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Abstract; The dimerization reactions of the ammonium ions NH4*, CH3NH;3t, (CH;3),NH,*, and (CH;);NH™* with their
neutral bases have been studied over the pressure range of 1 X 1074t03 X 1073 Torr and for temperatures of 200-400 K using
ion cyclotron resonance spectroscopy. Preliminary data on larger amines at 300 K are also reported. The mechanism AH* +
A — (AH1)* (ky), followed by (A;H)* — AH + A (ky) or (A;HH)* + A — A,H* + A (k,), has been confirmed for all
systems. The rate of the overall phenomenological reaction AH* 4+ 2A — A H* + A (k») exhibits a continuous transition
from third-order to second-order kinetics over the entire pressure range. From plots of 1 /k3 vs. (A)~! the rate constants k;and
k3 = kiks/kp are determined. The data are discussed both in terms of a dynamic model, in which energy is not randomized in
the (AsH*)* complex, and in terms of a statistical model, in which it is assumed energy is randomized in the (A;H*)* com-
plex. From these data alone it is not possible to tell which model is correct.

Introduction

The determination of the detailed mechanism of chemical
reactions has long been one of the primary goals in chemistry.
In neutral systems, the mechanism of energy disposal or energy
transfer during a reaction has been widely studied. Perhaps the
most successful technique has been to measure branching ratios
(or stabilization/decomposition ratios) as a function of pres-
sure and temperature.!~3 These data have been understood in
terms of the RRKM approach* to chemical reactions and
present one of the great success stories in chemistry. In the past
several years these “classic” approaches have been augmented
by results from single collision molecular beam studies.® The
single collision experiments allow the determination of mi-
croscopic mechanisms that are usually not averaged over angle
and often are not averaged over thermal energy.

In ion chemistry, there has been very little experimental
work published on the types of studies that have laid the
mechanistic foundation of energy transfer in neutral gas-phase
chemistry.!=3 There has been one photoionization study of the
reactions in ethylene by Gill et al.® and a number of papers on
the mechanism of dimerization reactions by several labora-
tories.”"? Recently, an RRKM analysis of several of these di-
merization reactions has been given by Olmstead et al.! In this
paper, we present a very detailed investigation of the dimeri-
zation reactions of the ammonium ions, NH4+, CH;NH; ™,
(CHj3);NH,*, and (CH3)sNH* with their neutral bases.
These systems are particularly well suited for detailed study
because there is only one reaction channel—formation of the
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proton bound dimer. The technique used is ion cyclotron res-
onance (ICR) spectroscopy. The reactions are studied over the
pressure range of | X 1074 < P < 3 X 1073 Torr and at tem-
peratures of 195 £ T < 400 K. A thorough discussion of the
mechanistic implications of the results will be given and
comparisons made with other work on these reactions.

Experimental Section

The experiments reported here were run on the UCSB drift cell ICR
spectrometer which has been previously described.!! Pressure was
measured with an MKS Baratron 145 capacitance manometer.
Thermal transpiration corrections were applied as previously dis-
cussed.!!® Drift times were measured by trapping plate ejection.!?
Most experiments were run at electron beam energies near threshold
(9-11 eV), although higher energies were used in several cases.
Temperatures were measured with a copper-constantan thermocouple
bolted to the resonance trapping plate and either a millivolt potenti-
ometer or an internally compensated digital thermometer was used
for readout. Details of the temperature dependent cell are given
elsewhere.!'®13 The amines used were either the highest purity
commercially available or were obtained from recrystallization of the
hydrochioride.

The reactions were all run at constant magnetic field with the
sensitivity of the marginal oscillator calibrated using a Q-spoiler de-
vice.! This procedure greatly simplifies the analysis and eliminates
potential problems of differential reactivity or ion loss.

The problem of ion loss to the drift electrodes at high pressures was
considered. At all times, the pressures were maintained below those
predicted for onset of this phenomenon, using the criteria of Ridge
and Beauchamp.!’
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Kinetic Analysis

The phenomenological reactions occurring in the ICR cell
are

A+e —> At + 2e” (la)
AT+ A —>AH*+ (A-H) (1b)
AH* +2A — A;HY + A (1c)

A;HY +2A — A;HY + A (1d)

where A = NH3, CH3NH,, (CH3)>NH, and (CH3)3N. This
paper will be primarily concerned with the pair of reactions (1b
and 1c) and will focus attention on reaction l¢. The trimeri-
zation reaction (1d) is observed for A = CH3;NH, and
(CH3;)2NH at low temperatures and high pressures. Results
for A = (CH3),NH are reported here. Significant trimeriza-
tion is not observed for A = NH; or (CH3)3N under the con-
ditions of the experiments described in this paper.

Reaction lc can be written in terms of the detailed mecha-
nism

k
AH* + A —> (A,H*)* (2a)
k
(AHH)* —> AH* + A (2b)
ks
(AHH)* + A —> AH* + A (20)

This energy-transfer mechanism was first suggested by Bohme
et al.,” who studied dimerization reactions of small ions with
the parent gases and has subsequently been applied by Anicich
and Bowers® to dimerization reactions in benzene and 1,1-
difluoroethylene, and by Meot-Ner and Field® to dimerization
reactions of certain of the amines reported here. If the apparent
second-order rate constant, k,, for formation of A;H? is de-
fined in

d(A,H*)/dt = k2(AH*)(A) (3)
then it follows from mechanism 2 that
kiko(A)
ky = — 2
27k + ky(A) (4)

if (A;H*)* is assumed to be in a steady state. If the third-order
rate constant for formation of A;H™ is defined by

ks _ kek,

3T d(A) him@a)=~0  kp )
then substitution into (4) and rearrangement yields
1 1 1
= +- (6)

ks ki(A) ks

Hence, a plot of 1/k; vs. 1 /(A) should yield a straight line of
slope 1/k3 and intercept 1/k¢ if the microscopic mechanism
2 is operative.

