohm ther-
mistor bead encased in a thin film of Teflon, has a heat
dissipation constant of 8 mW/deg; this results in an
internal heating of not more than a few ten thousandths
of a degree.

The Wheatstone bridge employs resistance standards
having a drift of less than 1 ppm/deg. All bridge
connections are gold to gold and bolted in good ther-
mal contact to a mutual heat sink. The bridge is
temperature lagged, well shielded, and kept at low
humidity. Under ideal conditions and complete ther-

(3) For a summary of references, see W. Y. Wen and J. H. Hung,
J. Phys. Chem,, 74, 170 (1970).

(4) For a summary of references, see R. H. Wood and P. J. Reilly,
Annu. Rev. Phys. Chem,, 21, 387 (1970).

(5) J. H. Stern and J. T. Swearingen, J. Phys. Chem., 74, 167 (1970).
(6) Y. Nozaki and C. Tanford, J. Biol. Chem., 238, 4074 (1963).

(7) G. C. Kresheck and L. Benjamin, J. Phys. Chem., 68, 2476
(1964).

(8) M. J. Schick and A. H. Gilbert, J. Colloid Sci., 20, 464 (1965).

(9) D. B. Wetlaufer, S. K. Malik, L. Stoller, and R. L. Coffin,
J. Amer. Chem. Soc., 86, 508 (1964).

(10) H. S. Frank and F. Franks, J. Chem. Phys., 48, 4746 (1968).

(11) For a summary of references, see R. H. Stokes, Aust. J. Chem,,
20, 2087 (1967).

(12) M. J. Schick, J. Phys. Chem., 68, 3585 (1964).
(13) M. Abu-Hamdiyyah, ibid., 69, 2720 (1965).
(14) A. Holtzer and M. F. Emerson, ibid., 73, 26 (1969).
(15) W. Y. Wen and C. M. L. Chen, ibid., 73, 2895 (1965).

(16) Keithley Nanovolt Null Detector, Model 147, Keithley Instru-
ments, Inc., Cleveland, Ohio.

(17) Thermistor probe, Model 44103, Yellow Springs Instruments,
Yellow Springs, Ohio.
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mal equilibrium, the noise level corresponds to a tem-
perature fluctuation of +2.5 X 10-6°. For 13 du-
plicate heat capacity measurements, each resulting in
a temperature change of 0.0225°, the heat capacity
was obtained with a standard deviation of 0.074%,
indicating a temperature resolution of 1.7 X 10~6°.
For smaller heat changes, this resolution approaches
25 X10-6°.

Standardization of Calorimeter. The calorimeter
was standardized by measuring the heat of solution
and neutralization of tris(hydroxymethyl)aminometh-
ane (THAM) in excess 0.1 M hydrochloric acid.
The hydrochloric acid was prepared by direct dilution
of concentrated HC1 solution. Fisher primary stan-
dard THAM was screened using 60- and 100-mesh
screens. The crystals passing through the former and
resting on the latter were dried at 80° for 48 hr in vacuo
and loaded into thin-walled glass bulbs and sealed
using epoxy.

The heat of reaction was obtained for seven samples
and the results were corrected to 25.000° using the
temperature derivatives ascertained by Irving and
Wadso.88 The average heat of neutralization at 25°
was observed to be —7109 cal/mol, with a calculated
95% confidence level of =8 cal/mol. This agrees
well with other literature values of —7117,19 —7107,D
and —7104 cal/mol.B

Treatment of Data

The following diagram illustrates the thermody-
manic processes under consideration.

N(s), (2 mol)

The molar heats of solution of a salt in a solution of
mt mol of salt per kilogram of solvent A, ATIHmit A),
is obtained directly from the i consecutive heats of
solution by

AHs(mh A) = (pQ ~jj (1> T)

where Q, is the experimental heat of solution, result-
ing from dissolving N} mol of salt. AH) (1/® , A), the
molar heat of solution at infinite dilution, is obtained
by fitting the A A ) data to a smooth curve and

1371

Figure 2. Enthalpy of solution of MedNBr in aqueous urea
solutions plotted against the square root of
salt molality at 25°.

extrapolating this curve to infinite dilution using a
limiting law. Taking the value of S s(1/00, A) as zero
on the heat scale gives A) directly.

From a correlative series of measurements, dissolving
the salt in solvent B (also possibly a mixed solvent),
AHs(1/ 0°, B) and fe(m(,B) are obtained. The enthalpy
of transfer at infinite dilution to solvent B from sol-
vent A can then be seen to be

Ai?tr(B ®— A) = AS.(1/®,B) - AHs(1/00, A)

Results

The calorimetric results obtained have been tabu-
lated2l and are shown in Figures 2-7. The uncertainty
in the heat of solution for the fth consecutive sample
bulb is given as

0.003N
001 + ~ AHs{mf)
=M °- Qi )

(18) R. J. Irving and I. Wadso, Acta Chem. Scand., 18, 195 (1964).

(19) R. H. Wood, H. L. Anderson, J. D. Beck, J. R. France, W. E.
deVry, and J. L. Soltzberg, J. Phys. Chem,, 71, 2149 (1967).

(20) S. R. Gunn, ibid., 69, 2902 (1965).

(21) Experimental data on enthalpies of solution of tetraalkyl-
ammonium bromides in water and enthalpies of transfer of these
salts from water to agqueous urea solutions at 25° will appear follow-
ing these pages in the microfilm edition of this volume of the journal.
Single copies may be obtained from the Business Operations Office,
Books and Journals Division, American Chemical Society, 1155
Sixteenth Street, N.W., Washington, D. C. 20036, by referring to
code number JPC-72-1369. Remit check or money order for $3.00
for photocopy or $2.00 for microfiche.
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Figure 3. Enthalpy of solution of Et.NBr in aqueous urea
solutions plotted against the square root of
salt molality at 25°.

Figure 4. Enthalpy of solution of Bu4ANBr in aqueous solutions

plotted against the square root of salt molality at 25°.

where Q} is the experimental heat change on dissolu-
tion and AHsinij) is the enthalpy of solution per mole
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Figure 5. Apparentmolal heatcontents of tetraalkylammonium
bromides in water and in aqueous urea solutions plotted against
the square root of salt molality at 25°.

Figure 6. Thermodynamic transfer functions for MedANBr
transferring from pure water to aqueous urea solutions plotted
against urea molality at 25° (at infinite dilution of the salt);
[ ) EtANBr.

of salt. The first term arises from the uncertainty of
temperature measurement (0.1%) and the second
from the uncertainty (0.003 cal) in the heat of glass
bulb opening. This uncertainty is indicated in Fig-
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Figure 7. Thermodynamic transfer functions for ButNBr
transferring from pure water to aqueous urea solutions plotted

against urea molality at 25° (at infinite dilution of the salt).

Table 1: Enthalpies of Solution in and Enthalpies of
Transfer to Aqueous Urea for Tetraalkylammonium
Bromides at Infinite Dilution of Salt at 25°

Urea, 45,00 (1/»), Rttd/»),
ma cal/mol cal/mol
MedNBr 0 5780 + 8
1.0 5437 + 12 -343 + 14
2.0 5167 + 12 -613 + 14
4.0 4736 = 12 S1044 & 14
EpNBr 0 1500 + 10
1.0 1165 = 12 -335 & 16
2.2 840 + 12 660 * 16
4.0 465 + 18 1035 & 20
BmNBr 0 -2036 + 7
1.0 1663 = 10 373 + 12
2.0 1412 £ 10 624 + 12
4.0 -1002 = 10 1034 + 12
6.0 -694 & 10 1342 + 12
8.3 440 £ 15 1596 + 16
10.9 2260 £20

“ Moles per kilogram of HD.

ures 2, 3, and 4 by the length of the error bars.2
Greater errors were incurred in the dissolution in 8.3
and 10.9 m urea solutions because of the high viscosity
and because of transient complex formation.
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The low-concentration calorimetric results have been
extrapolated to infinite dilution using the Debye-
Hiickel limiting law. The parameters essential for
the calculation of the limiting slope were taken from
the work of Wyman2 and of Stokes.1l The enthalpies
of solution at infinite dilution of salt and the enthalpies
of transfer from pure water to aqueous urea are tabu-
lated in Table I. The apparent molal heat contents
are given in Table I1I.

Table Il : Apparent Molal Heat Contents of
Tetraalkylammonium Bromides in Urea Solutions at 25°

----Molality of urea-------

V m,a 0 1 2 4 6 8.3
MedNBr 0.05 19 17 16 15
0.10 31 28 26 23
0.15 32 28 26 23
0.20 20 19 18 17
0.25 -3 4 7 9
0.30 -33 -12 -5 0
Et4aNBr 0.05 18 17 16 14
0.10 17 18 17 15
0.15 9 7 6 4
0.20 -8 -10 -12 -16
0.25 -32 -35 -35 -38
Bu4dNBr 0.05 18 17 15 13 9 6
0.10 30 24 20 13 7 -5
0.15 35 29 21 5 -4 -24
0.20 44 34 -16 -4 6

“ The square root of the molality of the tetraalkylammonium
bromides.

The enthalpies of transfer for MedANBr and BudNBr to
aqueous urea solutions have been combined with pre-
viously reported free energy datab to obtain the en-
tropies of transfer.

Discussion

Q) Apparent Molal Heat Contents of R~NBr
Pure Water. The changes in various thermodynamic
functions which accompany the dissolution of tetra-
alkylammonium halides in water have been interpreted
in terms of changes in the structure of the solvent. It
has been postulated that PrAN + and Bu4N + ions pro-
mote the water structure within their cospheres and
MedN+ ion disrupts it.3 Observed thermodynamic
excess functions for these salts in water give strong
support to the above contention.192426 The present

(22) In response to differing data from another laboratory for the
BuiNBr-urea-HiO system, a check was made on these data. Urea
and BuiNBr were obtained from the same sources as above, but
different lots, recrystallized from different solvents, and thoroughly
dried. The calorimetry was carried out on a modified version of
the above apparatus. The heats of solution thus obtained repro-
duced the earlier work within 15 eal/mol.

