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Reactions of Gaseous Ions.

small rates.

reactions with hydrogen.

and CH* react with H, to form CH,;* and CH,t, respectively.
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Studies have been made of ion—molecule reactions in mixtures of CHy with Hy and D, and of CD, with Ho.
At low electron energies where only methane ions are formed, both CH,D* and CH;D* were formed at very
At higher electron energies hydrogen molecular ions attack methane to produce methy! ions
which, where D—H exchange can occur, will be extensively exchanged. Methyl ions also undergo exchange
The exchanged methyls account for most of the exchanged ethyl ions observed.
H;* ions react with methane to produce CH;*, and H,™* reacts slowly with methane to form Hy;+. Both CH,*
energy of 0.5 v. A more complete discussion is given by

Pratt and Wolfgang?® in their work on exchange of T,
with CH, suggested that ion—molecule reactions were
directly involved in part of the exchange, and Wexler?®
has recently reported a mass spectrometric study on
mixtures of D, and CH, that suggested lines for further
work in obtaining quantitative data for the ion—mole-
cule reactions which might be involved in exchange re-
actions of CH, with D, or T,. Accordingly, we have
studied mixtures of CH,; and H,, CH4 and D,, and CD,
and H, in an attempt to determine the kinetics of the
1omnic reactions of methane and hydrogen.

Experimental

The mass spectrometer is that described previously by Field?
and used in several previous papers reported from this Lab-
oratory.* The CH,; was Phillips research grade (99.6 mole %)
which was purified by double fractionation from Linde Molecular
Sieve. Dy and H; (Matheson) were purified by sorption and
desorption from a Molecular Sieve at liquid N; temperatures.
The CD, (purified in the same manner as CH,) was from Tracer-
Lab and contained about 7.5% CD;H and not more than 19,
CD:H,. Pressure calibrations for CH, were obtained in the
manner previously described® while calibrations for Ds and H,
were obtained from the kinetics of D™ + D, = Ds;* (or the hy-
drogen analog) using the rate constant given by Stevenson and
Schissler.® The pressure calibration for CD. was obtained
from the reactions of CD,* and CD;* using the rate constants
given in our recent paper of ionic reactions in CH,.*

Most of the experiments were done with an electron current of
0.02 pa. with 70-e.v. electrons and a repeller field strength of 12.5
v./ecm. For the experiments at low electron voltage a lower
repeller field strength and higher electron current were used.
For some of the low energy experiments the relative rate constants
were determined with a pulsed electron beam so that the electron
energy could be controlled more precisely.

The methane and hydrogen were in separate reservoirs and the
pressure studies from which the kinetic data were obtained were
made by determining the mass spectrum with a fixed pressure of
methane in one reservoir and then determining the mass spectrum
after each successive addition of hydrogen in the other reservoir.
Perhaps because of the flow properties of hydrogen and the
difficulties of focusing and collecting ions of mass 286, the data
reported here do not have the precision which we have recently
been able to attain.

In this study we have elected to present rate data in terms of
specific reaction rate constants, k, rather than cross sections.
The two are, of course, equivalent because of the relation k
= ¢gv where o and v are, respectively, cross section and relative
velocity. We prefer the rate constants since they are less sensi-
tive to velocity effects than are cross sections. In many instances
o« 1/v so that & is independent of ». When this relationship is
correct the rate constants determined in the presence of repeller
field are the same as those for thermal ions. Unfortunately, this
is not always the case and so we must consider our rate constants
to be valid only at the average relative velocities corresponding
to the repeller field strength employed when the measurements
were made. In most studies a field strength of 12.5 v./cm. was
employed (maximum ion energy of 2.5v.). In afew experiments
the field strength was 2.5 v./cm. corresponding to a maximum ion
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Results

Reactions of CH,".—Using electrons of energy too
low to form any primary ions other than CH,*, we were
able to study the reactions of CH,* with H, and D,
without interference.