The unimolecular rate constant, ky, can be determined from
(5) using measured values of krand k3 and a calculated value
of k. In this work, it is assumed that ks can be accounted for
accurately by the ADO collision theory.!¢ This assumption is
reasonable because the excited ion (A;H™)* has only one
dissociation channel, the thermoneutral path 2b, and a collision
that removes even a small amount of energy from (A;H*)* will
make this channel endothermic. The parent neutral polyatomic
molecules should be very efficient stabilizers, and hence kg
should be near the collision limit,

In the drift cell ICR, integrated power absorption coeffi-
cients are measured rather than ion concentrations.!” Thus,
these quantities must be related to ion intensities if one is to
use the kinetic analysis developed in the beginning of this
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section. What is needed are expressions that will allow deter-
mination of the apparent second-order rate constant, k5, asa
function of concentration, (A), using the measured integrated
power absorption of ions AH* and A,H™, that is, expressions
for the power absorption of a reactive secondary ion, AH*, and
a nonreactive tertiary ion, A;H™*. (The slow trimerization of
A,H™* in CH3NH; and (CH3),NH is easily corrected for.)
Since pressure is varied over a wide range, these power ab-
sorption expressions have to be general. Neither low pressure
nor high pressure limits are suitable. Such expressions were
first derived by Comisarow!® and later rederived in a more
convenient form by Kemper.!® Kemper's expressions are given
below:

Reactive secondary ion

__KSTol _yoy | L=exp(=J79)
Tk = J) [e"p( 77 5)[ J
_ (I —exp(=J - Es)fs)] 4 Eexp(=I7y) [1 — exp(—=Ity)
J+ & -7 - I
_ (l - CXP(—J - gs)"'s)
J+E ]] ™

Nonreactive tertiary ion

A, = KS*olJ [[Tz _ (1 - exp(—&n))][l - J]
' md —J) & 1J

_exp(=Ir) [6(1 = exp(=J70)) — I(1 — exp(—£ir0))]

121 = &)
exp(—J1'y)
JZ(J - Et)

(&1 = exp(=J71))

—J - exp(—anm] 8)

where A is the integrated power absorption coefficient, K is
a constant related primarily to the amplitude of the observing
field, St is the initial secondary ion concentration, 7 and 7/
are the ion reaction times in the source-drift and resonance
regions of the spectrometer, respectively, £ is the collision
frequency, [ is the first-order rate constant for reaction 1b, and
J is the first-order rate constant for reaction lc. The subscripts
s and t represent secondary (AH*) and tertiary (A,H™) ions,
respectively. The quantity of interest, J = k2(A), is to be de-
termined from a measurement of 45 and A,. By taking the ratio
of A, to A, the constants K and S*gare eliminated. The rate
constants / are taken from the literature values.?% These rates
are assumed to be independent of temperature, However, even
if they change by a factor of 2 over the temperature range of
interest, the values of k¢ and k3 would be essentially un-
changed. The reaction times are measured. The collision
frequencies, &, are measured from ICR line widths,'3!7 with
an example given in Figure la. These quantities are shown to
depend substantially on temperature; hence, they were rem-
easured each time the temperature was changed. An example
is given in Figure 1b. The resulting equation for the ratio of
As/ Ay is complex and cannot be solved analytically for the rate
constant J. An iterative method was used where J would be
guessed, As/ A, calculated and compared with experiment, and
then the guessed J modified, etc. This procedure quickly
yielded values of k; vs. (A) for the experiment of interest.
The reaction 1d is a reactive tertiary ion to a quaternary ion
process requiring further kinetic analysis to obtain absolutely
accurate answers. Such expressions are available but cum-
bersome.!® One can, however, obtain a very close estimate of
the rate constant as a function of pressure using the secondary
ion to tertiary ion analysis given above. All that is needed is to
substitute the experimental value of the pressure dependent
second-order dimerization rate constant for /, the appropriate
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Figure 1. (a, top) Plot of the full resonance line width at half height vs,
pressure for the (CH3);NH* (@) and [(CH3)3;N];H* (A)ionsat 302 K
in (CH3)3N. (b, bottom) Plot of the momentum transfer rate constant,
&/n. vs. temperature for the (CH3)sNH™ (@) and [(CH3)sN],H* (4)
jons in (CH3)3N.

values of the &, and calculate J which would then correspond
to the trimerization process 1d.

Results

A typical plot of line width vs, pressure for (CH3);N at 302
K is given in Figure la, From this data, it is straightforward
to obtain the momentum transfer rate constant, £/n.1%17 The
values of £/n obtained at a series of temperatures are given in
Figure 1b, Similar experiments were performed for all species.
It is interesting to note that the values of §/n obtained are
~30% lower than predicted by ADO theory. The relative
values of ¢ for the monomer and dimer are accurately predicted
by the Langevin theory, however,2!