(23) J. Wyman, Jr., J. Amer. Chem. Soc., 55, 4116 (1933).
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work extends the previous heat content measurements24
to another order of magnitude of high dilution. It
reveals no crossing of the enthalpy curves of MedNBr,
EtANBr, and BudNBr at low concentrations.Z It is
noteworthy, however, that all the bromides studied
approach the Debye-Huckel limiting law from the
bottom.3B

(2) Apparent Molal Heat Contents of RJSIiBr in
Urea Solutions. As shown in Table Il and Figure 5,
the effect of urea is such as to reduce the absolute
value of the heat content relative to that in pure water.
To the extent that changes in enthalpy on dilution re-
flect changes in solvent structural equilibrium within
solute co-spheres, then this behavior can be interpreted
as indicating that urea diminishes the structural char-
acteristics of water. It is noted that the water-
structure-promoting effect of BudANBr has been weak-
ened. This is because 44 — M1° is large negative for
BuANBr, while the corresponding values are small for
both MeANBr and EtANBr. At high concentrations
of urea, M of BUANBTr is seen to change signs and drop
rapidly. This dropping of enthalpy curve reflects
the partial ordering of salt and urea incipient to com-
plex formation. At very high concentrations of either
the salt or urea, complex formation was observed to
occur as has been previously reported.® It should be
emphasized, however, that the large positive enthalpy
of transfer from pure water to aqueous urea (see next
section) effectively rules out the possibility that the
negative free energy of transfer (AGtl < 0) of this salt
to urea solutions at low salt concentrations is due to
complexlike aggregate formation.®6

(3) Enthalpy of Transfer. The thermodynamic
functions for the transfer of a salt at infinite dilution
from one solvent to another reflect differences in solva-
tion, work of cavity formation, dipole interaction, and
so forth. One term which contributes significantly
to the enthalpy of solvation in a highly structured sol-
vent is that due to changes in the solvent structure due
to the presence of the solute species. For a transfer
process between two aqueous media differing primarily
by the degree of structuredness, such as DD <=~ H2X,3
this effect may be the primary contribution to the heat
of transfer. To the extent that this approximation is
correct, the heats of transfer from H2 to dilute urea
solutions may be interpreted as indicating the struc-
tural changes taking place in the cospheres of the salt
ions being transferred. Since the transfer process was
carried out for three cations having the same anion,
the differences in thermodynamic behavior are to be
attributed to the effects of the cations. As can be
seen from Figures 6 and 7, these differences are con-
siderable and are consistent with the picture previously
developed for these solutes in agueous solution.

For MeANBr, the values of AGxtr, A/?tr, and A5tr are
negative. The transfer of Me®Br from pure water to
aqueous urea is spontaneous because the energy de-
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crease accompanying the process is greater than the
corresponding decrease in entropy. If both urea and
MeANBr have the effect of breaking the water struc-
ture, MeANBr in aqueous urea will have less structure
to break than in pure water and result in both negative
AHtrand A5tr.

The transfer of BuANBr from pure water to aqueous
urea is spontaneous in spite of the unfavorable increase
in enthalpy, since this is more than compensated by a
greater increase in entropy accompanying this process.
These results can be qualitatively accounted for when
one again assumes urea to act as a structure breaker
and BUuaNBr as a structure maker. Apparently, the
large structure-promoting effect of BudN+ ion in water
is greatly diminished by the presence of urea molecules
inits surroundings. Wetlaufer, etal.f reached a similar
conclusion on the basis of their study on the hydro-
carbon gas solubilities in aqueous solutions.

Different mechanisms have been proposed to ex-
plain the structure-breaking effect of urea,1012but the
most reasonable one to date is that of Frank and
Franks. 0 They used a mixture model for water
consisting of bulky and dense species to explain the
effect of urea on the hydrocarbon solubilities. Hy-
drocarbon molecules were considered to dissolve sepa-
rately in the two kinds of water, as if they were distrib-
uted between two phases. Added urea was pictured
as only being able to enter into the dense water, thereby
causing the equilibrium shift to water from the bulky
to dense species with a net effect of structure breaking.

Recently, Stern and Kulluk3 have reported the
enthalpies of transfer of sodium chloride from pure
water to aqueous urea. They evaluated the entropies
of transfer of the same process by combining their
data with the corresponding free energy data obtained
by Bower and Robinson.2 For NacCl, the values of
AGtr are positive, while both values of AHtl and A5tr
are negative; these signs are just opposite to the cor-
responding ones for BudNBr. The effect of urea on
inorganic salts seems to contrast strikingly to that on
organic salts containing large nonpolar groups.

The detailed mechanisms of denaturation of proteins
by added urea are very complex and far from being

(24) S. Lindenbaum, J. Phys. Chem., 70, 814 (1966).

(25) H. S. Frank and W. Y. Wen, Discuss. Faraday Soc., 24, 133
(1957).

(26) H. Ruterjans, F. Schreiner, U. Sage, and Th. Ackerman, J.
Phys. Chem., 73, 986 (1969).

(27) The plots of log Vs. mMl/2for EtiNCI and Bu4dNC1 at 25° are
found to cross each other at m'A = 0.39 by Frank and Rupert;
see J. P. Rupert, Ph.D. Thesis, University of Pittsburgh, 1969.

(28) This subject will be treated in a later paper which will include
jow concentration data for other halides in detail.

(29) S. Saito, M. Lee, and W. Y. Wen, J. Amer. Chem. Soc., 88,
5107 (1966).

(30) C. V. Krishnan and H. L. Friedman, J. Phys. Chem., 74, 2356
(1970).

(31) J. H. Stern and J. D. Kulluk, ibid., 73, 2795 (1969).
(32) V. E. Bower and R. A. Robinson, ibid., 67, 1524 (1963).
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well understood. In view of this, further investiga-
tions on the interaction of urea with simple model
compounds will be of considerable interest.
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Reaction of excited singlet oxygen atoms 0 (D2 with cyclopentane in the gas phase has been studied at room

temperature.

The reaction conforms to the general pattern established previously for acyclic paraffins. The

main reaction path is the insertion of 0(1D2 into a CH bond of cyclopentane to form a highly vibrationally

excited molecule of cyclopentanol.

The mean lifetime of the “hot” cyclopentanol is 1.7 X 10~9sec. Another

distinct reaction path, representing about 20% of the total reaction, is the abstraction of H atoms from cyclo-

pentane by 0(ID2 atoms.
third distinct reaction path observed.

Introduction

Previous studies23in this laboratory have shown that
0(ID2 atoms interact with paraffins mainly in two
ways: (1) by insertion into the CH bonds of the
paraffin to form vibrationally excited alcohols, which
undergo fragmentation if not stabilized by collisions,
and (2) by abstraction of H atoms to form OH and
alkyl radicals. A third reaction path, molecular
elimination of H2 after the interaction of 0 (1D 2 with
the paraffin, generally takes place to a much smaller ex-
tent. The insertion occurs indiscriminately regardless
of the CH bond strength, giving, for example, the statis-
tical ratios of 3:1 rt-propyl alcohol to isopropyl alcohol
from propane2 and 9:1 iso- to (eri-butyl alcohol from
isobutane.3 The lifetimes of the “hot” alcohols de-
pend on the number of degrees of freedom in the mole-
cule and increase from about 10~n sec for the “hot”
propyl alcohols to about 4 X 10~9 sec for the hot
neopentyl alcohol. The pressures required for the
stabilization of the hot alcohols decrease correspond-
ingly from several thousand Torr for propyl alcohols to
about 1000 Torr for butyl alcohols and to only 150 Torr
for neopentyl alcohol.

A question of importance is whether the insertion of
0 (‘Do) and the abstraction by it occur as two distinct
processes, or the abstraction is only a part of the uni-
molecular decomposition of the “hot” alcohols. An
answer to this question has to be obtained from studies
of pressure effects on the yields of the products from the
two types of reaction. The study of the reaction of
isobutanem indicated that the two reactions are prob-

Molecular elimination of H2 representing about 10% of the total reaction, is the

ably independent, and that of neopentaned provided
conclusive proof that they are indeed two distinct pro-
cesses. The reaction of neopentane has been partic-
ularly suitable for this type of study because of the
very simple composition of the reaction products as a
result of the symmetry of neopentane and the relatively
low and thus experimentally convenient pressure at
which the “hot” insertion product is stabilized. In
this reaction, insertion forms only neopentyl alcohol
and abstraction only neopentyl radicals. Neopentyl
radicals do not disproportionate but only combine to
form 2,2,5,5-tetramethylhexane. This *“abstraction”
product was found to persist at pressures well in excess
of the pressure of 150 Torr at which the hot neopentyl
alcohol is completely stabilized. Abstraction is thus
shown to be a distinct process.

To further confirm these results and obtain additional
information on the intriguing diversity of 0 (ID2 inter-
action with paraffins, another symmetrical C5paraffin,
cyclopentane, has been selected for the present study.
This paraffin is also expected to give a single insertion
product, cyclopentanol, and, in the abstraction reaction,
only one hydrocarbon free radical, cyclopentyl. Cy-
clopentyl radicals can recombine, to form cyclopentyl-
cyclopentane, and, unlike neopentyl radicals, they can

(1) (a) Issued as N.R.C.C. No. 12574. (b) National Research
Council of Canada Postdoctorate Fellow, 1969-1971.

(2) H. Yamazaki and R. J. Cvetanovic, J. Chem. Phys., 41, 3703
(1964).

(38) (a) G. Paraskevopoulos and R. J. Cvetanovic, ibid., 50, 590
(1969); (b) ibid., 52, 5821 (1970).
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also disproportionate, to form cyclopentane and cyclo-
pentene.4

The choice of cyclopentane for the present study has
also been motivated by the desire to obtain information
on the nature of interaction of 0('D 2 atoms with cy-
cloparaffins, since such information is at present not
available.

Experimental Section

The excited oxygen atoms, 0 (ID2, were generated
by direct photolysis of N2, using the 2139-A line from
two Phillips 93106E zinc lamps. Although the emis-
sion from these lamps did not show any mercury lines28*
a mercury-free system was nevertheless used for the
purification and storage of the reactants. The cylin-
drical reaction cell was 10 cm long, ca. 5 cm i.d., had a
total volume of 190.0 £+ 0.5 ml, and was provided with
Suprasil quartz end windows. The light from the two
lamps was focused by means of two ultrasil lenses.

The materials used were Matheson nitrous oxide
(98% minimum purity) and American Petroleum In-
stitute (API) cyclopentane (stated purity 99.970 +
0.009%). Nitrous oxide was subjected to degassing at
—196° and to several trap-to-trap distillations in
vacuo, the last from a Dry Ice-acetone bath. Only
traces of cyclopentene (0.020 + 0.005%) could be de-
tected by gas chromatography on a 20-ft 2% squalane
modified activated alumina column. Before each run,
nitrous oxide was degassed at —196°. Cyclopentane
was subjected to several freeze-thaw cycles and was
also degassed at —196°.