CH,* + CH, = CH;*(17) + CH:, & (1)
CH.* + D = CH,D*(18) + D B (22)

= CH,D:* (19) + H Ew,  (2b)

CH,* + D; = CH;D*(17) + HD  ku (32)
= CH,D.* (18) + H, Ea  (3b)

CH;* + D: = CH,D* (18) + HD  kw (4a)

= CH,D.* (19) + H, Ew  (4b)

Reaction 1 was the predominant reaction involving
CH,™*, even at low relative CH, pressures. The ratio
Iig/ Iy, after correcting for 13CH; ™, varied linearly with
D, pressure (Fig. 1, curve A) and inversely with CH,
pressure. These dependences on pressure require that
the mass 18 species be formed from 2a or 3b, since
4a requires a different dependence of Iis/I1; on CH,
pressure. From a kinetic analysis we found

Lig/I 17 = (kaa + kap)(D2)/ki(CHy) (5)

and in two separate experiments we obtained identical
values of 3.0 X 1072 cc./molecule-sec. for (k2 + k)
from the D, dependence of the ratio Iy3//y7, and 1.6 X
1072 cc./molecule-sec. from the CH, dependence. We
were unable to resolve the BCH;*-12CH,D *12CH,D,*
triplet, but we could easily distinguish any H:O* at
mass 18. This low value of 3 X 102 cc./molecule-sec.
or 1 X 10~ cm.2? for the sum of cross sections of 2a and
3b is in good agreement with the earlier observation of
Lampe and Field” of a cross section not greater than 2
X 10~ cm.2for the reaction of (CHy 4 Dg)+.

In similar experiments with mixtures of CH4 and H,
we obtained from the very slight increase in the Ii7//
ratio with hydrogen pressure values of 0~7 X 1071?
cc./molecule-sec. for &g

CH,* + H, = CH;* + H ks (B)

The lower precision in this case than with D, was the
result of the difficulties in determining the very small
increase in mass 17 from 6 compared to the very large
amount of mass 17 from 1.

Since we observed only a very small amount of mass
19 greater than the 3C isotope of mass 18, we could set
an upper limit of 1 X 10— cc./molecule-sec. for the
rate constant of 2b or 4b. We did not find any evidence
for the formation of mass 19 or 20 (CHD;* or CDs™)
from CH,* by reactions second order in D,. )

Since the ratio I;;/Is increased slightly with an in-
crease in D, pressure, we concluded that there was a
small contribution of direct exchange between CH,*

6) F. W. Lampe, J. L. Franklin, and F. H, Field, " Progress in Reaction

Kinetics,’’ Vol. 1, Pergamon Press, London, 1961, pp. 69-103.
(7) F. W. Lampe and F. H. Field, J. Am. Chem. Soc., 81, 3242 (1459)
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and D, according to 3a and we obtained values of 7 and
12 X 1072 cc./molecule-sec. for kz.. If the (CH,D,")
complex persisted long enough for randomization of the
hydrogen atoms to occur, then one would expect
k. k3a to be about 3/4. Experimental difficulties pre-
vented our studying mixtures of CD4 and H, with an
electron energy too low for the formation of CD;* or
H.* which would have distinguished between CD,H,*
and CD,H* (the analogs of CH4D+ and CH;D,* in the
CH4-D, system). Since, however, the mixtures of
CH, and H, gave indications of the formation of CH,*
with a rate constant of the order of (k. + k), we as-
sumed that the mass 18 is CH,D+ formed from 2a.
Even if the mass 18 were CH,D,* formed from 3b, the
ratio ks k3 would be only 1/4 which is sufficiently dif-
ferent from 3/4 to suggest that randomization of the
(CH4D,*) complex does not occur. Similarly, the ab-
sence of mass 19, CH;D,™*, also implies no randomiza-
tion in the (CH D.*) complex. The complex between
CH,* and D, may then be considered as a loose complex
somewhat similar to that between (CH, and CD,) ¥, for
which very little exchange was noted.®

Reactions of CH;*, H.*, H;*,—Although we were
able to reduce the ionizing electron energy low enough
to eliminate all of the primary ions except CH,*, we
were unable to control the electron energy sufficiently
well to be able to study the reactions of CH;* in the
absence of Hy™ or H;*. From studies on mixtures of
constant [CH,] with varying amounts of H, with 70-
e.v. electrons we noted an increase in the ratio (/3 +
I2) (L1 + Ii7), the ratio of total (CH;*) to total
(CH."), with increasing H. pressure. We concluded
that 7a is faster than 7b

H,* (or Hy*) + CH,
= CH;* + Hy + H (or 2Hs) k. (72)

= CH,* + H, (or Hy + H) ki  (7b)

We have shown that the reaction of CH;* with H, or D,
is very slow and can be neglected. We would like to
know whether 7b occurs at all. The ion C+ cannot be
formed from CH, by dissociative charge exchange of
hydrogen because of energy considerations. Further,
the reaction

Ct++ H, = CH*+H

is endothermic® and hence will not occur at the condi-
tions of our experiments; C+ and H, might react by a
third-order process but, if this occurs, it is very slow;
C+, therefore, can be taken as independent of hydrogen
concentration. We observed that the ratio [;,/]1s was
substantially independent of hydrogen concentration.
Therefore we conclude that CH, ™ is not formed by 7b.
Thus the increase in (I1; + Ia5)/(l1s + I17) with hydro-
gen addition must be attributed to 7a. The data are
rather badly scattered, but suggest that H.* rather
than H;s™* is the reactant in 7a with a rate of the order of
many ion—molecule reactions.