Figures 2-5 give experimental plots of k> vs. (A) and 1/k»
vs, 1/(A) for NH3, CH3NH,, (CH3),NH, and (CH3);N.
These are typical data taken at 302 K for the alkylamines and
213 K for NH3, Clearly, all of the data fit the form expected
from the energy-transfer mechanism suggested in the kinetic
analysis section. Graphs such as these were used to obtain k3
and ky, By calculating k, from ADO theory,!6 it is possible to
obtain kp. The values of k3 and k¢ obtained in this way are
plotted as a function of temperature for the alkylamines in
Figures 6-8. The ammonia data are summarized in Table 1.
The experiments on ammonia were very difficult because the
intensity of the dimer ion never exceeded a few percent of the
monomer intensity even at highest pressures and lowest tem-
peratures, Hence, the data showed much more scatter than the
alkylamine data,

The trimerization reaction 1d was studied in dimethylamine
using the method described in the kinetic analysis section, Plots
of k3 vs. ((CH3)2NH) and 1/k, vs. ((CH;3),NH)~! are given
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Figure 2, (a, top) Plot of the apparent second-order dimerization rate
constant, ka2, vs. [NH3] at 213 K. (b, bottom) Plot of 1/k3 vs. [NH3]™!
at 213 K. The straight line in (b) is a least-squares fit of the data points.
The values of k¢ and k3 determined from the intercept and slope of this
line produce the solid curve in (a) when substituted in eq 4.

Table I. Experimental Rate Constants for the Dimerization
Reaction of NHs* in NH;¢

ke X 10116 ks X 10%,¢ kiyX 10254
T,K cm3s! cm3 s™! cmé 5!
213 0.15 2.11 0.39
278 0.27 1.92 0.086
302 0.17 1.90 0.064

@ The rate constants are defined in eq 2 and 5. ¢ Determined from
the intercept of plots similar to that in Figure 2b. Uncertainties in these
data could be as large as a factor of 2 or 3. ¢ Calculated from ADO
theory.!6 4 Determined from the slope of plots similar to that in Figure
2b. Uncertainties in these data could be as large as a factor of 2 or
3

in Figure 9, Clearly, the trimerization reaction qualitatively
obeys the same mechanism as the dimerization reactions,

Preliminary data have been taken on a number of larger
amines near room temperature, The values of k3 and k; for
these systems are summarized in Table IT, The data for NH;
and the methylamines is included for comparison. All of the
data for the larger amines fit the energy-transfer mechanism
proposed for NHj; and the methylamines, yielding plots
qualitatively similar to those given in Figures 2-5, Rate con-
stants for the trimerization reaction in (CH3),NH are collected
in Table IIT at several temperatures,

One final point should be mentioned about the data before
a discussion of them is begun. At the lowest pressures experi-
mentally obtainable, with a measurable dimer peak, the ob-
served value of k; appeared to be lower than expected from
extrapolation of the higher pressure data. The effect was most
apparent in the 1/k, vs, (A)~! plots, When the AH* formation
rate constant of reaction 1b was included in the kinetics, the
deviation was substantially reduced. It is our opinion that the
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Table II. Experimental Rate Constants for the Dimerization of Various Ammonium lons in Their Parent Amines at 302 K (Rate
Constants Defined in Eq 2 and 5)

ke X 10114 ko X 109,¢ k3 X 103, cmbs™!

Amine cm3s™! ki/kapo® cm3s™! This work9 MFe
NH; 0.17 8.0 X 1074 1.90 0.064 ~0.03
CH;NH; 2.1 0.012 1.49 1.8 ~0.2
(CH3)>NH 5.5 0.037 1.28 10.7 ~0.3
(CH3)3N 3.3 0.026 1.10 12.4
C,HsNH; 9.5 0.067 1.35 17
n-C3HgNH, 17 0.140 1.19 75
(CyHs)sNH 10 0.083 1.10 28
i-C4HyNH, 16 0.13 0.95 198

@ Determined from the intercept of plots like those in Figures 2b-5b. These data are uncertain as much as £40% except for NH; which
may be in error by a factor of 2 or 3. ¢ Approximately equal to the probability of forming a long-lived (A;H*+)* complex per collision. ¢ Calculated
from ADO theory.'¢ 4 Determined from the slope of plots like those in Figures 2b-5b. These data are uncertain by about +20% except for

NH3, which may be in error by a factor of 2 or 3. ¢ Meot-Ner and Field.?
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Figure 3. (a, top) Plot of the apparent second-order dimierization rate
constant, k2, vs. [CH3NHa3] at 302 K. (b, bottom) Plot of 1/k> vs.
[CH3NH,] ™! at 302 K. The straight line in (b) is a least-squares fit of the
data points. The values of krand k3 determined from the intercept and
slope of this line produce the solid curve in (a) when substituted in eq
4.

remaining deviation at lowest pressures is due either to vi-
brational energy in the newly formed AH* ion or kinetic en-
ergy in this ion obtained from the observing field. Both of these
effects should significantly reduce the observed value of k.
When the pressure is increased to a point where the AH* ions
have undergone several collisions, plots of 1/k, vs. (A)~ ! are
linear in all cases. We are convinced that this phenomenon in
no way affects the results presented here or the discussion given
in the following section.