The noncondensable gases (H2 N2 CH4 and CO)
were collected by a Toepler pump through two spiral
traps at —196°. To prevent loss by occlusion, the
contents of the first trap were frozen over into the
second trap under continuous pumping during which
the reaction cell and the first trap were heated to 180°.
The collected noncondensables were measured in a gas
buret and analyzed on an 18-ft 13X Molecular Sieve
column with helium as the carrier gas. Occasional con-
current determinations were made by mass spectrom-
etry and by combustion over granular copper oxide
in a tube at 250°. The three types of determinations
showed good mutual agreement. The estimated
chromatographic errors were, for N2 2-3% and, for
H2 because of its low detector response in helium, 10-
12% and even larger for very small samples. The
determinations were based on the gc peak height mea-
surements with appropriate calibrations.

The condensable products and excess of the reactants
were collected in a 2-1. mixing bulb at —196°. The
reaction cell and the traps were finally heated to 180°
to assure quantitative transfer. To prevent loss by
absorption in stopcock grease, only greaseless stop-
cocks and mercury cutoffs were used in the analytical
system. Several aliquots of the collected condensable
products were analyzed by gas chromatography.
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Oxygenated products were analyzed on a 300-ft 0.015-
in. i.d. stainless-steel capillary column coated with 0,@'-
thiodipropionitrile (/3,/3'-TDPN) and on a 0.35% di-n-
decyl phthalate (DDPH) 20-ft 8i6 in.-i.d. 120-140
mesh glass beads column. Both columns were used at
room temperature with helium as the carrier gas. The
guantitative determinations were based on the gc peak
areas, with benzene as an internal standard. Cyclo-
pentanol, cyclopentanone, and n-pentanal (n-valer-
aldehyde) were identified on both columns by seeding
with authentic samples. The identifications were con-
firmed by similar treatment on a 300-ft 0.015-in. i.d.
stainless-steel capillary column coated with dinonyl
phthalate and, for cyclopentanol and cyclopentanone,
by direct mass spectrometric analysis of the peaks
eluted from the /3,/T-TDPN capillary column. With
the use of the dj/~-TDPN capillary column, a minor
peak was identified as 4-pentenal, a known product of
the photolysis of cyclopentanone.6 Initial additions
of small amounts of cyclopentanone to the reactants
largely increased this peak. Qualitatively similar be-
havior was observed on the di-w-decyl phthalate
packed column on which 4-pentenal was not well sep-
arated from w-pentanal.

The heavier hydrocarbon products,
cyclopentane (bp = 190°) and n-butylcyclopentane
(bp = 153°), were retained sufficiently long on the dr
/T-TDPN column to be well separated from the huge
peak of the unreacted cyclopentane and the more
strongly retained oxygenated compounds. The iden-
tity of the two hydrocarbons was confirmed by seeding
with authentic compounds (APl samples) on the /3,/3-
TDPN column and on a 300-ft 0.015-in. i.d. stainless-
steel capillary column coated with squalane. Cyclo-
pentylcyclopentane was also prepared by the mercury-
photosensitized reaction of cyclopentane4 and was
identified by mass spectrometry. Ethylcyclopentane
has been identified and analyzed on the di-n-decyl
phthalate packed column. The lighter hydrocarbons
(CH4, n-butane, and cyclopentene) were analyzed on a
20-ft 2% squalane modified activated alumina column
at room temperature with a flame ionization detector.
The determinations were based on the peak areas, and
cyclopentane served as an internal standard. The re-
ported values are averages from two to three chromato-
grams.

Cyclopentanol, the main reaction product, was us-
ually measured on the (hd'-TDPN capillary column and
on the DDPH packed column. The two measure-
ments were in excellent agreement, and their estimated
precision was 3-5%. The precision for the minor prod-
ucts was about 5-10%. The following flame ioniza-
tion detector molar responses relative to benzene taken
as unity were used: cyclopentanol, 0.63; cyclopent-

cyclopentyl-

(4) R. L. Stock and H. E. Gunning, Can. J. Chern,, 38, 2295 (1960).
(5) R. Srinivasan, J. Amer. Chem. Soc., 81, 1546 (1959).
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anone, 0.67; n-pentanal, 0.63; 4-pentenal, 0.63 (taken
the same as for n-pentanal); cyclopentylcyclopentane,
1.52; n-butylcyclopentane, 1.41; ethylcyclopentane,
1.12. The corresponding molar responses for the
lighter hydrocarbons (C2H4 n-butane, cyclopentane,
and cyclopentene) were taken to be directly propor-
tional to the number of carbon atoms.6 In some ex-
periments water was also measured; a 12-ft Porapak R
column at 100° was used and cyclopentane served as
internal standard.

After a number of runs, a brownish polymer deposit
was observed on the windows of the reaction cell. Be-
tween experiments, therefore, the cell was filled with
oxygen and flamed to burn off the polymer. Another
way to remove the polymer was to expose the cell filled
with oxygen to uv light for at least 12 hr.

Results

The reaction was studied at room temperature,
24 + 2°. Nitrous oxide absorbs7 only weakly the
2139-A line, and long exposure times (100-2000 min)
were therefore required. The percentage conversion
of cyclopentane was usually kept below 1%.

Reaction Products and Their Yields. At not too low
a pressure, for example at 450 Torr, the major reaction
products were cyclopentanol, hydrogen, water, cyclo-
pentylcyclopentane, and cyclopentene. Other oxygen-
containing products, carbon monoxide, cyclopentanone,
n-pentanal, and 4-pentenal, were also formed, but in
much smaller amounts. Cyclopentanol is the expected
“insertion” product, while water, cyclopentylcyclo-
pentane, and cyclopentene are the expected “abstrac-
tion” products, the last two resulting from combination
and disproportionation of two cyclopentyl radicals.4
In addition, small quantities of n-butylcyclopentane,
ethylcyclopentane, n-butane, and ethylene were de-
tected and measured. Ethane and butene-1 were also
detected, but they were present only in trace amounts
and were not measured.

The yields of the products expressed relative to the
nitrogen formed are shown in Figures 1 and 2. Use of
15/1 cyclopentane/N2) ratios was apparently sufficient
to prevent an appreciable 0('D2 reaction with N2.
This is in agreement with the data in the literature8and
unpublished results from this laboratory which show
that at a 15/1 cyclopentane/N2 ratio essentially all
0 (iD?9 atoms react with cyclopentane. Under such
conditions, N2provides a measure of 0 (!D2 atoms gen-
erated. On the other hand, if an appreciable 0 (!'D2
attack on N2 were to occur, it would produce addi-
tional N2 and some 02and NO. The effect of 02and
NO would be to scavenge some of the free radicals pro-
duced in the 0 (ID2-cyclopentane reaction.

The most interesting result evident from Figure 1 is
that the yield of cyclopentanol decreases and that of
H2 increases with the extent of reaction (as measured
by the amount of N2 produced). Such behavior was
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Figure 1. Dependence of the yields of the major products on
the extent of reaction (cyclopentane/N2D = 15/1, SF6added
340 Torr, total pressure 450 Torr, temperature 24 + 2°).

NTRGEN FORMVID (rioaales)

Figure 2. Dependence of the yields of the minor products on
the extent of reaction (conditions are the same as stated in the
caption to Figure 1).

unexpected, since in the previous work with isobutane3*
and neopentaned the alcohol yields remained approxi-
mately constant. In the present case it appears,
therefore, that as cyclopentanol accumulates in the
course of the reaction some of it might be photolyzed
and leads to a secondary production of H2 The uv
absorption spectrum of cyclopentanol is not known, but
the absorption spectra of methanol, ethanol, and 1- and
2-propanol show in the wavelength range studied

(6) H. Purnell, “Gas Chromatography,” Wiley, New York, N. Y.,
1962, p 302.

(7) K. Watanabe, M. Zelikoff, and E. C. Y. Inn, Geophysical
Research Papers, No. 21, Geophysics Research Directorate, Air
Force Cambridge Research Center, Cambridge, Mass., June 1953.

(8) The reactions involved are: Of'Di) + cyclopentane —m prod-
ucts (2), OPDi) + ND — N2+ Oi (a), and 0(>D2 + N2 2NO
(b), where fra = KJ. P. M. Scott, K. F. Preston, R. J. Andersen,
and L. M. Quick, Can. J. Chem., 49, 11 (1971). Unpublished
determinations in this laboratory gave fo/ftneopentane = 0.93 * 0.03.
From the data in the literature (K. F. Preston and R. J. Cvetanovic,
J. Chem. Phys., 45, 2888 (1966); G. Paraskevopoulos and R. J.
Cvetanovi6, J. Amer. Chem. Soc., 91, 7572 (1969)), Aneopentane/
(fca+ Kb) = 7.75. Itistherefore calculated that ki/(k&+ kb) = 7.2.

The Journal of Physical Chemistry, Vol. 76, No. 9, 1972



1378

(1500-2000 A) the first absorption bands, with maxima
at about 1818 A, completely devoid of structure.9 The
intensity of absorption increases in the order meth-
anol < 1-propanol < ethanol < 2-propanol. Photol-
ysis of normal alcohols has been studiedDusing a hy-
drogen discharge lamp (X >1520 A), but no results
have been reported for the wavelength used in the pres-
ent study (2139 A).

Secondary Photolysis of Cyclopentanol. Several ex-
periments were carried out to test whether cyclopent-
anol may undergo some photolysis at 2139 A In the
first series of experiments, small amounts of cyclopent-
anol (Matheson Coleman and Bell, stated purity
99%+) were added to a 15/1 cyclopentane-N2 mix-
ture. Gc analyses of the cyclopentanol on the /3/3-
TDPN capillary column and on the DDPH packed
column did not show any impurity. The amount of
cyclopentanol added was varied, but the extent of reac-
tion was kept approximately constant (10 + 1/;mol of
N2. The results are summarized in Table I. Figure
3 shows that H2yield increases linearly with the amount
of cyclopentanol initially added while the net cyclo-
pentanol formed (i.e., cyclopentanol found by gc less
cyclopentanol initially added) decreases in a corre-
sponding manner. As shown in Figure 3, the absolute
values of the slopes of the twio linear plots are the same
within the experimental error.