In these same experiments the ratio I1;/I;¢ increased
with increasing hydrogen pressure, although the effect
is small. Since CH,* reacts only very slightly with
hydrogen, this implied that some mass 17, CHs*, was
formed by a process of a different kind. This process
appears to be second order in Hy and could be either

CH:* + 2H: = CH;* + H, (8
or
H3+ + CH4 = CH5+ + Hz (9)

(8) C. D. Wagner, P. A. Wadsworth, and D. P. Stevenson, J. Chem.
Phys., 28, 517 (1958).

() AH{(C*) = AH{(C) + I(C) = 170 + 260 = 430 keal./mole. D(CH)
= 80 kcal./mole (G. Herzberg, "'Spectra of Diatomic Molecules,” D. van

Nostrand Cn. Inc, New York, N. ¥, 1850). I(CH) = 256 kcal./mole giv-
ing AHi(CH*) = 400 kcal./mole.
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Fig. 1.—Variation of I;3/I;; with D; pressure; I;x corrected for
1.19 18C; P(CH4) = 23 u: A, ev.2=12.5v. (no CH;* or Hy*);
B,ev. = 15v. (CH;* 4+ H,* present).

Equation 8 cannot be involved since this would produce
CH;D,* with D, and we observe essentially no mass 19
in the experiments with CH, and D,. The kinetics are,
however, too complicated and the data too badly scat-
tered to warrant an estimate of a rate constant.

The results of the experiments with CH; and D, using
70-e.v. electrons indicate that the situation is greatly
complicated by exchange reactions. In addition to ap-
preciable amounts of mass 18 (as high as 10-209, of
mass 17) appreciable amounts of ions of masses 30, 31,
and 32 are observed (I3)//5 is as high as 0.4 at high D
pressures) and the ratios of the other ions show some
marked variations.

The ratio I30/Ts (CoHD+/CyH;+) increased linearly
with an increase in D, pressure and was substantially
independent of methane pressure. The ratio Is,/I3
(C.H;3D,+/C,H D+) also increased with increasing D,
pressure, suggesting that the D-atoms are generally
inserted one at a time into the ethyl ions, but the non-
zero intercept of I3/I3 against pressure suggests that
substitution of two deuterium atoms per collision also
occurs. The ratio I/l (C:H.D;+t/C.H,D*) also
increased with increasing D, pressure as it must since
three deuterium atoms cannot be brought into the com-
plex on omne collision. Trace amounts of mass 33 were
also seen. Figure 2 shows plots of the ratios of ethyl
ions as a function of D, pressure. From plots of ratios
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.
4 . . .
: 5 . ¢ __ It is also possible that the deuterated ethyl ions could
c ° a4 8 be formed by exchange reactions of ethyl ions with D,,
B a and this mechanism would predict that the ratio
Iy (C:H;:™)/(CH3*) would decrease with increasing D
Iy pressure. If, however, one assumes that 10 and 11
2 occur and that CH;* produced by dissociative charge
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Fig. 3.—Ratio of ethyl ions as a function of electron energy;
P(D;) = 110 u, P(CH,) = 23 p.

of ion intensities as a function of electron voltage it
appears that C2H5+, C2H4D+, C2H3D2+, and C2H2D3+
come from methyl ion (see Fig. 3).

The occurrence of dissociative charge exchange in the
CH,—H; system caused an increase in the ratio (/;; +
Iy)/(Iis + I17). For CHD; this same ratio (although
it now includes some different ionic species) decreased
with an increase in D, pressure. Further, the ratio
Iis/I17, which was first order in D, at low electron
energies when only CH,* was present, was second order
in D; in the experiments with higher energy electrons,
as well as present in much higher relative concentrations
(see Fig. 1).