Discussion

One of the most interesting results obtained in these studies
is the apparent experimental value of kg, the rate constant as-
sociated with the formation of a long-lived complex (see Table
11), and the dependence of k; on temperature. There are at least

Figure 4. (a, top) Plot of the apparent second-order dimerization rate
constant, ka, vs. [(CHj3)2NH] at 302 K. (b, bottom) Plot of 1/k vs.
[(CH3);NH]~! at 302 K. The straight line in (b) is a least-squares fit of
the data points. The values of k, and k3 determined from the intercept and
slope of this line produce the solid curve in (a) when substituted in eq
4,

two ways to view the data. The first assumes the 1/k; vs, (A)™!
plots remain linear to (A) = «. This procedure yields the data
for k¢ summarized in Table II for T 302 K. This interpretation
suggests that k¢ bears little relationship to a collision rate
constant and other factors must determine its magnitude and
its dependence on temperature. The second interpretation
assumes the 1/k; vs. (A)~! plots are really not linear and they
only appear linear over the limited pressure range studied.
Hence, extrapolation to (A) — = gives misleading results
concerning the true magnitude of k¢ Such an interpretation
is implicit in a recent RRKM theory analysis of these reac-
tions.10 The gist of the RRKM argument is that ky is pressure
dependent and such a dependence produces curvature in the
1/ky vs. (A)~! plots. Presumably some curvature should occur
in these plots in the pressure range reported here, but it may
be so slight as to be undetectable. The two interpretations will
be handled sequentially.
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Figure 5. (a, top) Plot of the apparent second-order dimerization rate
constant, ks, vs. [(CH31)3N] at 302 K. (b, bottom) Plot of 1/k; vs.
[(CH3)3N]~1 at 302 K. The straight line in (b) is a least-squares fit of the
data points. The values of k¢ and k3 determined from the intercept and
slope of this line produce the solid curve in (a) when substituted in eq
4.

Table III, Experimental Rate Constants for the Trimerization
Reaction of [(CH3)>NH];H* in (CH3)>NH (Rate Constants
Defined in Eq 2 and 5)

keX 10,8 koX 10%6  ky X 1025, ky X 10744
T,.K cm3s—! cm3s—! cmbs! s—1
196 19 1.29 29 8.6
281 2.6 1.20 34 9.1
303 1.8 1.19 1.5 14

@ Determined from the intercept of plots similar to that in Figure
9b. Uncertainties could be as large as £50%. ¢ Calculated from ADO
theory.16 ¢ Determined from the slope of plots similar to that in Figure
9b. Uncertainties could be as large as £30%. 4 Calculated from the
relationship ky, = kekg/ k3.

1. The Dynamical Model. First, it will be assumed that the
extrapolation method yields reliable values of k¢, Consider the
room temperature data of Table 11. The values of k¢ range from
1.7 X 107!2 em?/s for NH3 to 1.7 X 1070 cm3/s for n-
C3;HgNH;. The probability that a given collision will form a
collision complex is given by the ratio k¢/k apo. where kapo
is the collision rate constant.!® The values of these probabilities
range from 8.0 X 10~* (NHj3) t0 0.01-0.04 (methylamines)
t0 0.1-0.2 (larger amines). Hence, for NH4*/NH3, only one
collision in 1500 forms a long-lived complex capable of being
stabilized in the ICR. As the amine increases in mass and
molecular complexity, this probability increases but never
exceeds ~1 in 5. Said in other words, there are at least two
kinds of collisions between the ammonium ions and the neutral
amines: in one set (the majority) the collision complex is very
short lived while in a second set (the minority) a long-lived
complex is formed capable of being stabilized in the ICR.
Collision complexes of the “short-lived” variety would never
be stabilized in the ICR while the complexes of the “longer-
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lived” variety could undergo competition between collisional
stabilization and fragmentation. There is ample evidence for
“direct” ion-molecule reactions that proceed without the
formation of a collision complex that lasts as long as the period
of molecular rotation,22 Much of the data is for small systems,
but at energies above a few electron volts even large systems
sometimes prefer a direct mechanism,??

One interpretation of the data for k¢in Table IT is as follows,
The reaction coordinate for formation of the complex is most
probably the A,H™* asymmetric stretch depicted in I since the
reaction complexes, in their most stable configurations, are
certainly the proton bound dimers I1. If the assymetric stretch
depicted in 1 is the reaction coordinate for formation of the

RiN—H*—NR;
1 11

complex, then all of the collision energy is initially in the exact
vibrational mode necessary for fragmentation of the dimer. If
the collision complex is to last more than one vibrational period,
then the energy must be dispersed from the reaction coordinate
to the (other) normal modes of the complex during the char-
acteristic time of the collision (i.e., the “collision duration™).
If the rate of energy dispersal in the complex is fast relative to
the “collisional duration”, then “long-lived” complexes should
be formed on every collision and show a statistical lifetime
characteristic of their internal energy distribution, If the rate
of intramolecular energy transfer is slow relative to the collision
duration, then a “long-lived” complex will be formed only
occasionally.
The above qualitative argument is summarized in

ket
ke=k <~—-——> 9
1= kavo (= 9

where kgt is the intramolecular energy transfer rate constant,
7¢ is the “collision duration”, and k Apo is the overall collision
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substituted in eq 4.

rate constant (assumed calculable from ADO theory!®). One
analytic form of kgt is written as2*

2
ket =~ % Z |<¢AS|AJI¢’j>|2Pj
J

where Yas is the wave function for the asymmetric stretch in
the dimer excited by the collision, y; is the wave function of a
normal mode j other than the asymmetric stretch, p; is the
density of states associated with normal mode j at the energy
of the collision, and A4; is the anharmonic coupling operator
coupling the reaction coordinate (i.e., the asymmetric stretch)
to the normal mode j. It is not possible to quantitatively eval-
uate this expression for the systems of interest. Qualitatively,
however, it is well known that the matrix elements depend very
strongly on whether or not a resonance exists between Y as and
;. Also, the direct dependence of kgt on p; is apparent,