Table | : Effect of Cyclopentanol Additions on the
Yields of Products in the Reaction of 0 (1D2)
Atoms with Cyclopentanea

Total pressure, Torr 445 453 456 453
Cyclopentanol added, Torr 0.16 0.53 0.75
SF6added, Torr 342 350 350 347
N2formed, ymol 9.80 10.46 9.81 8.83

Rates of Product Formation Relative to NI = 1

Cyclopentanol (net)6 0.362 0.338 0.122 0.033
Cyclopentanone 0.034 0.035 0.050 nm
4-Pentenal 0.019 0.018 nm' nm
h?2 0.299 0.336 0.500 0.581
CcO 0.066 0.089 0.143 0.166
chid 0.048 0.074 0.103 nm
w-Butane 0.024 0.025 0.025 nm
Cyclopentylcyclopentane 0.066 0.070 0.063 nm
n-Butylcyclopentane 0.028 0.046 0.081 nm
Ethylcyclopentane 0.003 0.003 0.004 nm
n-Pentanal 0.007 0.004 nm nm

“ Cyclopentane/ND = 15/1, temperature 24 + 2°. The
first column gives composite data from two runs. 6Cyclo-

pentanol found in the products less the initially added amount.
cnm = not measured.

In a second series of experiments, cyclopentanol was
directly photolyzed at 2139 A  The main reaction
products are shown in Table Il. H2is the principal
product and CO and cyclopentanone are also formed in
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CAGENAND. ATID INTIALLY (ricronoles)

Figure 3. Effect of cyclopentanol additions on the yields of
hydrogen and of the net cyclopentanol produced (reaction
conditions are given in Table I).

substantial amounts. Of the hydrocarbons detected,
n-butane, CH4 and cyclobutane are the most impor-
tant. The H2yield is greatly decreased in the presence
of 10 Torr of CH4 showing that most of the hydrogen
is formed from H atoms.

An attempt was made to determine the absorption
coefficient (@ of cyclopentanol at 2139 Ausing a DuU2
Beckman uv spectrophotometer. A liquid-phase de-
termination with uv spectrograde cyclopentane as sol-
vent gave e 0.29 = 0.02 atm-1 cm-1, while gas-phase
measurements in a quartz absorption cell gave €0.24 +
0.04 atm-1 cm-1. The uncertainties wure higher in the
gas-phase determinations because of difficulties with

Table 11: Products of the Photolysis of
Cyclopentanol at 2139 Aa

Cyclopentanol, Torr 2.11 2.09 2.41
SF6added, Torr 448 410
C2MH4added, Torr 10.0
Total pressure, Torr 2.11 450.1 422.4
Exposure time, min 960 1075 960
Cyclopentanol used, mhiol 6.01 nm nm
Products Formed

H2 jumol 8.13 8.08 0.84
CO, ¢«mol 3.53 3.76 4.30
Cyclopentanone, ¢imol 1.52 nm nm
C2H6 (rel yield6) 0.091 0.043 nm
C2H4 (rel yield6) 0.364 0.180 nm
C3H38 (rel yield6) 0.055 0.030 nm
C3H6 (rel yield6) 0.061 0.032 nm
«-Butane (rel yield6) 1.000 1.000 nm
Cyclobutane (rel yield6) 0.127 0.043 nm
“ Temperature 24 = 2°. nm = not measured. 6Yields

relative to n-butane taken as unity.

(9) A. T. Harrison, B. J. Cederholm, and M. A. Terwilliger, J.
Chem. Phys., 30, 355 (1959).

(10) J. G. Calvert and J. N. Pitts, Jr., “Photochemistry,” Wiley,
New York, N. Y., 1966, p 441.
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the measurement and transfer into the absorption cell
of small amounts of cyclopentanol. Nevertheless, the
gas-phase evalue seems to be of the right order of mag-
nitude.

From the results of the above two series of experi-
ments and the values obtained for the extinction co-
efficient of cyclopentanol at 2139 A, it can be safely
assumed that cyclopentanol formed in the reaction of
0(1)2 atoms with cyclopentane undergoes some
secondary photolysis as its amount increases in the
course of the reaction.

Other Secondary Reactions. Among the other prod-
ucts which may undergo secondary photolysis or re-
actions are cyclopentene and cyclopentanone. Their
yields have been measured and that of cyclopentene has
been corrected for the small amount initially present as
impurity in cyclopentane.

Cyclopentene absorbsllto some extent at 2139 A and
is thus likely to undergo some secondary photolysis.
In agreement with this, there is a strong increase in the
yield of H2when small amounts of cyclopentene (about
80 times the amount present initially as impurity) are
added to a 15/1 cyclopentane-N2 reaction mixture.
This is shown by the comparative results without and
with cyclopentene added given in Table Ill. Cyclo-
pentene additions are also seen not to affect appreciably
the yields of the oxygenated products, cyclopentanol,
cyclopentanone, and CO. This result shows that cyclo-
pentanone is not formed in this reaction system by addi-
tion of 0(3) atoms to cyclopentene, although cyclo-
pentanone is known to be a major product of that re-
action.2 Indirectly it thus also shows an absence of
appreciable concentrations of 0 (), as will be discussed
in greater detail later. It also rules against any ap-
preciable attack of OODs.) on cyclopentene.

Cyclopentanone, which accounts for about 3.5% of
the 0 (™ 2 atoms, absorbs the 2139-A line to some ex-
tent.13 The products of its direct photolysis are CH4
cyclobutane, and CO, with small amounts of 4-pent-
enal.13 Ethylene, CO, and 4-pentenal have been
found in the reaction products, but at best only trace
amounts of cyclobutane were detected. The data in
the last column of Table Il show that small initial
additions of cyclopentanone to a cyclopentane-N2
reaction mixture increase the yields of CH4 CO, 4-
pentenal, and cyclobutane.

The other products that may undergo secondary
photolysis are the two aldehydes, n-pentanal and 4-
pentenal. n-Pentanal accounts only for 0.6% of the
0 (1D 2 atoms and 4-pentenal becomes appreciable only
at larger conversions. Their effects on the reaction
were not investigated.

The Effect of Pressure. The effect of pressure varia-
tions between 15 and 750 Torr on the yields of the
products is shown in Figures 4 and 5. The vyield of
cyclopentanol, the insertion product, increases and
levels off at pressures higher than about 200 Torr. The
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Table I'l1l1: Effect of Cyclopentene and Cyclopentanone
Additions on the Yields of Products in the Reaction
of O0D2) Atoms with Cyclopentane*

Total pressure, Torr 452 453 443
Cyclopentene added, Torr 1.97

Cyclopentanone added, Torr 1.58
SF6added, Torr 354 344 335
N2formed, ~mol 6.83 9.44 4.80

Rates of Product Formation Relative to rN2 = 1

Cyclopentanol 0.414 0.402 0.423
Cyclopentanone 0.035 0.048 nm

4-Pentenal 0.007 0.009 0.388
h2 0.252 0.432 0.230
Cco 0.063 0.091 0.127
chid 0.045 nm 0.390
n-Butane 0.020 nm 0.015
Cyclobutane Trace nm 0.238
Cyclopentylcyclopentane 0.057 0.073 0.073
n-Butylcyclopentane 0.023 0.027 0.016
Ethylcyclopentane 0.002 nm 0.008
Cyclopentene 0.101 nm 0.114

“ Cyclopentane/ND = 15/1; temperature 24 + 2°. nm
not measured.

Figure 4. Pressure dependence of the initial yields of the
major products relative to N2

yields of the abstraction products, cyclopentylcyclo-
pentane and cyclopentene, remain approximately con-
stant at high pressures and decrease slightly at lower
pressures. The yields of the fragmentation products,
H2 CO, CH4 and ethylcyclopentane, decrease as the
pressure is increased and level off again at a pressure in
excess of about 200 Torr. To allow for the secondary
photolysis, the yields of cyclopentanol plotted in Figure
4 were obtained by extrapolating to zero time (he.,
to zero N2 determinations at three different extents of

(11) Ultra Violet Spectral Data, American Petroleum Institute,
Research Project 44, No. 570.

(12) R. J. Cvetanovié, D. F. Ring, and L. C. Doyle, J. Phys. Chem,,
75, 8056 (1971).

(13) A. T. Blades, Can. J. Chem,, 48, 2269 (1970).
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Figure 5. Pressure dependence of the yields of the minor
products relative to N,.

reaction. For the other products in Figures 4 and 5 the
conversions were kept as low as possible, between 0.4
and 0.6%. The yields of N2ranged from 1 to 6 /nmol,
with the smaller values at lower pressures.

Discussion

The discussion and interpretation of the results may
be based on the following reaction scheme.

ND + hv—> N2+ 0(0D,) (la)
—» N2+ 0(P) (Ib)

0(‘D*) + RH —> ROH* (2a)
—>R + OH (2b)

— > H2+ products (2c)

—>RH + 0(P) (2d)

ROH* — > fragmentation products (3)
ROH* + M —>ROH + M 4
ROH + hv—> <>H) + products (5)

RH stands for cyclopentane, ROH for cyclopentanol,
ROH™* for vibrationally excited cyclopentanol. M is
any molecule in the gas mixture which removes excess
vibrational energy from ROH?¥*, i.e. cyclopentane, N,
and SF6when added. (SF6acts only as a deactivator
of ROH* but does not2 deactivate O0D2 atoms.)
Reaction 5, the secondary photolysis of cyclopentanol,
is formally written as giving H2 directly, although it
proceeds mainly with H atoms as the intermediates
which abstract from cyclopentane to form H2#4 f is
the quantum vyield {i.e., the stoichiometric number) of
the H2 which results from the photolysis of cyclo-
pentanol.

Insertion of 0{D2 Atoms into CH Bonds. It has
been established in earlier work with propane,2 iso-
butane,3& and neopentaned that 0 (X2 atoms insert
into the CH bonds of paraffins to form vibrationally ex-
cited (hot) alcohols. The reaction with cyclopentane
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follows the same pattern. The hot cyclopentanol is
stabilized at about 200 Torr, i.e.,, at a slightly higher
pressure than the hot neopentanol (150 Torr). Below
200 Torr, the yield of cyclopentanol decreases and that
of the fragmentation products increases (Figures 4 and
5) as a result of the incomplete collisional stabilization
of the hot cyclopentanol molecules. As will be shown
later, a least-squares analysis shows that in the limit of
infinite pressure the stabilized cyclopentanol, i.e., the
“insertion” reaction, corresponds to about 55% of the
0('D 2 atoms reacting with cyclopentane.