These data suggest that appreciable deuterium ex-
change occurs with CH;*. The lack of any significant
increase in (CH3* 4 C,H;*) suggests that the dissocia-
tive charge exchange reaction leading to CH;* in the
CHH, system, 7a, is an ion—molecule reaction which
for Dyt (or perhaps D;*) yields deuterated methyl ions.
If this reaction involves D,*, the (CHyD,*) complex,
which has a higher energy than the same complex
formed from CH,* and D,, allows randomization of H
and D atoms even though the (CH,D,*) complex from
CH,* does not. From the decrease in In I1;/7:,!® with
an increase in D; pressure and assuming that no appre-
ciable amounts of CH;*+ were formed from dissociative
charge exchange, we obtained values of 1.5 and 1.1 X
10~ cc./molecule-sec. for ky;. The formation of ap-
preciable amounts of CH;* by dissociative charge ex-
change of D,* (or D;*) would mean that the actual
value of &y, is greater than these calculated values.

(10) C* neither reacts with nor is formed from ions of H: (or Dj) and one
may use [z as a measure of the quantity (P; *)o for the various primary ions
whose disappearance is determined by the pseudo-first-order equation,
In (P;*)/(Pi™)e = —k(D2)t;, since (Pi *)o= total intensity of CHj fragments
« [;2. For the same reasons /i in CHs+—H: mixtures and I» in CDs—H: mix-
tures may be used as ‘‘normalizing ions.”’

(C2H5+)/(%Ha+) =
1]/[ki( CH,) + ku(De2)] (12)

Then In (C.H;*)/(CH;*) should increase approxi-
mately linearly with D, pressure, as is shown in Fig. 4.
From the slope of the curve in Fig. 4 we obtained an
approximate value of 2.4 X 107" cc./molecule-sec. for
ky.  The agreement is satisfactory. Although Wexler?
noted no evidence for exchange reactions of C,H;* with
D: and indeed saw the same type of phenomena which
we report here, he did not consider the exchange reac-
tions of CH;* seriously and in his proposed mechanism
for tritium exchange postulated the direct exchange of
C2H5 + Wlth Tg.

The mass 18 is obviously formed by a different proc-
ess in these experiments from those with only CH,*

present. Either 13 or 14 or both must be occurring
+ 4+ CH, = CH,D* + D, (18)
+ 4+ 2D, = + + H, + HD (14)

Equation 13 must be occurring since its analog in the
CH,-H, system was observed and the very pronounced
second-order dependence in this case strengthens the
assignment of 9. High resolution studies on the
CH4-D; system indicated that the mass 18 peak was a
doublet. This phenomenon is clearly shown in Fig. 5
for mass 19 which was separated into a (H;O+ +
HDOT) peak and a poorly resolved hydrocarbon dou-
blet. From the relative separations, we concluded that
the hydrocarbon doublet at mass 19 must be 3CDH,*-
1BCD;3*+. In studies on mixtures of CDy and H,, both
CH;* (m/e 15) and CDH* (m/e 21) were formed by
processes second order in H; as would be expected if both
reactions 13 and 14 are involved in the CHs&D, system.
(The electron energy was controlled so that contribu-
tions of CHD* to mass 15 were negligible.)

From studies on mixtures of CD, and H: one can
confirm the exchange reactions we have noted from the
increase in the relative intensities of the odd mass ions
with increasing H, pressure. Since there is no inter-
ference of masses, the ratio I12/ls (Ct/CD4*) is anal-
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ogous to the ratio /1»/Is in the CH—H, system. Since
the ratio I12/15 is also substantially independent of H,
pressure, we may use Iy for normalizing. From the
decrease in log ([15/12) as a function of H, pressure we
obtained rate constants for 15 directly, again assuming
negligible dissociative charge exchange to CD;+

CD3+ + Hz = CD2H+ + HD'

] (15a)
= CDH;* 4 D; |

ks (15b)
The values of 2.2, 2.4, and 1.2 X 10712 cc./molecule-sec.
for ky; are in very good agreement with the value of 1.7
X 10~ ¢cc. /molecule-sec. for k.

Because of the reactions second order in H; or D,
which also produce CD;H™* and CDH,™*, together with
the fact that both are produced by reactions of CH,* or
CD.*, we were unable to make any reliable estimate as
to the relative amounts of the two products formed by
11 and 15. Some mass 5 is observed in the CH,D,
system and the ratio I/l varies approximately
linearly with CH, pressure and inversely with D, pres-
sure. Analogously, mass 4 is observed in the CD,~H,
system. For

(De + CHy)*
(He + CDy)*

D,H+ + CH; ks (16)
H,D+ + CD;  kn (17)

we obtained values of 2.4 X 107 cc./molecule-sec. for
ks and 3.8 X 10~ cc./molecule-sec. for ky; calculated
on the assumption that the reactant is Hy™ or D,+
even though there is some uncertainty as to whether the
charged entity is hydrogen or methane.

