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Abstract: A theoretical treatment of gas-phase ion-molecule association reactions is presented. The treatment is developed for 
the energy-transfer model AH+ + A <=* (A2H+)*; (A2H+)* + A -• A2H+ + A. Explicit distribution functions for the activat
ing reaction and for the steady-state distribution of (A2H

+)* are presented. The phase space theory technique utilized rigor
ously conserves energy and angular momentum. Unimolecular reaction of (A2H+)* is shown to depend strongly on angular 
momentum. Detailed comparison between theory and experiment is made for A = NH3, CH3NH2, (CH3J2NH, and (CH3)3N 
over a wide range of temperature and pressure. The phase space theory results give semiquantitative agreement with experi
ment for all systems except possibly NH3. The mechanism of the reaction is discussed in detail. 

I. Introduction 
Statistical approaches to reaction rate theory are well es

tablished as useful tools in understanding rates and mecha
nisms of chemical reactions. Useful summaries of the devel
opment of the theory as applied to unimolecular reactions have 
been presented by Robinson and Holbrookla and by Forst.lb 

The central focus of the theory is the calculation of the mi
croscopic rate constant for unimolecular fragmentation from 
a given reactant state. To obtain macroscopic rates for com
parison with experiments the microscopic rates are incorpo
rated into the details of the particular reaction mechanism 
being studied. For example, the application of statistical theory 
to the association reaction 

AH+ + A - * A2H+ 
(D 

may be accomplished by use of the chemical activation 
mechanism 

UA] 
AH+ + A ^ (A2H+)* — • A2H

H 
(2) 

This mechanism has recently been invoked by Meot-Ner and 
Field2 and Neilson et al.3 to characterize the dimerization ki
netics of ammonium ions in ammonia and the methylamines. 
With the assumption that (A2H+)* is in a steady state the 
kinetics yield 

Ic2= J ^ - (3a) 
kb + a; 

-L = I + IL 
Zc2 k{ kfu 

(3b) 

where the substitution fcs[A] =_a> has been made. Equation 3 
may be used to obtain values of kb from measured values of k2 
and estimated values of k[ and ks For the amine systems in 

reaction 2 the following assumptions are commonly used to 
estimate k{ and k&: (1) All AH+/A collisions result in the 
formation of (A2H+)* complexes. (2) All (A2H+)*/A colli
sions result in stabilized A2H+, i.e., the "strong collision" as
sumption. (3) The ion-molecule collision rates in (1) and (2) 
are governed by the long-range term in the potential and are 
therefore given by Langevin4 or ADO5 theory. These three 
assumptions also lay the groundwork for the calculation of 
theoretical ki values from1 

-SSl k{U 

kb(EJ) + a) 
F(EJ) dEdd (4) 

where F(EJ) is the distribution function for the activating 
reaction that forms (A2H+)* and k\,(EJ) is the microscopic 
rate constant for dissociation of (A2H+)* at energy E and 
angular momentum S. According to statistical theory the basis 
for the calculation of kb(EJ) is embodied in the following two 
assumptions: (1) The rate of reaction is governed by passage 
through a transition state located along the reaction coordinate 
at the point of minimum flux on the system potential energy 
hypersurface. (2) The decomposing molecule reaches a state 
of quasi-equilibrium before decomposing; i.e., all energy ac
cessible states in the system phase space have equal probabil
ities of being populated. Within this framework the micro
scopic decomposition rate constant for a molecule with avail
able internal energy E above the threshold for reaction and 
with angular momentum d is 

k(EJ) = 
Hux(EJ) 
P(EJ) 

(5) 

That is, the rate constant is the ratio of the flux at the transition 
state to the density of states of the reacting molecule. 

In the most extensively used formulation of statistical theory, 
called RRKM6 when applied to neutral systems and QET7 

when applied to ionic systems, eq 5 is written more explicitly 
as 

0002-7863/79/1501-5493S01.00/0 © 1979 American Chemical Society 
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k(E,d) = 
oW*{E*) 

0-Hp(E* + E0 + £ j * - Ej) 
(6) 

where EQ is the reaction threshold energy at d = 0, Ej* and 
Ej are the adiabatic rotational energies of the transition state 
and the reactant molecule, respectively, and W*(E*) is the 
sum of states at the transition state. The symmetry numbers 
a and <T*, for the reactant molecule and the transition state, 
respectively, have been shown explicitly for clarity. The sum 
and density of states are calculated from specified structures 
and vibrational mode frequencies of the reactant molecule and 
the transition state; the procedures are well known.1 Olmstead 
et al.8 have applied RRKM theory to the chemical activation 
system (2) using the assumption that the transition state for 
the dissociation reaction is located at the maximum in the 
centrifugal barrier (when the transition state is located at this 
point, RRKM and QET also become equivalent to "phase 
space" theory). Good agreement was obtained with the data 
of Meot-Ner and Field2 on the amine systems. 