Abstraction by 0 ¥Df) Atoms. Abstraction of H
atoms from cyclopentane, reaction 2b, will be followed
in the present system by the rapid abstraction by OH
from cyclopentane (RH) to form water and cyclo-
pentyl radicals (R), i.e.

RH + OH—>HD + R

Cyclopentyl radicals subsequently recombine to give
cyclopentylcyclopentane, and disproportionate to give
cyclopentane and cyclopentene. The ratio of the two
reactions is close to unity.4 Figure 4 shows that the
measured abstraction products, HZ, cyclopentyl-
cyclopentane, and cyclopentene, persist at pressures
well above 200 Torr, i.e., at pressures at which the in-
sertion product had reached its plateau value. True
abstraction from cyclopentane by OOD” therefore
occurs. The high-pressure yields of cyclopentene and
of cyclopentylcyclopentane are similar, as expected,
and their sum approximately equals the yield of water.
These yields indicate that the “abstraction” represents
about 20% of the total reaction of 0 (D2 atoms with
cyclopentane. At lower pressures there is an increased
consumption of cyclopentyl radicals in reactions with
radicals formed by fragmentation, particularly ethyl
radicals, and the yields of cyclopentene and cyclo-
pentylcyclopentane slightly decrease.

Molecular Elimination. In the studies of the re-
actions of 0 (ID2 with isobutane3and neopentane,d it
was concluded that molecular elimination of H2 and
aldehydes, first proposed by DeMore and Raper® for
the reaction of 0('D 9 with CH4 may occur to a small
extent. In the present case, the expected products of
molecular elimination, reaction 2c, are H2 and cyclo-
pentanone, and both are formed. To test wdiether this
molecular elimination does indeed occur, experiments
were carried out at total pressures of about 450 Torr,

(14) At larger conversions, a small fraction of H atoms will be
scavenged by the cyclopentene formed in the reaction, since H
atoms add to cyclopentene about 175 times more rapidly than they
abstract from cyclopentane.4 In the experiments carried out,
cyclopentane was always present in large excess, and it can be calcu-
lated that only about 11% of H atoms were scavenged by cyclo-
pentene at the largest conversions used and none in the limit of zero
conversion. To a good approximation, therefore, the addition of H
atoms to cyclopentene can be disregarded for the purpose of the
present discussion.

(15) W. B. DeMore and O. F. Raper, J. Chem. Phys., 46, 2500
(1967).
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adding 02or CH4to 15/1 cyclopentane-N2 reaction
mixtures. The results are shown in the last three
columns of Table IV. 02 completely suppresses the
yields of the free-radical products (cyclopentylcyclo-
pentane, n-butylcyclopentane, and ethylcyclopentane),
does not seem to affect the yield of cyclopentanol, and
increases significantly the yields of cyclopentanone, CO,
and 4-pentenal. The yield of H2is not inhibited com-
pletely either by 02or C2H4 indicating that molecular

Table 1vV: Effect of 02and C2H4Additions on the Yields of
Products in the Reaction of Of'Dj) Atoms with Cyclopentane”

Total pressure, Torr 452 459 458 446
02added, Torr 1.28 4.32

CH4added, Torr 10.39
SF6added, Torr 354 351 347 327
N 2formed, /;mol 6.83 8.36 7.71 5.35

0 2consumed, Mmol 12.01 10.76

Rates of Product Formation Relative tclrN, = 1

Cyclopentanol 0.414 0.398 0.428 0.382
Cyclopentanone 0.035 0.132 0.151 0,053
4-Pentenal 0.007 0.016 0.020 0.004
h2 0.252 0.135 0.118 0.088
Cco 0.063 0.105 0.096 0.093
Cyclopentylcyclopentane 0.057 None None 0.052
n-Butylcyclopentane 0.023 None None 0.013
Ethylcyclopentane 0.002 None None 0.038
w-Pentanal 0.007 0.012 0.010 0.013
“ Cyclopentane/N20 = 15/1, temperature 24 + 2°.
elimination of H2 reaction 2c, does occur. The ethyl-

ene-scavenging results indicate a 9% yield of molecular
H2 which would then represent the extent of molecular
elimination. Perhaps a better measure of the extent
of reaction 2c, extrapolation of the H2yield in Figure 1
to zero reaction time (i.e., to zero N2, gives a value of
9.1%. The two values agree very well, but are both
considerably larger than the yield of cyclopentanone.
The difference could be due to photolysis of cyclo-
pentanone, to some formation of other products in re-
action 2c, and also to some error in the extrapolation of
the H2yields to zero time. The value of 9% is also
considerably larger than the extents of molecular
elimination in the case of isobutane3 (3%) and neo-
pentaned (2%).

As mentioned, 0 2addition does not seem to affect the
yield of cyclopentanol. At the same time, Table IV
shows that a large amount of oxygen is consumed in the
process. Also, new products, mainly formaldehyde and
acetaldehyde, have been identified but not measured.
Oxygen consumption (11-12 pmol) in these experiments
has been much in excess of the calculated yield of cyclo-
pentyl radicals (1.6-1.7 pmol). These results indicate
that a chain reaction is involved, although its nature
has not been further investigated. However, formation
of aldehydes, mainly formaldehyde and acetaldehyde,
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in the attack of 0 2on cyclopentyl radicals has been re-
ported in the literature.’6

Secondary Reactions. Secondary Photolysis of Cyclo-
pentanol. As shown above, the decrease in the yield of
cyclopentanol with reaction time (Figure 1) may be
ascribed to secondary photolysis of cyclopentanol.
From a steady-state treatment of reactions 1-5, the
following expression is obtained for the rate of produc-
tion of cyclopentanol relative to the rate of production
of nitrogen

d[ROH]/d[NZ] - a - |3[ROH]

with

fea fA[M]
"fejffca + fcA[M]

( [ND]

and k2 = fa -|- @ -F @ ~F fed-

ei and & are, respectively, the absorption coefficients
of N and cyclopentanol. Since both e4 and & are
very small, it was assumed here that the ratio of the
light absorbed by cyclopentanol and N2 is

7a(5)/lo(l) = 65ROH ]J/EI[ND ]
Integration of the rate expression gives, for the con-
centrations of ROH and N2at a time t

, « - d[ROH],

-0[N*]
/3[ROH]0

na-

where [ROH]O0 is the initial concentration of cyclo-
pentanol. If no cyclopentanol is initially added, i.e.,
[ROH]O= 0

[ROH]t = {aZ0)}{ 1 - exp(—/3[N2])}
or, expanding the exponential
/ [ROH\
V [N ).m “I1-

03 an

2>21°+ (-)v f-i)!

b 0i
¢(nd + [ [n22 -

INZ* + ...j (1

[ROH]/[N2] is therefore a decreasing function of [NZ],
as found experimentally. A least-squares analysis of
the cyclopentanol plot in Figure 1gives for the intercept
a = 0.495 + 0.005 and for the slope (a0/2) = 0.0133 %
0.0005 Aimol-1. The indicated error limits are standard
deviations. Therefore, 0 — 0.0537 /umol-1 and, since
0 = eslei [ND], avalue for €5 the absorption coefficient
of cyclopentanol, can be derived. The average amount
of N2 in these experiments has been 68 /tmol, and
taking7 ei = 0.092 atm-1 cm-1, it is found that & =
0.34 atm-1 cm-1. Considering the indirect nature of

(16) 1. R. McGowan and C. F. H. Tipper, Proc. Roy. Soc., Ser. A,
246, 64 (1958).
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this derivation, the value obtained is in satisfactory
agreement with the experimental determinations of
0.29 £+ 0.02 and 0.24 + 0.04 atm-1 cm*“ lin liquid and
vapor phase, respectively.

An analogous steady-state treatment gives for the
rate of production of hydrogen

d[H*]/d[N2] = (fcaffcd + <LBROH](

and therefore,
added

when cyclopentanol is not initially

d[H2/d[N2] = (K/h) +4>a{l- exp(—/3[N2])}

so that, after integration and expansion of the expo-
nential

i +*“{2TM
ﬁNZp + 913N 3 -. P (1

It is clear that if all H2is formed in reaction 2c and
in the secondary photolysis of cyclopentanol and if, as
may be expected, one molecule of H2is produced for
each molecule of cyclopentanol photolyzed (i.e., $ —
1), the theoretical value of the linear H2plot in Figure 1
should be otfi/2. The slope should therefore be of op-
posite sign but numerically the same as for cyclo-
pentanol. However, the least-squares value of the
slope for H2in Figure 1is0.0212 + 0.0007 nmol-1, which
is much larger than 0.0133 + 0.0005 nmol-1, the
absolute value of the slope of the cyclopentanol plot.
The difference is too large to be attributed to experi-
mental errors and shows that some hydrogen is formed
in secondary reactions other than reaction 5, perhaps in
the secondary photolysis of cyclopentene and of the
aldehydic products, all of which absorb the 2139-A
line.

More direct evidence for hydrogen formation in the
secondary photolysis of cyclopentanol is provided by
the results of the experiments with various amounts of
cyclopentanol initially added to a 15/1 cyclopentane-
N2 reaction mixture diluted with SF§ shown in Table
I and Figure 3. In this case the integrated (and ex-

panded) equations for HZN 2 and (ROH, — ROHQOQ/
N2become

(m\ = m n
VINZA \[NZA.[RHO0
<W3[ROH|G I - ~[NZ] + ~ [N2]2- ...j (1)
[ROH], - [ROHjo = / [ROH]\
[Ni] \  [N2] /i,[ROHJo=0
d[ROHI, ! - 1IN2] + J2[NZB- ...j (lY)

([Ha]/[N ,])lIBoHi.-0 and ([ROH]/[N2]),,[Roh], = « are,
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respectively, the relative yields at time t of H2 and
cyclopentanol when no cyclopentanol is initially added.
When a series of experiments is carried out at constant
N2 as in Figure 3, these quantities remain constant and
expressions 111 and IV show that H2ZN 2should increase
and the net cyclopentanol decrease linearly with in-
creasing [ROH]Q The absolute values of the initial
slopes should be the same, as is actually found in Figure
3. This identity shows that €in reaction 5 is unity.
The calculated theoretical value of the slope, i.e., of
d(l - O3[N2]/2) + (d2[N2]26) - ...}, taking/? =
0.0537 /umol-1 and N2 = 9.8 /;mol (the average amount
of N2formed in the four experiments listed in Table I),
is 0.042 yumol-1, which is very close to the experimental
values of 0.038 + 0.004 /;mol-1.