The value of k¢, predicted by this model, will depend on the
relative values of kgt and 7.~ !, Clearly kg will increase as the
colliding species become more complex. Both the number of
normal modes and the density of states of these modes at the
energy of the collision increase as the molecule becomes larger.
Rabinovitch and coworkers have experimental evidence that
kgt is of the order of 1-5 X 101251 for some molecules con-
taining small rings.25 In other cases, the experimental evidence
suggests that kg7 is somewhat larger.!=3:25 These authors??
suggest that the value for kgt will depend on the mode of ac-
tivation of the active molecule and the relationship of the ac-
tivation step to other normal modes of the molecule, in par-
ticular the mode responsible for fragmentation,

The “collision duration” for ammonium ions colliding with
amine neutrals can be estimated using a classical model. The
relative velocity between the ion and the polarizable polar
molecule can be calculated from the classical potential and is

(10)



Neilson, Bowers, Chau, Davidson, Aue | Energy Transfer in Excited lonic Species

given by!®

2
u,2=3"7+2q—"‘2"cose (11)
ur ur

where « and up are the polarizability and dipole moment of
the neutral molecule, ¢ the charge of the ion, u the reduced
mass of the collision pair, and 8 the angle between the dipole
moment of the neutral molecule and the line of centers of the
collision. In the dynamics of the collision, 8 varies as the neutral
molecule rotates in the potential field of the ion. For the simple
treatment given here, a value of cos 8 will be used as calculated
by ADO theory.!¢

In addition to the value of v, calculated fromeq 11, the ion
and neutral have a thermal distribution of velocities. For this
approximate treatment the average value, vg = (8T /mu)!/?,
will be used. The final relative velocity according to this model
is then

0= (vo? + 1,22 (12)

It should be noted that v, >> vg for the range of r considered
here. The calculations were done by calculating v for a set of
ion-neutral separations, r;, with a step size of 1 A. This value
of vj was taken to represent the average velocity in the range
ri+0.5A. A “collision duration”, rj, was then calculated from
the reciprocal of this velocity. The total “collision duration”
was taken to be the sum of these incremental 7¢’s. The sepa-
ration, r¢, at which the collision begins was assumed to be the
critical separation necessary for a capture collision to occur.
This value of r. can be readily estimated from ADO theory.!¢
The resulting values of the collision duration are 7.(NHj) =~
4.9 X 10713 s and r,(CH3NH,) = 8.2 X 10~!3s. It was as-
sumed, from symmetry, that the collision diameter is 2r.. This
model ignores the fact that both the ion and neutral have
physical size; rather it assumes they pass through each other.
Further, it ignores the “chemical” potential function that
comes into play at short range. Both of these effects will tend
to shorten the collision duration, the first by shortening the
actual distance traveled by the pair during the “capture”
portion of the collision and the second by increasing the relative
velocity at short range. In any case, the values of . calculated
by this model are close to the right magnitude.

The values of 7. calculated using the classical model are
small, possibly much smaller than the competitive values of
ket~!. The chemical activation studies of Rabinovitch and
coworkers'-3:25 have always been on “deep welled” systems,
with resulting internal energies on the order of 100-150
kcal/mol in the active molecule. Such large excitation energies
lead to very, very large values for the densities of states asso-
ciated with the various normal modes of the system. Hence,
it is not surprising that large values of kg are observed in these
studies, even in apparently unfavorable circumstances.?® In
the systems dealt with in this paper, the well depth is only
20-25 keal/mol?€ and the corresponding densities of states are
very much smaller than those of the systems described by
Rabinovitch.

A further point bears mentioning. Sloane and Hase?” have
recently published a paper in which they calculated product
distributions of the fragmentation of activated CIC=CH
molecules using a classical trajectory method. Their results
suggested that the product distribution is strongly dependent
on the initial mode of excitation in the active molecule. For
example, when the initial mode of excitation was the C-H
stretch, fragmentation leading to CIC=C. + H: was the
dominant reaction channel 107125 after excitation. Statistical
calculations suggest this channel should have no intensity at
any time owing to its very unfavorable energetics. The point
of importance is that, in the studies reported here, all of the
initial excitation in the (A,H*)* dimers is in the reaction
coordinate for fragmentation of the complex. The combination
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of small well depth and the initial mode of excitation in the
reaction coordinate thus makes these systems ideal candidates
for possible nonstatistical behavior.

The calculations on 7. suggest the collision time is only a
relatively slowly varying function of mass and molecular
complexity. Hence, the dramatic changes in kr observed in
going from the NH3 system to CH3NH; must be due primarily
to changes in kg1. This is not a surprising conclusion because
(CH3NH;),H* has substantially more normal modes than
(NH3),H* and many of the modes are substantially lower in
frequency.

An effect that is not explicitly included in the dynamical
model is steric hindrance. As the groups surrounding nitrogen
get bulkier, it becomes less easy to form the N-H*-N bond.
Such an effect is apparent in the data of Table I1. For example,
k{(CH3)3N] < k¢((CH3);NH), a result that does not agree
with the trend that larger molecules exhibit larger values of
k:. Also it is worth noting that k{(CH3CH,NH,) >
k{((CH3),NH) and k¢(CH3CH,CH,NH;) > kf{(CHj3);N).
Apparently there is a specific steric effect arising from sub-
stitution on nitrogen that inhibits dimer formation. Numerous
other examples of this effect are evident in Table I1.

A second, and related effect, is that of molecular size itself,
whether substitution is on nitrogen or on the alkyl group. As
the molecule gets larger it becomes geometrically less likely
that the proton on the ammonium ion will come in intimate
contact with the nitrogen lone pair of the neutral amine during
the collision. If the charge-dipolar and chemical forces at-
tempting this alignment are not successful then a “long-lived”
complex will not oceur. It is the interplay of all of these factors
that, in the dynamical model interpretation, limits the proba-
bility of successful capture to 10-20% under the most favorable
circumstances.

