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Bornstein,® and we find that a linear relationship
exists between these quantities, as is shown in Fig.
2. This relationship can be rationalized theoreti-
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Fig. 2.—Total ionization cross section vs. polarizability.

cally as follows. From Slater® we write for the
static polarizability of an atom

=2y Ml
*= 1 ; Vao? )

where |Mao| is the aoth element of the dipole
moment matrix and re, is the frequency corre-

{5} Landolt-Bornstein, **Zahlenwerte und Functionen,”" 6 Auflage,
**Atom und Molecularphysik ** 3 Teil, Springer—Verlag, Berlin, 1950,
pp. 510-517.

(8) J. C. Slater, “"Quantum Theory of Matter,”* McGraw-Hill Book
Co.. Inc., New York, N. Y., 1951, pp. 388-396.
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sponding to the transition between the states o
(ground state) and a. An approximate expression
for atomic ionization cross sections is’

i _ 2__7!‘__84 Cnl 2my?
Qet = St TEa Zi 108 ( cnl) @)
cal = (Z%ge/nlae®) S | Xk |2dK (2b)

where the integration in equation 2b is carried out
over the appropriate portion of the ionization con-
tinuum. The matrix element [Xux| will be
proportional to the corresponding dipole moment
matrix element {Ma x|, and to the extent that
the variation in 2, (Ma0%/vao) parallels that in cny/|En
in going from one atom to another, a linear rela-
tionship between polarizability and cross section
should be observed. We expect that analogous ex-
pressions apply to molecules.

The empirical equation for the line in Fig. 2 is
Qi = (1.80 X 109« where @ is in cm.? and « in
cm.?. The average deviation of the experimental
cross sections plotted in Fig. 2 (30 compounds)
from those calculated from the above equation is
8%,. Thus this equation offers a means of estimat-
ing the cross section of a substance if its polariz-
ability is known. Unlike the situation with the
additivity concept, our data indicate that no re-
striction of similarity of compound type need be
placed on this correlation.

Acknowledgment.—We wish to express our ap-
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experimental work reported in this paper.

(7) N. F. Mott and H. S. W. Massey, "“The Theory of Atomic Col-
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Reactions of Gaseous Ions.

IV. Water
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The gas phase reactions of H,O and D.0 with H,0, D;0, CH, and H; have been investigated and the specific reaction rates
and cross sections measured. Relative cross sections of the reactions of D20 with C;Hs, C;Hs. cyclo-C3Hs, and n-C4H10'hav.e
been measured. The ionic reactants in the ethane and propane systems are CoHg+ and C;Hs ¥, respectively; water ion is

the ionic reactant in all other systems (ionic reactant in the methane systems not known).

The reaction cross sections are

compared with those predicted from the polarizability theory of ion—molecule reactions, and it is concluded that the theo.ry
does not account satisfactorily for the values observed. The significance of the experimental results to the radiation chemis-

try of water is discussed.

Introduction

As a continuation of investigations®? into the re-
actions of gaseous ions, we report in this paper the
results of detailed studies of ionic reactions of
water with water, hydrogen and methane. Also,
we present the results of briefer studies of the reac-
tions and relative rates involved in the formation of
gaseous hydronium ion from water and water,
hydrogen, methane, ethane, propane, cyclopropane
and »-butane,

The possibility that the formation of H;O+ in the
ionization chamber of a mass spectrometer was due

(1) F. H. Field, J. L. Franklin and F. W, Lampe, THIS JOURNAL,
79, 2419 (1957).

(2) F. H. Field. J. L. Franklin and F. W. Lampe, ibid.. 79. 2665
(1957).

to a secondary process was first recognized by
Mann, Hustrulid and Tate.? Tal’roze and Lyubi-
mova* reported the H;O+ ion to be formed by the
reaction between the water molecule-ion and water
and methane, but they presented no quantitative
results such as specific reaction rates or reaction
cross sections. In recent work directed toward ob-
taining the proton affinity of water, Tal’roze and
Frankevich® have studied the formation of H,O*
in water and in mixtures of water and NH;, H.S,
C.H,and C;H;. No rate data are given.

(3) M. M. Mann, A. Hustrulid and J. T. Tate, Phys. Rev., 88, 340
(1940).

(4) V. L. Tal'roze and A. K. Lyubimova, Doklady Akad. Nauk
S.5.5.R., 86. 909 (1952).