The results obtained in the photolysis of cyclo-
pentanol vapor, summarized in Table II, are also con-
sistent with the trends shown in Table I. The increase
in the yields of H2 CO, cyclopentanone, C2H4 and n-
butylcyclopentane with increasing [ROH]0demonstrate
that photolysis of cyclopentanol plays an important
role in the experiments listed in Table I.

Side Reactions of Cylopentene. As mentioned earlier,
cyclopentene formed in the course of the reaction by
disproportionation of cyclopentyl radicals and present
initially as a small impurity in cyclopentane does not
react with 0('D 2 (or with 0 () if present). This is
evident from the fact that a small cyclopentene addition
to a cyclopentane-N2 reaction mixture leaves the
yields of the oxygenated products virtually unaltered
(Table I111), and such typical major products of the
0 () reaction with cyclopentene as cyclopentene oxide
and cyclobutylcarboxaldehydel? are not detected. At
the cyclopentane/cyclopentene ratio of 50 used, any
0 (&) atoms present in the system would be efficiently
scavenged by the much more reactive cyclopentene. It
is evident therefore that reaction 2c, deactivation of
0(1D2 to 0(P) by cyclopentane, is negligible, in agree-
ment with the similar earlier findings with isobutane and
neopentane.

Cyclopentanone is also a major product of the 0 ()
reaction with cyclopentene.2 It is observed as a
minor product in the present study, but its yield is af-
fected little by cyclopentene addition and it must there-
fore be formed in some other way rather than by 0 ()
addition to cyclopentene.

Cyclopentene additions strongly increase the yield
of hydrogen and also increase slightly the yields of CH4
and ethylcyclopentane (Table I11). A brownish poly-
mer deposit is simultaneously formed on the walls of
the reaction cell. It isvery likely that these results are
due to photolysis of cyclopentene. Although there is
some information on the mercury-photosensitized de-
composition of cyclopentene, 7 nothing appears to be

(17) W. A. Gibbons, W. F. Allen, and H. E. Gunning, Can. J. Chem.,
40, 568 (1962).
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known about the products of its direct photolysis. By
analogy with related reactions,B8 it is likely that H
atoms are a major primary product. The larger slope
in Figure 1 of the plot of the yield of hydrogen than of
cyclopentanol, discussed earlier, may then be ascribed
at least partly to secondary photolysis of cyclopentene.
Such an explanation would require an extinction coef-
ficient (e) for cyclopentene of about 1 atm-1 cm-1,
which is a reasonable value, since for cyclohexenell e
= 3 atm-1 cm-1.

The approximate constancy of the rate of production
of cyclopentene shown in Figure 1 may appear incon-
sistent with the assumption that it is partly consumed in
secondary photolysis. However, the photolysis gen-
erates free radicals and H atoms, and the latter abstract
from cyclopentane to produce cyclopentyl radicals.
Disproportionation reactions of these radicals then pro-
vide an additional source of cyclopentene. Additional
free radicals result also from the photolysis of cyclo-
pentanol and, to a smaller extent, from other oxy-
genated reaction products. The various secondary
processes which occur are complex and not well under-
stood. A quantitative treatment is therefore not
possible, but it can be seen qualitatively that the loss of
cyclopentene through photolysis may be offset by the
increased rate of its formation at larger conversions. A
somewhat similar explanation may be applicable to
cyclopentanone, which shows an approximately con-
stant rate of formation (Figure 2), although, as will be
discussed, it probably also undergoes some secondary
photolysis.

Secondary Photolysis of Cyclopentanone. Cyclopenta-
none absorbs the 2139-A light and undergoes photol-
ysis, for which the following primary steps have been
suggested6

cyclopentanone + hv —> 2CH4+ CO
cyclobutane + CO
4-pentenal

The results obtained with cyclopentanone added to a
cyclopentane-N2D reaction mixture (last column of
Table 111) show indeed a large increase in the yields of
CH4 CO, cyclobutane, and 4-pentenal and suggest
that in normal experiments these products may at least
partly result from the photolysis of cyclopentanone.
Material Balance. An accurate material balance is
difficult to obtain because of the complex character of
the minor products and the analytical difficulties in the
determinations of water. Nevertheless, the material
balance for oxygen atoms approaches 85% at total pres-
sures above 200 Torr. In view of the nature of the
products, potential difficulty with their quantitative
recoveries, and the overall experimental uncertainties,
for example in the gc response factors, this result is
reasonable and shows that no major features of the re-
action have been overlooked. At lower pressures,
fragmentation is extensive and it would appear that not
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all the “fragmentation” products have been recovered
and measured. In these experiments no attempt was
made to determine quantitatively the yields of water.
The material balance of oxygen atoms in the experi-
ments at lower pressures is thus considerably poorer.
Fragmentation and Lifetimes of the Hot Cyclopentanol.
Several estimates of the thermochemical quantities of
interest for the present work are listed in Table V.%

Table V: Estimates of the Relevant Thermoehemical
Quantities (kcal/mol) at 298.2°K

Species Anic Species Atffe
00D2 104.9« C-CH9 243+ 1.16
cCHio -18.56 OH
cCHIOH —60.16 H 52. H

Bond Bond

broken AH" broken AH®

C-CH9H 949 + 1.0C <O-H 102b
C-C in CCHD -75.54d a-C—€ in c-CsH™mOH ~72i
C-CHI9OH 93.7« a-C-H in C-CH9«OH -~904
cCHI0-H 1026
Reaction Exothermicity
0(W>2 + 0-CHID— cCHI9OH 146.5
0('‘D2 + ¢-CHD— cCH»+ OH 52.8

« D. R. Stull, Ed., “JANAF Thermochemical Tables,” The
Dow Chemical Co., Midland, Mich., 1963. 6J. G. Calvert and
J. N. Pitts, Jr., “Photochemistry,” Wiley, New York, N. Y.,
1966, pp 815-826. cEstimated using the AHt° values for
c-CsHio, ¢c-CH9-, H, and OH listed in this table. dEstimated
using the rules for the additivity of group properties: S. W.
Benson, “Thermochemical Kinetics: Methods for the Estima-
tion of Thermochemical Data and Rate Parameters,” Wiley,
New York, N. Y., 1968.

The insertion of 0 ('D 2 atoms into a CH bond of cyclo-
pentane is about 146.5 kcal/mol exothermic if the cyclo-
pentanol formed is in the ground electronic state, as
expected and in agreement with the observed pressure
effects.

At low pressures the hot cyclopentanol molecules
formed in the reaction undergo fragmentation. If the
excess energy is randomized, the weakest bond in the
molecule, the a-CC bond, would be expected to frag-
ment preferentially to form the biradical A. If the

CHXHXHZH2XCH «OH
A

biradical A were stabilized, some formation of n-
pentanal and 4-pentenol would be expected as a result
of isomerization through H-atom migration. The
former is a very minor product, but its yield does not
increase at lower pressures. The latter has not been
detected. The same is true for w-butanol, another po-

(18) C. D. Poole, Jr.,, and R. S. Anderson, J. Chem. Phys., 31, 346
(1959).
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tential product of a stabilized biradical A. 1t would ap-
pear, therefore, that biradical A, which has about 71
kcal/mol excess energy when formed, undergoes rapidly
further fragmentation, probably into C2H4 CO, and
H atoms. Since the main fragmentation products,
CH4 and CO, are also formed in side reactions, a
guantitative treatment of their yields would be difficult
and the mechanism of fragmentation remains uncertain.
However, extrapolations to zero reaction time of the
CXH4and CO yields at higher pressures approach values
close to zero (0.012 and 0.032, respectively), indicating
that fragmentation is at best small under these condi-
tions.

The lifetime of the hot cyclopentanol formed in re-
action 2a can be determined from the effect of pressure
on the ROH/N2 ratios at zero reaction time, since, in
view of the expressions derived earlier

(ROH/N29n2=0 = «

where

e2a  h[M]
k2 kz -)- TA[M]

or
a“l= (f2fca){l + {h/h)/[M]}

The plot of I/a vs. 1/[M] is linear, as shown in Figure
6, indicating “strong” deactivation of the hot alcohol,
he., taking place essentially in one step. A stepwise
(“weak”) deactivation would lead to deviation from
linearity.3l

The least-squares values and the standard deviations
of the intercept and slope of the plot in Figure 6 are,
respectively, f@fcza= 1.83 + 0.10 and (fc2k 2 (fc3fchd =
(0.046 = 0.002) X 10-4 mol/cm3so that k4fc3 = 4.0
X 105 cm8mol. Assuming f4 = 24 X 104 cm3
mol-1 sec-1, which is the calculated collision frequency,
the mean lifetime of the hot cyclopentanol is I/k3 =
1.7 X 10-9 sec. This value should be compared with
the following other lifetimes of the hot alcohols formed
by insertion of 0 (42 atoms into CH bonds of paraffins:
about 10-11 sec for n- and isopropyl alcohols,2 4.5 X
10-10 sec for isobutyl alcohol,3* 2.6 X 10-1° sec for tert-
butyl alcohol,3 and 4.2 X 10-9 sec for neopentyl
alcohol.® Cyclopentanol has six degrees of freedom
fewer than neopentyl alcohol, and its somewhat shorter
lifetime agrees with the qualitative expectation.

Kassel's expression®9

h = A3l - Eo/Ey-1

can be used to calculate approximately the value of the
preexponential factor A3 Taking from Table V the
values E = 146.5 kcal/mol and EO = 72 kcal/mol and
adopting empirically that (n/2) < s < (2n/3), where n
is the total number of oscillators in the molecule, it is
found that A3is between the limits of 10146 and 10166
sec-1. A value in this range is consistent with the pre-
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Figure 6. Plot of the reciprocal rate (extrapolated to zero
reaction time) of stabilization of cyclopentanol.

exponential factors observed for the ring opening of
small-ring compounds.2

The preexponential factor is related to the entropy of
activation, AS3*, by the expression

As = (ekT/h) exp(AS3*/R)

so that the above limits for As give 6.1 eu < AS3“ <
15.4 eu. If the rate of the unimolecular decomposition
is controlled by the opening of the ring, it can be
assumed that the structure of the activated complex is
very close to that of the biradical A. It can then be
taken approximately that

ASs* « SO0Xgbiradical A) — ~(cyclopentanol)

The entropy of the biradical A may itself be approxi-
mately equated to the entropy of n-pentyl alcohol, so
that

ASs* ~ S°2Htt-pentyl alcohol) — €025 cyclopentanol)

he.,DAiSs™ « 95 — 83 = 12 eu, which is in the range
6.1-15.4 eu calculated above. More precise calcula-
tions of k3using the RRKM unimolecular reaction rate
theory would not be possible without an experimental
value of A3 (or of an assumed structure of the activated
complex).2l The approximate calculations neverthe-
less show that the observed pressure effects on the
yields of cyclopentanol are consistent with unimolecular
decomposition of highly vibrationally excited cyclo-
pentanol molecules in their ground electronic state. In
this connection it is interesting to mention that the
calculated A 3is one to two orders of magnitude smaller
than the calculated A factor for the unimolecular de-

(19) L. S. Kassel, “The Kinetics of Homogeneous Gas Reactions,”
Chemical Catalogue, New York, N. Y., 1932.