The dependence of ky on temperature is interesting. As
displayed in Figures 6a, 7a, and 8a, kydramatically increases
as temperature decreases. The experimental scatter is least in
the (CH3),NH and (CHj3)3N systems. Interestingly, these
systems display similar dependences of k¢on temperature. This
result suggests a surprising balance between the different
factors governing the magnitude of k¢as discussed in the pre-
vious paragraphs. At lowest temperatures (~200 K), k1/k apo
= 0.15 %+ 0.05, while, at highest temperatures (~400 K),
ki/kapo =~ 0.01. The change, if any, in k¢ with T for NH;
could not be reliably studied owing to signal-to-noise problems.
However, the few data that we do have (Table I) suggest that
k¢ may not depend strongly on T for this system. The data for
CH3NH; are given in Figure 6a and show considerable scatter.
However, there is no doubt that kyincreases as T decreases in
this system.

2. The Statistical Model. An alternative description to the
association reactions reported here is based on statistical
theory. One such treatment has recently been reported by
Olmstead et al.,'® who modeled the amine dimerizations by
using a form of RRKM theory. The transition state chosen by
these authors was assumed to be located at the ion-neutral
separation corresponding to the height of the centrifugal
barrier. The transition-state frequencies were essentially those
of the isolated ammonium ion and amine with the exception
that three free rotations were assumed between the two
moieties. The frequencies of the dimer were chosen as those
of the free amine with the modes associated with the nitro-
gen-proton bonds determined by forcing the entropy of the
dimerization reaction (as calculated from statistical thermo-
dynamics) equal to the experimental number. The rate con-
stant for formation of the complex, kr, was assumed to be given
by ADO theory as was the stabilization rate constant k.
Olmstead et al.10 then calculate k; as a function of pressure
and ky, as a function of temperature. These authors compare
their calculated results with data recently reported by Meot-
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Figure 10, Plot of log k¢ vs. log T: A = (CH3):NH (@) and A = (CH3)3N
(a).

Ner and Field® on the association reactions of the ammonium
ions NH4*, CH3NH;3*, and (CH;3),NH,* with their parent
amines. The agreement between experiment and theory is quite
good, usually within a factor of 2-3.

The data of Meot-Ner and Field® were taken at ~1 Torr,
a pressure three orders of magnitude greater than that of the
ICR experiments reported here. If the data given in this paper
are extrapolated to pressures of 1 Torr, they predict that the
association reactions should be pure second order in that
pressure regime with values of k; in the 10™!'-cm?/s range.
Meot-Ner and Field observe that k; increases with pressure
and the absolute magnitude of k; is in the 107'%-cm3/s
range.

The RRKM approach suggests the high pressure data® and
the low pressure data reported here can be reconciled because
ky, the unimolecular rate constant for fragmentation of the
excited dimer, is pressure dependent. The pressure dependence
of ky, arises from the pressure dependence of the energy dis-
tribution function of the fragmenting molecules: the lowest
energy molecules are longest lived and are stabilized at lowest
pressures while the more energetic molecules are shorter lived
and are stabilized only at high pressure.

It is not possible using the theoretical results published by
Olmstead et al.!® to see if the model that they use quantitatively
fits the data published here. However, they do publish a plot
of k, vs. pressure and it is apparent from that plot that the
RRKM theory will at least qualitatively fit the magnitude of
the room temperature ICR data. The RRKM theory cannot
reproduce the linearity of the 1/k; vs. (A)~! plots, because of
the pressure dependence of ky, but in the pressure regime of
the ICR data this dependence is expected to be slight.

The RRKM theory approach cannot explain the tempera-
ture dependence of k¢. According to this theory, as applied by
Olmstead et al.,'? k¢ should always equal the collision rate
constant, a term that varies only slowly with temperature.?8
The experimentally observed temperature dependence of k¢
depends on the assumption that the 1/k; vs. (A)™! plots can
be extrapolated to (A) — «. Hence, the RRKM approach
argues that this extrapolation is not valid and the apparent
variation of k¢ with T does not have physical meaning.

Plots of log k¢ vs. log T are given in Figure 10 for the
(CHj3)2NH and (CH3)3N systems. The plots are nearly linear
with slopes of =3 and —35 for (CH3);NH and (CH3);3N, re-
spectively. The data are collected in Table IV. The above dis-
cussion makes it clear that no certain mechanistic information
can be obtained from this plot. Solomon, Meot-Ner, and
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Table IV, Temperature Dependence of Rate Constants Written in
the Form k = CT”

Reaction n

k
CH;3NH;* + CH3;NH —> [(CH;NH,)H+]* —2%2
k
(CH3)>:NHa* + (CH3)sNH —> [((CH3),NH),H*+]* =3 %1
ke
(CH3)3NH?* + (CH3)3N — [((CH;)3N) H ] *

—541
k
CH;3NH;* + 2CH;NH; —> (CH3NH2),H* —442
+ CH;NH,
k
(CH3);NH»* + 2(CH3),NH —> [(CH3),NH],H* =51
+ (CH;),NH
k
(CH3)3NH* + 2(CH3)3N —> [(CH3)3N],H+ —741

+ (CH3)3N

Field?® have used a form of transition-state theory to interpret
data such as these, where large negative temperature coeffi-
cients are obtained. However, application of such an inter-
pretation?® to the association reactions considered here requires
a tight transition state capable of quenching the methyl torsions
of the amines. Such a transition state is unlikely in these re-
actions and hence the model of Solomon et al.2® most likely can
not be applied to these systems.

