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Rate constants for proton transfer reactions of the type XH* + NH3 — NH} + X where X = H;, NH,, CH,, H, 0,
CO, N,, CaHa, CoHg, C3Hg, N2O and C4Hg have been measured at 297°K using the flowing afterglow technique.
These rate constants and others measured previously in this laboratory for proton transfer reactions involving mole-
cules of lower dipole moment than NH3 were found to compare favourably with predictions of the average-dipole-
orientation theory (zp # 0) and the Langevin theory (zp = 0). The ratio keyxp/Ktheor was found to be ca. 1 and

relatively independent of the exothermicity of the reaction in the range 0 to 109 kcal mole

1. Introduction

The recent formulation {11 and parameterization
{2] by Su and Bowers of the average-dipole-orienta-
tion (ADO) theory for ion—polar molecule collisions
prompted us to extend our own studies of the kinetics
of proton transfer reactions to a measurement of the
rates of a series of such reactions with NH5. These
measurements with a reactant possessing a large per-
manent dipole T complement earlier studies made in
this laboratory of proton transfer reactions involving
non-polar and slightly polar molecules and, together
with these earlier results; provide an opportunity to
assess the capture rate constants predicted by classical
models of ion—molecule reactions, viz., the Langevin
theory [4], the locked-dipole limit [5, 6], and the
ADO theory {1, 2]. The systems studied encompass a
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wide range of mass, chemical composition and physical
dimension for the ions and neutral reactants, as well

as polarizability and dipole moment for the neutral
species. Comparisons with the classical theories as well
as empirical correlations should, therefore, lead to an
appreciation of the extent to which such factors de-
termine the rates of proton transfer reactions.

A secondary purpose of this study, prompted in
part by a recent report by Solka and Harrison [7],
was to appraise the effect of exothermicity on the
rates of such reactions. Since NH3 has a very high
proton affinity it is a particularly good choice for
studying highly exothermic proton transfer reactions.
The exothermicity for these reactions which are all of
the type:

XH +Y= YH++x ' : )

can be specified from a knowledge of the difference
in the proton aff inity; PA, of X and Y since the exo-
thermicity, AH298, of reaction (1) is given by . -

AHD,=PACO-PACY). @

The expenmental determination of the proton afﬁm-

ties relevant in this connection has been and continues’
to be the subject of a separate study in this Iaboratory s
[8-10] ' .
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2. Experimental

The experiments were performed with a flowing
afterglow system [8] in which the ions are allowed to
thermalize to the ambient room temperature of 297
2°K prior to their entry into the reaction region. The
reactant ions XH" were generated in the following
manner: H3 is the dominant ion in a hydrogen after-
glow [11]. The downstream addition of the appropri-
ate gas X results in the rapid formation by proton
transfer of the desired ions XH' = CHZ, H;0%, COH',
N2H+ C3H7 and N,OH" The addition of C,Hg also
results in the formation of C,Hz by the H™ transfer

reaction [11]
Hj +C,H, ~+C, H; +2H, 3)

Large additions of CyHg produce the ions C3H'; and
C,4Hg by the condensation reactions [11]

+ 0.9 +

C,H; +C,H, — C,Hy +H, , (42)
0.1 .

— C3H} +CH, . (4b)

NH; was generated by the charge transfer reactions
03(0*) + NH, > NH; +0,(0) . ®

" 03 ions are produced when 02 is added to a He—Ar
afterglow [10] while both O3 and O* are formed
when O, is added to a pure He afterglow [12].

The rate constants were measured in the usual
manner [8]. The absolute accuracy of the measure-
ments is estimated to be £20% and the precision was

“observed to be better than +10%.

" 3. Results and discussion

The measured rate constants for 11 reactions of
- XH* with NH; are listed in table 1. The formation of
- NH4 appeared to be the dommant (=907%) channel
in each case.
_Agreement with prev1ous ﬂowmg afterglow meas-’
urements is satxsfactory However, the earlier deter-

- mination [12] of k = 1.6 X 10~5.cm3 molecule~! sec -1

for the reaction of NH3 w1th NH3 should be regarded
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_.asa. lower limit since it appears that substantial amountsf

oof NH3 were stlll bemg generated by. O* and 02 in’

- tne reactlon regxon at the ﬂows of NH3 employed
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The present value of 2.5 X 102 cm3 molecule—! sec—1
is remarkably consistent with a smooth extrapolation
of recent measurements using electron impact [13,14]
and photoionization [15, 16} techniques which indi-
cate a dependence of the rate constant on the internal
and translational energy of N'H; A dependence on the
internal energy of the fon has also recently been re-
ported [17, 18] for the rate constant of the reaction
of C4Hg with NH;. Here again it appears that the rate
constant increases with decreasing internal energy and
that as in the case of the NH; reaction, our value
represents a thermal energy limit although different
geometric isomers of C4Hgy may have been involved in
the various measurements. The results for the proton.
transfer reactions of CHg, C, H§ and C3H7 with NH;
agree with those obtained with the ion cyclotron
resonance (ICR) method although the latter technique
may involve reactants thh non-Boltzmann distribu-
tions [19].