(5) V. L. Tal'roze and E. L. Frankevich, tbid, 111, 376 {1958).
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Experimental

While the experimental methods employed in the detailed
studies have been described previously,! additional precau-
tions were necessary for the work with mixtures. In order
to obtain reproducible and meaningful concentrations of the
components of the mixture in the ionization chamber, we
found it necessary to allow at least 30 minutes for mixing
after the gases were introduced into the reservoir. This mix-
ing time was arrived at by determining the minimum time
of mixing required for the components of the mixture at
given partial pressures to show characteristic peak heights
equal to the peak heights for the pure compounds at total
pressures equal to the given partial pressures.

In the studies of the relative rates of formation of hydro-
nium ion, mixtures of D:O and RH were prepared in con-
venient proportions in the mass spectrometer and the in-
tensities of the D:0+ and HD»O* ions measured. To pro-
vide a basis of comparison, the inteusities of the DsO* and
D,0* ions formed in D,0 were determined. The ionization
chamber field strength was maintained at 10 v./cm.

In the study of reaction rates a Cousolidated Electrody-
namics Corporation (CEC) model 21-620 cycloidal focusing
mass spectrometer was used. In the calibration of the ioni-
zation chamber for presstire, ionization cross sections® re-
cently determined were used. Appearance potentials were
measured with a Westinghouse type LV mass spectrometer.

The water used in these experiments was ordinary dis-
tilled water. The deuterium oxide was obtained from the
Stuart Oxygen Co. and had a stated purity of 99.5%,. The
hydrocarbons were Phillips Research Grade, all having
stated purities in excess of 99.5%. The hydrogen was ob-
tained from the Matheson Co. and was used without further
purification.

Results and Discussion

The reactions observed and the specific reaction
rates and cross sections measured in the systems
Hzo, Dzo, HzO—CH4, DzO—CH4, and D,0O-H, are
shown in Table I.

TasLE 1
GaseEoUs Ion REACTIONS IN WATER SYSTEMS

kX 100
()

cm,3/
mole-
volts fo X 104

cules-

Reaction cmt. cm,2 sec.
H,0+ 4+ H,0 = H,0* + OH 10 0.95 1.26
(H:0 + CH)*+—H,0++ CH; 10 1.80 2.46
D,0* + D.0 — D;0+ + OD 10 1.02 1.19
(D0 + CH)*+—HD,O*+ CH; 10 1.48 1.99
D:O* + Hy — HD,O*+ + H 10 0.63 0.643
D:0+ + D0 — D,0+ 4+ OD 0 2.46 2.19
(D,0 + CH)*+—HD,O+*+ CH, 0 3.55 3.36
DO+ + H, — HD,O* + H 0 1.39 3.05

The various reactions occurring were deduced
primarily from appearance potential measurements.
The appearance potential of the H;O* ion in water
was found to be 12.5 v., which is in sufficiently good
agreement with the electron-impact ionization po-
tential of water (12.67 v.) to provide conclusive
evidence that the reactant ion is H,O*. Identical
findings are reported by Tal'roze and Frankevich.?
Similarly, the D,O+ ion is involved in the formation
of the HD,;O™ ion in the D.O-H, system, since the
appearance potential of the HD,O* ion was
found to be 13.0 v., which is to be compared with
the ionization potential of 12.9 v. found in our
instrument for D,O. Unfortunately, the ioniza-
tion potentials of water and methane are so close
(within about 0.5 v.) that appearance potentials
cannot be used to establish the ionic reactant in the

(8) F. W. Lampe, J. L. Franklin and F. H, Field, THIS JOURNAL,
79, 6129 (1957).
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water—methane system. The kinetic results given
in Table I for this system are calculated assuming
that the water ion reacts, but as will be shown be-
low, not greatly differing results are obtained if it
be assumed that methane ion reacts.

The specific reaction rates at 10 v./cm. listed
in Table I were obtained from experiments in which
the ion source concentrations were varied. In the
H,0-CH; system the H;O* ion can be formed by
the two reactions (taking water as the ionic reac-
tant)

CH4 -+ H20+ —_ Hso+ -+ CHg (1)

H,0 + H,0+ —> H;,0* + OH (@)
and the calculational formalism previously de-
scribed! must be modified slightly. For these re-
actions we write
kl(Hzo+) (CH4)TH;0+ + kz(HzO+) (HzO)TH,o+ = (H3O+)

®

and
H,0)

Tmso0t 1 (
Tawor + Taor (CH kot + cmy ka0t (4)

It is seen that the slope of the plot (Fig. 1) of
the left-hand-side of (4) vs. (H,0)/(CHy) contains the
rate constant for the water—water reaction and the
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Fig. 1.—Formation of H;O* in methane-water mixtures at
10 volts/cm. field strength,

intercept contains the rate constant for the meth-
ane-water reaction. It is of interest that the
water—water rate constant obtained from the slope
agrees satisfactorily with the value obtained from
concentration studies on pure water. Obviously,
the Iform of the plot can be inverted, tlzat is,

HO+ 1 . CHy)
T+ + Tmor (009 can be plotted against ({@0).
It is found that rate constants obtained from the
intercept using one method of plotting are in satis-
factory agreement with rate constants obtained
from the slope using the inverted method of plot-
ting.