3. Other Considerations: k3 and ky,. The values of k3 ob-
tained from slopes of 1/k, vs. (A)~! plots are tabulated in
Table IT and are consistent with intuitive notions for third-
order rate constants. There is a steady increase in k3 as the
molecules increase in size within a particular series. The
presence of steric hindrance due to substitution on nitrogen is
apparent: k3(Me,NH)/k3(EtNH;) o 0.6 and k3(Me;3N)/
k3(n-PrNH;) ~ 0.2. These data have less scatter in them and
are less prone to error than those for kr, because they are de-
termined by the slope of the 1/k, vs. 1/(A) plot rather than
by the intercept, which must be extrapolated.

The temperature dependence of k3 is given in Figures 6b,
7b, and 8b for CH3NH,, (CH3);NH, and (CH3);3N, respec-
tively. This temperature dependence is very striking; for ex-
ample, k3 decreases by about a factor of 102 as T increases
from 200 to 400 K for (CH3)3N. The plot of log k3 vs. log T
is approximately linear for this system, although there does
appear to be a slight convex curvature to them analogous to
the k¢ data of Figure 10. From the slopes a temperature de-
pendence of 777 is determined. From our perusal of the few
data that have been reported, this is the largest negative tem-
perature exponent reported so far.3% The data are summarized
in Table IV.

There are two possible ways to obtain values for ky, the
unimolecular rate constant for fragmentation of the excited
dimer. The first assumes kcan be measured from the intercept
of 1/k5 vs. (A)~! plots and the second assumes k¢ = kapo.
Both ways assume the validity of the relationship ky = k¢ks/k 3
and assume that k can be calculated from collision theory. A
summary of these data for NH3 and the methylamines is given
in Table V. Also included are phase space theory predictions.3!
Because of the ambiguities associated with these data a de-
tailed interpretation is not appropriate; the reaction mechanism
must be determined first.

4. Comparison with Other Data. The kinetics for the di-
merization reactions in NH3, CH3NH3, and (CH3)2NH have
been reported by Meot-Ner and Field® using the technique of
high pressure mass spectrometry. The results which they ob-
tained suggest that the energy-transfer mechanism used here
is appropriate, but their rate constants are in substantial
quantitative disagreement with the data presented here. The
values of k; obtained by them are generally in the range 1-10
X 10719 ¢cm3 571, values which are at least an order of magni-
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Table V, Temperature Dependence of the Unimolecular Rate Constant, ky, in Units of Reciprocal Seconds
NH, CH3;NH,
T.K Theory? kADoks/kj,b keks/ks¢ MF4 Theory? kADOkS/k3b keks/ks© MF4
195 2.6 X 108 0.36 X 107
210 3.2 %108 1.2 X 108 0.8 X 10% 0.47 X 107 0.5 X 107 0.8 X 108
278 7.3 X 108 4.4 X108 6.0 X 103 1.3 x 107 1.1 X 107 1.6 X 103
302 9.4 X 108 6.3 X 108 5.0 X 10° 1.8 X 107 1.0 X 107 1.7 X 103
345 14,1 X 108 22 X109 3.2x 107 2.1 X107 1.8 X 105 1.2 X 108
370 17.5 X 108 4.4 X107 3.3 %107 4.2 X103
(CH;);NH (CH3)3N
T, K ThCOl‘ya kADoks/kj,b k(ks/kf MF4 ThCOl‘ya kADoks/kj,b k(ks/kf MFd
195 0.21 X 109 0.2 X 108 3.2 X 104 0.05 X 106 0.09 X 106 1.4 X 104
210 0.30 X 10° 0.08 X 106 0.10 X 106 1.0 X 104
278 1.3 X 10° 0.9 X 10° 6.0 X 104 0.56 X 108 0.75 X 108 4.5 X 104
302 2.1 X 108 1.8 X 10° 6.6 X 104 1.1 X 106 1.1 X 108 3.0 X 104
345 4.8 X 10° 3.9 X 100 12 X 104 6 X 107 3.5%x 1098 4.5 X 108 9.5 X 104
370 7.7 X 106 7.0 X 108 13 X 104 6.7 X 106 5.9 X 106 6.4 X 104

4 Phase space theory result.3! & Calculated from experimental values of k3 assuming both kyand k can be calculated from ADO theory.16
¢ Calculated from experimental values of k3 assuming k¢ is obtained by extrapolation of 1/k; vs. (A)™! plots and k calculated from ADO
theory.!6 4 Data of Meot-Ner and Field.® At pressures and temperatures corresponding to MF's experiments the phase space theory3! predicts
kapoks/ks = 2.0 X 10° (NH3), 1.2 X 108 (CN;3;NH,) and 5.2 X 107 ((CH3)>NH) in excellent agreement with their numbers given in the

table.

tude larger than those extrapolated from this work. They as-
sumed ky to be equal to the collision limit value calculated from
ADO theory. By assuming that k; = kapo, as is done here,
they calculated values of ky, from eq 4 for a given experimental
value of k> and (A). The values of k}, obtained by them using
this technique are listed in Table V for T = 350 K.