(20) S. W. Benson, “Thermochemical Kinetics: Methods for the
Estimation of Thermochemical Data and Rate Parameters,” Wiley,
New York, N. Y., 1968.

(21) G. M. Wieder and R. A. Marcus, J. Chem. Phys., 37, 1835
(1962).
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composition of the hot neopentyl alcohol into two frag-
ments.3 Thus, although in the case of cyclopentanol
a weaker bond is being broken, entropy gain in the ring
opening is smaller than in the fragmentation into two
detached entities in the case of neopentyl alcohol, and
the two rate constants differ relatively little.

COMMUNICATIONS TO

On the Question of Alkylperoxy Radical
Stabilization by Cobalt lons

Publication costs borne completely by
The Journal of Physical Chemistry

Sir: In 1967, Brandon and Elliottlsuggested that the
stability of alkylperoxy radicals was greatly increased
by “association” with certain heavy metal ions. Their
principal evidence consisted of the observation that the
addition of ferf-butyl hydroperoxide or cumyl hydro-
peroxide to a benzene solution of manganese, cobalt, or
vanadium (as naphthenates, soaps, or acetylacetonates)
yielded the esr signal characteristic of peroxy radicals
and that these signals decayed slowly over the course of
hours rather than seconds as would be the case if the
peroxy radicals had been generated photochemically.
This general result has recently been confirmed by
Tkach, Vesely, and Omelka,2who have described in some
detail the behavior of “long-lived complex-bonded”
radicals produced by reacting ferf-butyl hydroperoxide
with cobalt(ll) acetylacetonate. However, neither
group of workers appears to have made certain that
hydroperoxide ivas absent from their reaction mixtures
while they were observing the “ stabilized” peroxy radicals.3
If hydroperoxide were indeed present then quite high
concentrations of peroxy radicals could persist for long
periods. Thus, the rate constant for the reaction

da
ferf-BuOO « + ferf-BuOO m— » nonradical products

is ~1 X 10s M~I sec-1 at room temperature.4 If
ferf-butylperoxy radicals are being generated from the
hydroperoxide at a rate R; their steady-state concentra-
tion is given by

[ferf-BuOO «]8 = (A;/103\V2M

A value of Ri = 10~5M sec-1 would yield [ferf-BuOO ]
= 10~4M. With a 1 M solution of ferf-butyl hydro-
peroxide in benzene it is clear that the peroxy radical
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The kZk2avalue of 1.83 £ 0.10 obtained from the in-
tercept of the plot in Figure 6 gives k2Jk2 = 0.55 %
0.03, i.e., 55% of the 0 (~ 2 atoms insert into the CH
bonds of cyclopentane.

Acknowledgment. The authors are grateful to Dr. R.
F. Pottie for the mass spectrometric analyses.

THE EDITOR

concentration could
hours.66

Our interest in peroxy radicals7and in the reactions of
radicals at metals atoms8 prompted the present ex-
periments which were designed to distinguish between
the “continuous-creation” theory and the “complex-
bonded” theory of peroxy radical stability. The gen-
eral experimental conditions which were found by Tkac,
et al.,2 to yield high radical concentrations were fol-
lowed. That is, 2% of dried cobalt(ll) acetonylaceto-
nate dissolved in benzene or toluene was mixed with 50%
of its volume of ferf-butyl hydroperoxide (1M in the same
solvent, or neat); initial concentrations were Co(acac)2
~5 X 10~2 M and ferf-BuOOH ~0.33 or ~3.3 M.
The solution turns green immediately (Col1lformation)
and there is initially a rapid evolution of oxygen. The
rate of oxygen evolution decreases after a few seconds,
and, with the 3.3 M hydroperoxide, then continues at a
low rate for several hours. The radical concentration
depends somewhat on the experimental conditions
(temperature, dryness of the Co(acac)2 etc.9. At
room temperature both 0.33 and 3.3 M hydroperoxide

remain unchanged for many

(1) R.W. Brandon and C. S. Elliott, Tetrahedron Lett., 4375 (1967).

(2) A. Tkac, K. Vesely, and L. Omelka, J. Phys. Chem., 75, 2575,
2580 (1971).

(3) The Tkdc, et al.,2 statement that “nmr analysis of the reaction
mixture revealed that even when ierf-BuOOH was present in con-
siderable excess over Co(acac>2 it completely decomposed. . .” is
ambiguous since it is not clear whether the radicals had also dis-
appeared at this time.

(4) J. A. Howard, Advan. Free Radical Chem.., 4, 49 (1972).

(5) Under these free-radical conditions the actual rate of hydro-
peroxide decomposition would be ~10R, because there is an in-
duced decomposition with a chain length of ~10 in this solvent.6

(6) R. Hiatt, J. Clipsham, and T. Visser, Can. J. Chem., 42, 2754
(1964); A. Factor, C. A. Russell, and T. G. Traylor, J. Amer.
Chem. Soc., 87, 3692 (1965); J. R. Thomas, ibid., 87, 3935 (1965);
R. Hiatt, T. Mill, K. C. Irwin, and J. K. Castleman, J. Org. Chem.,
33, 1421 (1968); J. A. Howard and K. U. Ingold, Can. J. Chem., 47,
3797 (1969).

(7) K. U. Ingold, Accounts Chem. Res., 2, 1 (1969).

(8) K. U. Ingold and B. P. Roberts, “Free Radical Substitution
Reactions” Wiley, New York, N.Y., 1971.
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gave, in typical experiments, radical concentrations of

X 10-4 M about 1-2 min after mixing of the rea-
gents. The concentration decreased over the next 5-10
min to ~8 X 10 M but then changed very slowly,
dropping to about 6 X 10-B M after 60 min. With 3.3
M hydroperoxide the radical concentration was still
~4 X 10-5 M after 5 hr but with 0.33 M hydroperoxide
there was little or no radical left after 2or 3 hr. The g
value of the radical was identical with that of a tert-
butylperoxy radical generated by photolysis of feri-butyl
hydroperoxide in benzene (which certainly argues
against complex formation).

Tkac, et al.,2 observed and we have confirmed that
the esr signal disappears on cooling the reactants (in
toluene) to below —20°. The signal can be completely
regenerated by warming the solution back to room
temperature. This was attributed2 to the reversible
formation of a diamagnetic “complex-bonded” radical
dimer. However, it can equally well be explained as a
decrease in Ri with temperature provided Ej > Et.

In toluene at 100° photolysis of the Co(acac)2
hydroperoxide reaction mixture yielded peroxy radicals
which decayed over the course of 5-15 min when the
light was cut off. The rate of this decay was the same
as in experiments in which the radicals had been gen-
erated (in equal concentration) by photolysis of the
hydroperoxide in toluene in the absence of Co(acac)2
Therefore, ferf-BuOO- radicals cannot form a cobalt
stabilized species at any significant rate at —100°.

ferf-Butylperoxy radicals were also generated by
photolysis of azoisobutane in oxygen-saturated toluene.
At —100° radical decay in the dark was sufficiently
slowDthat the effect on the concentration of ferf-butyl-
peroxy radicals of adding the Co(acac)2ferf-BuOOH
mixture could be observed. In small amounts (e.g.,
5% by volume) a precooled Co(acac)2ierf-BuOOH
mixture produced a sharp decrease in the ferf-BuOO =
concentration after which the radicals continued to
decay at the usual rate. The sharp drop in the peroxy
radical concentration is apparently due to the presence
of a small amount of Coll in equilibrium with the Co1ll
in the Co(acac)2ferf-BuOOH mixture. This conclu-
sion was reached since, in a similar experiment, in which
a precooled solution of Con(acac)2 was added in an
amount such that the Coll concentration was only
slightly greater than the peroxy radical concentration,
the peroxy radicals were immediately and completely
destroyed. The trapping of peroxy radicals by Coll-
(acac)2is known to be rapid.1l

ROO- + Con(acac)2—> RO-Com (acac)2

Finally, the concentration of ferf-butyl hydroperoxide
was monitored during the course of two reactions carried
out at room temperature. The benzene and hydro-
peroxide were removed from the catalyst by vacuum
distillation at room temperature and the hydroperoxide
was analyzed by gas chromatography (15% diisodecyl
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phthalate on Chromosorb P in a glass column). With
an initial concentration of hydroperoxide of 3.3 M the
concentration after 30 min was ~3.15 M and after 90
min it was ~2.95 M. In the 30-90-min period d [terl-
BuOOH]/df « 02 M hr"l = 55 X 10-6 M sec“l
In this period [ferf-BuOO <]Mwas ~8 X 10-6 M and
hence Ri ~ 6.4 X 10-6 M sec-1 which is about Vio
of the rate of hydroperoxide destruction as we would
expect.86 In a similar experiment, the hydroperoxide
concentration decreased from an initial 0.33 M to 0.18
M after 5 min and then to 0.13 M after 35 min,12 cor-
responding to d[ROOH]/df ~ 3 X 10-5 M sec-1.
Since [ferf-BuOO m]M was again ~8 X 10-8 M, Ri is
about Vs of the rate of hydroperoxide decomposition.
The shorter chain length for the induced decomposition
in the second experiment may be due to the lower
hydroperoxide concentration.