In the D.O-CH, and the D,O-H, systems the
products of the homogeneous (D.O* 4 D.0O) and
cross (D,O+ + CH; or H.) reactions are distin-
guishable, and the usual calculation can be used.
A typical plot of Impwo+/(Jup:o+ + Ibw+ +
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Tasre II
I I 1944 v VI
~—Relative cross section——
or or
D3Ot 4 RH* 4
RH — D3O — Relative
Reaction A(HDsO +) I(Reactant)s HD;O*+4+ R HD;O+*+ R al/s
D;0 + DO+ — DO+ 4+ OD? .. 1.00 1.00
H; + D,O+—- HD,O+*+ H 12.9 I(H,) = 15.44 0.57 0.74
(CH( + DyO)* = HD,O* 4+ CH; .. 1.4 1.5 1.3
C:H¢* 4+ DO — HD,O* + C.H; 11.9 = 0.1 I(CsHg) = 11.65 2.0 4.5 1.7
CHs* 4+ D,0 — HD;O* + CH; 11.5 £+ .1 I(CiHs) = 11.21 2.0 4.5 2.1
Cyclo C;Hg + DOt — HD,O* + CHs 12.2 & .5 I(cycloCHy) = 10.23 0.39 0.34 2.0
n-CiHye + DO+ — HD,O+ 4+ CH, 13.1 & .6 I(n-CHy) = 10.8 0.94 3. 2.4
@ Taken from Field and Franklin, “Electron Impact Phenomena and the Properties of Gaseous Ions,’”’ Academic Press,

Inc., New York, N. Y., 1957.

Ip,o+) vs. the H, concentration is given in Fig. 2.
Here also values of the homogeneous rate constant
obtained from the mixture studies agree very well
with the value for the D,O* -+ D,O reaction ob-
tained from studies on pure D;O. This agreement
leads us to think that our values for the cross reac-
tions are correct.
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Fig. 2—Formation of HD:O* in D;O-H; mixtures at 10
volts/cm. field strength,

If in the methane—water system CH;* is the
ionic reactant, eq. 1 becomes

CH* + H,0 — H;0* 4+ CH,

and eq. 4 becomes

an

Ine 1A GH0)
IH,O*i' Inot (CHY) = romt + ke (C;'L) ot (4')
where ¢ = (H0%)/(H,0), b = (CH,?/(CH,),
and b/a = Qi(CHypcm+/Qi(H.O)pmo+ (O =

ionization cross section, ¢ = fraction of parent ion
in mass spectrum). From the ionization cross-
sections® and mass spectra of methane and water,
we calculate that b/a = 0.94. Also, 7cm+ =
V'16/18rm0+ = 0.947m,0. Thus, if in actuality
CH.* is the reactant the rate values for this system
given in Table I are 129 low.

The reaction cross sections at zero field strength
given in Table I have been obtained by extrapola-
tion of the experimental cross sections measured
at field strengths between 2 and 100 volts/cm.
In previous work!? we found that the variation of
the reaction cross section is well described by the
expression

fewat/s

m(m + m)\ /1
f"=1/’( _— 2) T ¥ evays) ©

b Assumed_by analogy with the known reaction H,O + H,O+ — H,;0* 4 OH.

where @ is an arbitrary constant, d, is the distance
from the electron beam to the ion-exit slit, « is the
polarizability and V is the voltage gradient. The
arbitrary constant 8 is best determined from a plot
of the experimental values of fo against 1/(3kT
+ eVd,/3), and a plot of typical results found in
the present work is given in Fig. 3. The good

120 ("l
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(3»« +2LV;_°>1 x 1072

Fig. 8.—Reaction cross section for formation of HD;O* in
DyO-H; mixtures as a function of field strength.

linearity observed is in accordance with eq. 5, but
the plot does not pass through the origin as re-
quired by eq. 5. For the systems here considered
eq. 5 must be replaced by
fo = ({fo)e + (f9)e (6"

where (fo), represents the right side of eq. 5 and
(fe)o is the limiting reaction cross section at infi-
nite field strength. The reaction cross sections at
zero field strength given in Table I are obtained
from eq. 5’ taking the arbitrary constants from
plots such as that of Fig. 3. We do not under-
stand why the previously studied reactions do not
have a limiting reaction cross section at high field
strengths, while those reported here do. We think
that the behavior observed here is more to be ex-
pected. As we have come to expect of gaseous
ionic reactions, the rates given in Table I are ex-
ceedingly large.