There is no obvious explanation of the origins of the dis-
crepancies between the data of Meot-Ner and Field and those
reported in this paper. However, the differences in the exper-
imental techniques used in the two laboratories may be the
source of the differences. In the studies reported here, pure
amines were utilized. In the work of Meot-Ner and Field,®
however, the amines were very minor impurities (0.1 to 1%)
in a chemically ionizing medium. For NHj the reagent gas was
CHj (reactant ions CHs* and C;Hs™) and for CH3;NH; and
(CHj3);NH the reagent gas was i-C4H g (reactant ion C4Hg™).
In such mixtures, chemistry in addition to the simple proton-
ated amine dimerization process occurs. Bennett and Field,*2
for example, have studied the ion chemistry of NH3/CH,
mixtures and shown the existence of the NH4CH4* dimer and
the subsequent rapid reaction of this dimer with NHj to form
(NH3),H™*. Similar kinds of chemistry are also possible in the
methylamine reaction mixtures. These unwanted side reactions
could conceivably dominate the chemistry of the amine/re-
agent gas mixtures and obscure the amine dimerization kinetics
of interest. Recent studies from the laboratory of Meot-Ner
and Field33 suggest this is not the case, however, and the ex-
planation for the discrepancies between their data and the data
of this paper probably lies elsewhere.

A second experimental circumstance that could effect either
the data of Meot-Ner and Field or the data presented here is
the problem of the approach to equilibrium. The reaction
scheme for the pure amine systems is given in

ke
AHY + A - (AHY*
T}‘,a lk,(A) (13)
+ s k(A
(AHT) &kT AHT

The differential equations for this system have been solved
exactly. In the limit that k,, &~ kgand kg &~ k, one obtains at
equilibrium

ke =ki/Keq (14)

The equilibrium constants, Keq, have been measured by

Yamdagni and Kebarle2¢ for the amines of interest. Hence,
from the values of k3 reported here, values of k. can be ob-
tained as a function of temperature. Using these values of k.,
plots of k; vs. (A) can be constructed for any system ap-
proaching equilibrium. Such a plot was made for the (CH3)3N
system at 372 K. This plot bore little resemblence to the ex-
perimental plot, exhibiting much less curvature than was ob-
served experimentally.

The effect of nonzero values of k. on the magnitudes of k3
and k¢ was also explored. In the limit k4 > k¢'(A) (a reason-
able limit for all of the data presented here) the exact kinetic
solution to scheme 13 reduces to

(A;H*) 1 = em(karka(A)
(AH*)  ko/ky + e=(katka(A)

(15)

Using experimental values of (A;HY), (AH*), (A), and t and
values of k¢ from eq 14, k; could be determined using iterative
methods. Plots of these collisionally corrected values of k; vs.
(A) yielded values of k3 and krsomewhat different from those
obtained from the raw data without collisional correction.
However, the maximum variation in k3 was 9% while varia-
tions in k¢ were 20-30% depending on the system. Deviations
of this magnitude in k3 and k¢ do not affect the interpretation
of the data discussed in previous sections of this paper.

This analysis has not been applied to the data of Meot-Ner
and Field. Their experiments were performed at pressures three
orders of magnitude higher than those reported here and it is
possible approach to equilibrium could be occurring under
those conditions.

Finally, the discrepancies between the data of Meot-Ner and
Field and those presented here might be explained by an
RRKM analysis such as that recently published by Olmstead
et al.,'0 as previously discussed. Such an explanation is ap-
pealing because it bridges the gap between the data of Meot-
Ner and Field and those presented here and it cannot be ruled
out. However, it does not fit all of the details of the experi-
mental data well and thus it cannot be unequivocally invoked
as correct. More experimental data will be needed to determine
the mechanism of these interesting and important reactions.

Note Added in Proof. The theoretical results reported in
Table V were obtained after this paper had been submitted and
reviewed. They correspond to the value of ky, calculated in the
zero pressure limit. The agreement with the ICR results ob-
tained by calculating kp from kskapo/ k3 is striking. A thor-
ough comparison of the theoretical and experimental results
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is in preparation,?' including theoretical plots of k vs. 4. These
preliminary results suggest the statistical theory approach may
well be appropriate for these systems, but the more complete
analysis, in progress, is necessary to confirm this suggestion.
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Abstract: Generalized selection rules are developed for any interaction process involving a species of given symmetry in the
presence of perturbing fields (such as static electric and magnetic or radiation fields, or that due to the presence of another
species). 1t is suggested that the selection rules be defined in two stages: those giving the combinations of operators allowed
under the symmetry of the species (operator selection rules) and those giving the allowed intermediate states (state selection
rules). The former are shown to reduce to the symmetry rules of the classical teasor describing the molecular response, and lead
to the concept of an invariant operator characteristic of the point group of the molecule corresponding to the classical tensorial
observable. The method is illustrated by application to some simple interaction processes.

Introduction

Selection rules are of such fundamental importance and
widespread use in chemistry that it is easy to overlook that they
are basically of two quite distinct types: classical selection rules
(which are essentially the symmetry rules describing the
conditions under which the classical observable must vanish
under the molecular symmetry) and quantum mechanical
selection rules (which are the corresponding symmetry rules
for the matrix elements in the quantum mechanical expressions
describing the same process). We can illustrate this with re-
course to the familiar concept of polarizability.

The interaction of a molecule A with an electrostatic field
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E leads to the following classical expression for the resultant
induced dipole moment of A:

op = &°E (1)

&¢ is the classical polarizability tensor with elements «f;, where
i.j are Cartesian indexes. If the molecule has a symmetry
higher than C, (containing only the identity), certain elements
of the polarizability tensor will be related by symmetry, or
vanish. Definition of these conditions lead to the classical tensor
selection rules, which have been discussed in some detail by
Birss! in a monograph directed at solid state problems. The
quantum equivalent of the above expression has the form
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