In summary, there is no experimental evidence in
support of the view that the “long-lived” peroxy radi-
cals produced in the feri-butyl hydroperoxide-cobalt
acetylacetonate system owe their longevity to the forma-
tion of a complex with the Co(acac)2or any of its oxida-
tion products. The present results do not rule out
such complexes particularly in other solvents, or with
other heavy metals,13or with other radicals.1422 How-
ever, radical-metal complexes should not be proposed
solely on the basis of radical lifetimes unless the radical

(9) The line width of the esr signal was rather variable, depending
apparently on the ease with which the oxygen could escape from
solution. Normally the signal broadened with time if the reaction
was carried out in the esr tube. However, a constant width signal
could be obtained if samples were withdrawn from a reaction carried
out in a more open vessel.

(10) The decay rate was similar or perhaps slightly smaller than when
the radicals were generated by photolysis of feri-butyl hydroperoxide
in toluene at —100*.

(11) E. T. Denisov, Russ. Chem. Rev., 40, 24 (1971).

(12) The presence of feri-BuOOH in this reaction mixture 15 min
after mixing was confirmed by nmr.

(13) An eight-line esr spectrum is produced by mixing ferf-BuOOH
with vanadium naphthenate or acetylacetonate in ethanol (a — 5 G,
g = 2.0116) which is not inconsistent with a coupling of the peroxy
radical with the vanadium1l (nuclear spin 7/s). The radical involved
might, however, be the HOO « radical (produced by oxidation of the
ethanol) rather than the ferf-BuOO- radical (c/. ref 20-22). In
benzene, vanadium produced the usual broad single line character-
istic of peroxy radicals.1

(14) There is a wealth of esr spectral evidence indicating that in
aqueous systems the hydroperoxy radical can complex with the ions
of a number of heavy metals, e.g. Ti,1517 Ce,16181* V ,D-22 Zr,2
Hf,2 Th,2 and TJ.2

(15) M. S. Bains, J. C. Arthur, Jr., and O. Hinojosa, J. Phys. Chem,,
72, 2250 (1968).

(16) G. Czapski, H. Levanon, and A. Samuni, 1st. J. Chem., 7, 375
(1969) .

(17) Y. Shimizu, T. Shiga, and K. Kuwata, J. Phys. Chem., 74, 2929
(1970) .

(18) G. Czapski and A. Samuni, Isr. J. Chem., 7, 362 (1969).
(19) A. Samuni and G. Czapski, ibid., 8, 551 (1970).

(20) M. S. Bains, J. C. Arthur, Jr., and O. Hinojosa, J. Amer. Chem.
Soc., 91, 4673 (1969).

(21) M. Seteka, Y. Kirino, T. Ozawa, and T. Kwan, J. Catal., 15,
209 (1969).

(22) M. S. Bains, J. C. Arthur, Jr., and O. Hinojosa, Inorg. Chem.,
9,1570 (1970).
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generating reactions are complete before the lifetime is
measured.

Christopher Ingold Laboratories K. U. Ingold

University College London
London WC1H OAJ, England

R eceived October 22, 1971

Photochemistry of the Copper(ll)-Malonate

System. A “ Sensitized” Reaction

Publication costs borne completely by
The Journal of Physical Chemistry

Sir: The photochemical decomposition of mono-
carboxylate complexes of several transition metal ions
in aqueous solution has been reported.1 The photo-
chemistry is characteristically an electron transfer
which results in irreversible reduction of the metal
ion center and formation of a carboxyloxy radical,
RCOO = Previous studies suggest that this radical
loses C02rapidly.2

Recently, studies on the photochemistry of malonato
complexes of cobalt(l11),3 manganese(lll),4 and iron-
(1115 have been reported. Based on product studies,
the photochemistry of these complexes is that predicted
from studies on monocarboxylate complexes. The
photochemistry of uranyl malcnate has also been
reported6 and unlike that of the first row transition
metals is a “sensitized” decomposition of the ligand
giving carbon dioxide and acetate as final products.

As part of our studies on the photochemistry of
labile complexes, we are exploring the photochemistry
of the copper(ll)-malonate (Mai = malonate) system
using both conventional and flash photochemical tech-
niques. Copper(ll) forms two labile complexes with
malonate, the second of which is formed only with a
large excess of ligand (~3 X 10~2 M excess for
CuMal2-/CuMal ~ 10). The complexes have d-d
absorption bands in the red (Anex ~700 nm, e ~ 40
M _1 cm-1)7and charge-transfer bands in the ultraviolet
(CuMal, Arex-~240 nm, t ~3100 M~xcm-1; CuMal2Z_,
Amax~250 nm, e ~6400 M -1 cm-1).

The photolysis (A 253.7 nm) of degassed solutions of
bfs-malonatocuprate(ll) resulted in the production of
acetate ion and C02in equimolar amounts: <i>(C02 ~
0.07, <f>(0Ac-)/4>(C02 ~ 0.94; for copper(ll)-mal-
onate, {C02 ~ 0.08. After mass spectral identifica-
tion, P-V-T measurements were used to determine the
CO02yields. No Tyndall effect due to metallic copper
was observed nor was cuprous ion, analyzed by adding
1,10-phenanthroline,8 detected ([Cu+]/[Cu2+] < 0.3%
for [CO02)/[Cu2+] = 7400%). The acid anions (mal-
onate, succinate, and acetate) were analyzed by nmr
spectroscopy after the solutions were passed through a
cation-exchange resin (Dowex 50w-X8) column to
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Figure 1. Normalized absorption spectra for -CHZ (X)-, ....,

ref 10; -CHfCOCUh,———-, ref 11; transient observed on flashing
solution 1.0 x 10-4 M CuS04 1.0 x 10~3M NaZMal, 20-cm

cell, ; 1.0x 1 0 M CuS04 1.0 x 10-2 M NaMal, 10-cm cell,

A; 1.0 x 10~4M CuS04 1.0 x 10-2 M NaMal, 35-cm cell, =;

l. 0 x 10-3M CuS04 1.00 x 10“4M Na2Mal, 13-cm cell, = .

remove the copper. Since succinate ion was not de-
tected in the early runs, a known amount of sodium
succinate was added as an internal standard. In a
typical experiment with a hundredfold excess of mal-
onate, photolysis was carried to ~50% decomposition
(e.g., [Cu2+] = 10-4 M, [Mal2]0 = 10-2 M,
[OAc~]formed — 5 X 10-3 M = 50 X [Cu2+]). Direct
photolysis of the excess ligand could be ruled out.
These results indicate that the photochemistry of the
copper(ll)-malonate system is, like that of uranyl
oxalate and malonate, a “sensitized” decomposition to
the extent that the metal ion does not undergo an ir-
reversible reduction.

Isotope experiments with malonate-d2resulted in the
formation of only acetate-d2 which indicates that
acetate is not formed by an acetate radical abstracting
a hydrogen atom from the methylene group of malonate.

Flash experiments9 performed on argon-purged solu-
tions of 6fs-malonatocuprate(ll) revealed a strongly
absorbing intermediate formed entirely during the

(1) See V. Balzani and V. Carassiti, “Photochemistry of Coordina-
tion Compounds,” Academic Press, London, 1970.

(2) L. Herk, M. Feld, and M. Seward, J. Amer. Chem. Soc., 83,
2998 (1961); E. R. Kantrowitz, M. Z. Hoffman, and J. F. Endicott,
J. Phys. Chem., 75, 1914 (1971).

(3) R. Van Eldik and J. A. Van den Berg, J. S. Afr. Chem. Inst., 22,
175 (1969); Chem. Abstr., 72, 125452s (1970).

(4) R. Van Eldik and J. A. Van den Berg, J. S. Afr. Chem. Inst., 23°
85 (1970); Chem. Abstr., 73, 102419* (1970).

(5) R. Van Eldik and J. A. Van den Berg, J. S. Afr. Chem. Inst.1
23, 96 (1970); Chem. Abstr., 73, 104257w (1970).

(6) G. E. Heckler, A. E. Taylor, C. Jenson, D. Percival, R. Jensen,
and P. Fung, J. Phys. Chem., 67, 1 (1963).

(7) D. P. Graddon, J. Inorg. Nucl. Chem., 7, 73 (1958).
(8) D. H. Wilkins and G. F. Smith, Anal. Chim. Acta, 9, 538 (1953).

(99 G. D. Cooper and B. A. DeGraff, J. Phys. Chem., 75, 2897
(1971).
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flash with maximum absorption at ~380 nm; for
copper(ll) malonate, \n&x ~370 nm. The spectrum
of the transient obtained using the point-by-point
method at 100 nsec after the flash under a variety of
conditions for bis-malonatocuprate(ll) is shown in
Figure 1 along with the spectra reported for the ace-
tate and malonatell radicals. From the Amex values
it is apparent that the intermediate is neither the free
acetate nor the free malonate radical.

First-order plots of the decay of the intermediate(s)
formed by flashing solutions of predominantly bis com-
plex are slightly curved in most cases and appear to
be the superposition of at least two straight lines. The
decay cannot be fitted to second-order kinetics. A
log-log plot of rate constants obtained from the initial
slopes vs. HMal- was linear over some six decades with a
slope of 0.5. There was no dependence of the decay on
either pH or [Mai2-] except insofar as [HMal-] =
fc[H+][Mal2-].

Under conditions in which CuMal is the only com-
plex present, the decay kinetics of the intermediate
are simpler and fit a rate expression of the form -d [in-
termediate]/df = (fci[HMal-] + k2[H2Mal) [inter-
mediate] where h2~ 50fci. The present data point to
a model such as shown schematically here for copper(ll)
malonate.
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,0—0=0
Cun 'NjH, + h, —® QAT / Hs + CO02 o)
/ 0—C=0
‘o—c=0
Cul CH2 .
\ / + [H+source] — » Cuu + CHXO0O (2)
0—C=0

where [H+ source] = HMal-, HMal, and perhaps
H+. This tentative mechanism reflects two signif-
icant points strongly suggested by our data. First,
in marked contrast to the usual charge-transfer photo-
chemistry of the first-row transition metal and Cu(ll)
in particular, the ligand is oxidized without permanent
reduction of the metal ion. Second, the flash experi-
ments strongly suggest that the oxidized ligand (mal-
onoxy radical, or more likely since C02 is probably
rapidly lost, acetate radical) remains bound to the
reduced metal center until the radical is reduced to the
acetate ion by Cu(l). Further work on the mechanism
isin progress.

(10) P. Neta, M.Simic, andE.Hayon, J.Phys.Chem., 73,4207 (1969).
(11) M. Simic, P. Neta, and E. Hayon, ibid., 73, 4214 (1969).

John Y. Morimoto
B. A. DeGraff*

Department of Chemistry
University of Virginia

Charlottesville, Virginia 22901
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