The results of the study of the relative rates of
formation of the hydronium ion by the reaction of
water with several hydrogen-containing substances
are given in Table II. The reactions listed in
column I are deduced from a comparison of the
measured appearance potentials listed in column
IT with the ionization potentials listed in column
IIT and with our measured value I(D,0) = 12.9 v.
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The uncertainties given in column II are average
deviations from average of replicate measurements.
From a similar comparison of appearance poten-
tials, Tal'roze and Frankevich® postulate that Cs-
H;* is the ionic reactant in the H,O—C;3;Hj; reaction,
and thus our results for this reaction are confirm-
atory. The difference in the reactions with
water of ethane and propane, on the one hand, and
cyclopropane and n-butane, on the other hand, is
somewhat surprising; but actually not enough is
yet known about ionic reactions for one really to
have reasonable expectations.

The relative reaction cross sections are listed in
columns IV and V. Although we feel that the re-
actions listed in column I must be accepted as cor-
rect (excepting the unknown reaction between
water and methane), it is still of interest to cal-
culate for some of the reactions relative cross sec-
tions based on the alternative assumptions that
D,O+1is the ionic reactant (column IV) or that RH+
is the ionic reactant (column V). The cross sec-
tions are calculated from the following relations:
for D,O* 4+ RH—HD;0O* + R

1 ( In )
(fo)RH _ (RH) \Iw + In/rn ©)
(ftT)DgO 1 Igz )
(D:0) \ Iz + Lz/pyo

and for RH+ 4+ D,O —- HD. Ot 4+ R

Rel. XS =

(fo)RH* _ ( 1 (ﬁ) Soine
_ (fe)RH* _ (RH) \I/ru* OrEpRE
Rel. X8 = (D0 = 1 2 o @

(D:0) \ I + Izz)m

where the Q’s are ionization cross sections® and the
p’s are the fraction of the parent ions in the mass
spectra of the various substances. Relative values
of the square roots of the polarizabilities of the
neutral reactants (always assuming that DO is
the ionic reactant) are listed in column VI. The
values are given relative to that of D;0, which is
taken to be the same as that of H,O.

The theory of ion—molecule reactions! predicts
that the reaction cross section should vary with
the square root of the polarizability of the molecule
involved in the reaction. By comparing columns
IV, V and VI (and keeping in mind that reactions
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involving neutral D,O have a theoretical relative
rate of 1.00), it is clear that the theory does not
adequately account for the observed variations in
rates. However, it should be noted that the
values given in columns IV and VI are in good agree-
ment through propane. Unfortunately, the values
given in column IV for ethane and propane refer to
what we think are the wrong reactions, and the
significance of the agreement is questionable.
Similar considerations apply to the nearly identical
relative rates given in column V for ethane, pro-
pane and n-butane. Past results!? convince us
that the theory of ion—molecule reactions based
upon polarizability accounts adequately for the or-
der of magnitude of the reaction rates, but the pres-
ent results show that unless some of the reactions
occurring are not as we have written them, the fine
details of the rates are determined by other, un-
known factors.

The radiolysis of water has been one of the most
extensively studied reactions in the field of radia-
tion chemistry but it has generally been assumed
that only free radical reactions are involved. How-
ever, we submit that the large reaction cross sec-
tions and specific reaction rates reported here force
one to consider reactions of the H;O+ ion. Ob-
viously, neutralization processes compete with pos-
sible reactions of the ion with molecules, and it is of
interest to compare the rates of the two processes.
The lifetime of H,O* with respect to its reac-
tion with H,0 is 1/2(H,0), where %k is the spe-
cific reaction rate of the ion—molecule reaction and
may be taken (Table I) to be 2 X 10~ cc./mole-
cule sec. The concentration of water molecules
may be taken as 3 X 10?2 molecules/cm.3. The
lifetimme with respect to the ion—molecule reaction
is then 1.6 X 107! seconds. This time is of the
same order as the smallest estimates of the time
(101% to 1071¢ seconds) in which neutralization
occurs in liquid water.” It is thus evident that the
bimolecular reactions of the H,O* must be consid-
ered in the radiolysis of water.
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