To recapitulate the reactions of CHs*, H,*, and H3+
ions in methane-hydrogen systems we find: (1) Attack
of hydrogen molecular ions produces methyl ions which,
where D-H exchange can occur, will be extensively ex-
changed. (2) Extensive exchange reactions of methyl
ions with hydrogen. The exchanged methyls account
for most, if not all, of the exchanged ethyl ions, which
are also observed. (3) H;t (D3;t) reacts with methane
to give CHs* (CHyD*). (4) H,* (D,*) probably at-
tacks methane to produce small amounts of H;+ (D,H*).

Reactions of CH,*+, CH +.—From plots of log ([11/I1¢)
and log (I13/11s) as functions of H, pressure we obtained
rate constants for the reactions

CH:* + H, = CH;* + H kiga
CH* + H, = CH:;* + H kisa

(18a)
(19a)

assuming that CH,* is not formed appreciably from
dissociative charge exchange. The CH,* formed by
reaction of CH™* was small compared to the total CH,*
and would not materially alter the rate constants. We
obtained values of 2.4, 2.3, and 2.3 X 10— cc./mole-
cule-sec. for kisa and 3.3, 8.5, and 5.8 X 10— cc./mole-
cule-sec. for kisa at CH, pressures of 97, 23, and 13 u,
respectively. For the reactions of CHy* and CH*

CH;* + Dy = products Rigb
CH* + D, = products R1isb

(18b)
(19b)

we obtained values of 2.4 and 3.9 X 107 cc./molecule-
sec. for kip and 4.5 and 5.2 X 10~1° cc./molecule-sec.
for kien. (These values were obtained from plots of log
(Iw/I12) and log (I13/12) as functions of D, pressure since
mass 16 includes CH,+, CH;D+, and CD,*.) From
the variation of log (/14/I5) as a function of hydrogen
pressure in CD,—H, mixtures we obtained values of 2.7
and 4.4 X 1071 cc./molecule-sec. for the rate constant
for the reaction of CD* with Ho.

THE SYSTEM METHANE-HYDROGEN
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Fig. 5.—Mass 19 under high resolution; P(CH,) = 45 u, P(D,) =&
135 u.

Discussion

Table I lists rate constants for the reactions in
the “methane-hydrogen’ systems. These are not pre-
cise enough to allow us to say anything about an
isotope effect except that no gross effect exists. Nor

TABLE I
IoNic REACTIONS IN “METHANE-HYDROGEN'' SYSTEMS

k?
cc./molecule-

Reaction sec.
CH.* + D;— CH,D+ 2.5 X 10712
CH,* + H;, — CH5+ 0-7 X 10712
CH:* + D. — CH;D,* <1 X 10718
CH,* + D; — CH;D* 9.5 X 10712
§CH2D+
CH3+ + Dg'—> 1.7 X 10-10
CHD,*
CD,H™*
CD;* + Hy — 1.6 X 10—
CH.D*
CH.* + H, — CH;+ 2.3 X 107
CH:* + D, — 3.1 X 10—1
CH* + H.— CH,* 5.8 X 10~
CH* + D, — 4.9 X 10—t
CD* 4+ Hy; — 3.6 X 10710
H,* + CD, — H,D* 3.8 X 10711 (?)
D;* + CH(— D,H* 2.4 X 1071 (?)

do the reactions of CH* and CD+* appear to be suffi-
ciently faster when exchange can occur than when it
cannot to warrant any statement concerning atom-ex-
change reactions of these ions. (The amount of CH*
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produced in the CD,H, experiments is less than a
third of the decrease in CD+.)

The rate constants for reaction of CH;+, CH,*, and
CH* with D, are about one-fourth of the rate con-
stants for the reaction of these ions with CH,.* If the
rate constants are proportional to (a/)'/2, the polariz-
ability of the molecule divided by the reduced mass of
the complex,!! then the rate constant for the reaction of
CH,* with H, would be equal to the rate constant for
CH,* with CH,. (The differences in reduced mass
balance the differences in polarizability.) The ob-
served ratio of rate constants is very different from this
calculated value and is actually about the same as the
ratio of the polarizabilities of H, and CHy.