Included in table 1 are capture rate constants cal-
culated on the basis of three classical models of ion—
molecule reactions involving polar and non-polar mole-
cules. According to the ADO theory of Su and Bowers
[11, the capture rate constant is given by the expres-
sion:

kapo = 2ma/u'’*)[a!® + CupQ/nkT)Y"?1,  (6)

where q is the charge on the ion, a is the polarizability,
Hpy the permanent dipole moment of the neutral reac-
tant, and u is the reduced mass. C is a parameter which -
reflects the average orientation of the dipole, is a func-
tion of upy fa*’? at constant temperature and has been
parameterized by Su and Bowers [2] to have a value
between 0 and 1. When C = 1, expression (6) reduces
to the locked-dipole limit [5, 6]. The Langevin expres-
sion [4] results when C=0. - »
Table 2 presents further comparisons between cal-
culated capture rate constants and rate constants meas-

.ured in this laboratory for pfoton transfer reactions in-

volving neutral substrates of low. or zero dlpole mo-
ment and various polanzablhtxes ' _ _
. Fig. 1 shows the ‘correlation between the ratio of :

- the expenmental to the theoretical rate constant with

the exotherrmcnty, —AHO -of the proton transfer re- -

~ actions listed in tables 1 and 2.The dotted line repre- -
- sents the variation observed by Solka and Harrison [7]

1 of kgy /kLD with exothemucxty for proton transfer
o reactlons of the type : ST I
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Table 1
Rate constants in units of 107 ¢cm® molecule™ sec™® at 297 + 2°K for reactions of the type XH* + NH33) - NH§ + X

XH* Kexp ki® Kk po kapo® gll —AH95 ©)
thiswork  other ADO  (kcal mole™1)
HY 4.2 =360 2.16 10.6 3.98 1.1 109
NHj} 2.5 1:.06-3.26 8 1.18 5.79 2.18 1.1 20
CHZ 25 2.33h) 1.18 579 2.18 1.1 81
H;0" 24 1.15 5.64 2.12 1.1 42
con* 24 1.05 5.16 1.94 1.2 69
N, H* 2.3 1.05 5.16 1.94 12 96
C,H} 2.1 2.000) 1.05 5.16 1.94 1.1 48
C,HY 2.0 1.04 5.10 1.92 1.0 68
C3H3 1.9 1.950) 0.986 48¢ 182 1.0 25-449D
N,OH" 2.1 0.980 481 181 1.2 73
C4H} 19 0.909,091-1.40%) 0951 4.67 175 1.1 20-521

a)a=2.16 A% and up = 1.47 D, ref. [3].  b) Langevin theory. ¢) Locked-dipole theory. d) ADO theory.  €) PA(NH3, H30)
were taken from ref. [21]. PA(NH2, C2Hg4, C3Hg, C4Hg) were derived from heats of formation in ref. [22]. PA(Hz, CH4, CO, N2,
CzHg, N2O) were determined in this laboratory, unpublished results. f) Ref. [11]. g) For a detailed compilation of previous
measurements of the rate constant and its dependence on the internal energy of NHJ see ref. {13].  h) Ref. [2]. i) Value de-
pends on assumed geometry of reactants and products.  j) Ref. [18]. k) Ref. [17]. C4H3J is generated by electron impact from
a number of different sources and at various electron energies. :

Table 2
Rate constants (in units of 102 e¢m?® molecule™ sec™*) at 300°K for reactions of the type XH*+ Y —» YH*+ X
XH* Y kexp k]_a) kLDb) kADOc) __LQ(As) d) zp ()X} —AHggs €
ki orkapo 7 (kcal mole™1)
HY NO 14D 185 427 188 074 170 0.16 27
N, 188 188 — - 0.96 1.74 13
co 14D 198 254 1.99 0.70 1.94 0.1 40
COy 190 225 — - 084 2.59 27
cH, 16D 236 - - 0.68 2.56 28
- N0 180 239 332 241 075 292 017 - 36
CHf: N0 09510 1.14 159 115 0.83 292 017 8
N;H* © cop, 092D 990 - - - 1.0 2.59 15
~ Xe . 0660 096 - - 0.69 4.02 - 03
N0 0790 096 132 097 - 082 292 017 c 23
7 CHs 0.891) L7 - - 0.76 256 16 -
COH* CHy 076D 109 - - - 070 256 - 15
N;OH' CO - 050D ~0.79 101 079 -063 - 194 01 - - 35
. ~CiHg . 106M 116 - - . 091. 439 ... 5.
KM Np o 0s8W 067 - - 08T - LM M2t o