Pratt and Wolfgang?* in their paper suggest exchange
between CH;* and T, to give CH,T * followed by proton
exchange with CH, to give the neutral CH;T. Accord-

(11) H. Eyring, J. O. Hirschfelder, and H. S. Taylor, J. Chem. Phys., 4,
479 (1936).
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ing to our data this exchange reaction of CH;* with D.
does not occur or if it does occur its rate constant must
be less than 107!2 cc./molecule-sec. Similarly, direct
reaction between CH,* and D, to give CH,D* was ob-
served to have a very small cross section, similar to the
direct atom-exchange reaction. Some CH,T* could
presumably be formed by the reaction of T3+ with CH,
which we observed between D;*+ and H;t and CH,,
but we found that very rapid exchange occurs in CH;*
and its product C;H;+ as did Wexler?® (Wexler did not
observe the disappearance of CH;* and formation of
CH;D+* from the reaction of CH;* with D, as we re-
port; he merely observed the presence of the sub-
stituted ethyl ions.) It seems reasonable to us that
the exchange should proceed through the methyl and
ethyl ions and their neutralization products.

Acknowledgments.—We are indebted to Mr. W. C.
Gieger for performing these experiments with his ac-
customed skill.
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The Monte Carlo Integration of Rate Equations!

By L. J. Scuaap
REeceIvED JULY 11, 1963

The difficult problem of analytic integration of rate equations can be circumvented by constructing a digital
computer model of the reacting system. Concentration-time curves, accurate to 1 or 27, are obtained directly

from the model for all components of the system.

Introduction

One often accepts or rejects a proposed reaction
mechanism by comparing experimental concentration—
time data with those predicted by that proposed mech-
anism. It is easy enough to write down differential
equations governing the model mechanism, but un-
fortunately their integration to give the desired con-

centration-time curves is usually difficult. In even
the relatively simple case
H L, B+C—2—D M

A
\ w

Pearson, King, and Langer® have shown that integra-
tion of the rate equations

d[A]/dt = —ki[A] — ks[A]

d[B]/dt = d[C]/d¢t = ki[A] — ks[B][C] (2)
d[D]/dt = ks[A] + k:[B][C]
gives
81 = g, R e
(3)
where

o= et k0t K = kika[Aly/(ky + k)Y,
8 = iJ(2ivVK)/ Hi{(2iVK)

and J's and H's are Bessel functions. For mechanisms
even slightly more complex, integration in closed
analytical form is impossible.

(1) Presented in part at the Southeastern Regional Meeting of the
American Chemical Society, Gatlinburg, Tenn., November, 1962,

(2) R. G. Pearson, L. C. King, and S. H. Langer, J. Am. Chem. Soc., 18,
4149 (1951).

A method is therefore presented here which avoids
this integration. A digital computer is used to set up a
statistical (i.e., Monte Carlo?) model of the reacting
system from which concentration—time curves are ob-
tained directly. This is described first in general to
show the scope of the method and then in detail for
mechanism 1.

Monte Carlo Integration of a First-Order Rate Equa-
tion.—Consider, to take an example, the uncatalyzed
thermal decomposition of H;0,. Here the first-order
rate equation

d[H:0,]/dt = k[H:0,]
can easily be integrated to give
log [HyO:] = (a constant) — k¢

To construct a Monte Carlo model of this reaction, a por-
tion of computer storage is set aside to represent the re-
action flask, and an H,O, molecule is represented in the
computer by the digit 1. Decomposition is indicated by
replacing these 1's by 0’s. To start the reaction, the
flask is filled with H,O. by loading 1's into the com-
puter storage. Suppose there are 1000 1’s in storage at
the start of the reaction. Each is in a particular loca-
tion and hence each can be distinguished as the Oth, 1st,
... 999th molecule. The remaining part of storage is
used to generate a random number between 0 and 999.
If the number 215 (say) is generated, the 215th H,O,
molecule is reacted by replacing the 1 representing it by
a 0. Another random number is generated and the re-
action continued. If 215 is generated again, a O will be
replaced by another 0 giving in effect no reaction. This
is repeated some specified number of times; then H,O,
is "titrated” by counting the number of 1’s remaining

(3) A.S. Householder, G. E. Forsythe, and H. H. Germond, “Monte Carlo

Method,”’ National Bureau of Standards, Applied Mathematics Series 12
(1951).