a) Langevin tlié'oky. ~b) Lockcd-dxpole theory. c) ADOcheory “d) Ref.- [3] ~8) Calculgted from dxt‘rerences in proton‘
i rmnes determined in this laboratory, unpubllshed results D Ref. [11].~; g)_Ref (8], " hY'Unpublished result from this labora
Story. D Ref [9). S
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Fig. 1. A comparison at 300°K of the ratio cf the experimen-
tal to the theoretical rate constant with the exothermicity,
—AH?® for simple proton transfer reactions of the type XH*
+Y — YH* + X. For the nature of the ions XH" see tables 1
and 2. For the molecules. Y, denoted with open symbols up
=0 and ktheor = K1; for the molecules denoted with solid
symbols up # 0 and ktheor =kKADO- The dashed curve repre-
sents the variation of Kexp/k1 D With —AH © observed by
Solka and Harrison [7] at fon energies = 0.43 V (lab) for re-
actions of the type CH3SH3 + Y — YH" + CH3SH for a series
of polar molecules, Y.

CH,SH} + Y~ YH" + CH;SH . )

These measurements were made with the trapped-ion
technique at ion energies = 0.43 V (lab) for a series of
polar molecules, Y, with permanent dipole moments
in the range 1.30 to 2.88 debye.

All the proton transfer reactions listed in tables 1
and 2 are fast, spanning the range Xk =0.5 to 4.2 X
10~9 cm3 molecule—! sec—! and indicating that the
physical and chemical characteristics of the reactants
can at best play only a minor role in determining the
magnitude of the rate constant at 300°K. A test for
the effect of reduced mass is provided by the reactions
with H3 for which the reduced masses are essentially
equal. The rate constants are considerably larger than
- . those for the same neutral species reacting with other

ions. Another test is provided by comparison of those

reactions involving the same neutral (thereby ensuring
a constant & and i) with different ions. For the
series of reactions with NH; only a small trend with
the mass of the ion is evident. For the few examples

* involving N20 and CHy, 2 larger effect is seen. Inspec- - j

-~ tion of reactions-involving the same ion but different
" neutrals mdlcate that the phys;ca_l properties (e.g., the
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polarizability or the permanent dipole moment) of
the neutral over-ride the effect of reduced mass. A
comparison of the rate constants for the sequences of
identical mass ions COH*, N,H”, C,H; and CHj,
NHY reacting with NH, shows little if any effect of
the chemical composition or physical dimension of
the ion. The largest effect appears to be attributable
to the permanent dipole moment: the reactions with
NHj; are at least twice as fast as reactions with a com-
parable reduced mass but with neutrals of zero or small
dipole moments.

The measured rate constants of the proton transfer
reactions involving non-polar molecules are, on the
average, ca. 20% lower than the Langevin capture rate
constants whereas for reactions involving NHj3, the ex-
perimental values are roughly twice the Langevin
value. For all the reactions involving polar molecules,
Keyp is substantially smaller than the locked-dipole
limit, ky . Consequently, it appears that in this series
of reactions the rotation of the molecules at 300°K is
sufficient to prevent a total alignment of the dipole in
the electric field of the ion.

The rate constants of the reactions involving polar
molecules measured in the flowing afterglow are in
reasonable accord with the predictions of the ADO
theory. Some specific trends are evident. The experi-
mental values for the reactions with NH; (up =
2.16 debye) appear to be consistently higher than the
ADQO values by ca. 10%. This trend is also evident in
the measurements reported by Su and Bowers [20]
for proton transfer reactions of CH§ with alkyl
chlorides (up, ca. 2 debye). In contrast to the observa-
tions of Su and Bowers [17] and Hellner and Sieck
[18], the reaction of C4 H; [produced by reaction
(4a)] with NH; is not anomalous. For the reactions in-
volving molecules with small permanent dipoles (viz.,
NO, CO and N, O for which up is ca. 0.2 debye) the
ADO and Langevin theories predict similar results.
The experimental values, therefore, are smaller than
those predicted by either theory by ca. 25%.

The experimental rate constants are quite insensi-
tive to the exothermicity of the proton transfer reac-
tion and no marked trend at low exothermicities is ob-

served.
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