One of the disadvantages of RRKM theory is the failure to 
rigorously conserve angular momentum. A loose transition 
state located at the centrifugal barrier will consist of two es
sentially separated fragments, each having rotational energy 
and rotational angular momentum. These independent rota
tions, which combine with the orbital angular momentum re
sulting from the relative motion of the two fragments about 
each other to form the total angular momentum of the system, 
are only treated approximately in eq 6. A theory developed by 
Light and co-workers9a and Nikitin9b for atom-diatom systems 
and extended by Chesnavich and Bowers10 to polyatomic 
systems addresses this point. In essence, the only difference 
between phase space theory and "loose" RRKM theory is that 
the former accounts rigorously for all angular momentum 
states of the system, including the rotation of the separated 
fragments. Under this restriction, and under the assumption 
that AaH+ is a spherical top, the microscopic dissociation rate 
constant becomes 

* „ ( £ . < * ) « - ^ * 
f 

+ Jc* 

T(Slr,d)pv(E ~ <?lr) d(atr 

<7A<7AH + fc (2d)pv'(E + E0- Bd2) 

(7) 
where T($lr,d) is the sum of rotational-orbital states of the 
separated fragments at translational-rotational energy d?lr, 
(5"Kr is the smallest value of &xr for which the separating 
fragments can overcome the centrifugal barrier and indeed 
separate, pv(E — GlT) is the vibrational density of states of the 
fragments at vibrational energy E — &tr, pv'(E + EQ- Bd2) 
is the vibrational density of states of the A2H+ complex at vi
brational energy E + Eo — BS2, B is the rotational constant 
of the complex, and 2d is the rotational spatial degeneracy of 
the complex at angular momentum d. This equation, with 
rigorous conservation of angular momentum, should prove 
more accurate than eq 6 for systems dominated by the cen
trifugal potential. The discrepancy between the two treatments 
will be greater for states with larger angular momentum. The 
final comparison of macroscopic rates predicted by the two 
theories will depend on the distribution function which de
scribes the relative importance of states with high and low 
angular momentum. 

In this paper the "phase space" theory rate constant in eq 
7 is used to describe the dissociation step in the chemical ac
tivation system (2). By combining kb(E,d) with the estimated 
values of k{ and ks the steady-state distribution function for 
energy and angular momentum in the AzH+ complex is ob
tained. This distribution function, which depends on temper-
atur£and pressure, is then employed in the calculation of ki 
and kb values for comparison with experimental results. Thus, 
the effects of temperature and pressure on the rate constant 

may be examined by studying the interrelationship of the 
distribution function and the microscopic rate constant in 
determining the average rate. The amine systems which will 
be discussed here have been chosen because the dynamics of 
complex formation and dissociation is expected to be governed 
by the centrifugal potential, complex formation is expected to 
occur with large values of angular momentum (due to the 
relatively large impact parameters which ion-molecule colli
sions may have), and comparison can be made with the ex
periments of Meot-Ner and Field2 and the RRKM calculations 
of Olmstead et al.8 in the 1 Torr pressure regime, and with the 
recently published ICR data of Neilson et al.3 obtained at 
10-4-10-3 Torr. 

The paper is organized as follows. In section II the theory 
is briefly discussed, presenting the equations necessary for the 
calculation of the distribution function and rate constants. In 
section III the results of the calculations are presented in terms 
of general trends resulting from the theory, and in terms of 
specific comparisons with experimental results for the four 
amine systems. Section IV discusses in detail the comparisons 
between theory and experiment and the resulting conclusions 
concerning the reaction mechanism. The details of the pa
rameters used to characterize the amine systems are presented 
in the Appendix. 

II. Theory 

A schematic of the reaction surface that serves to define the 
energies is shown in Figure 1. In addition to these energy pa
rameters, the various contributions to the angular momentum 
must be specified. The A2H+ complex has only rotational 
angular momentum d, while the separated fragments contain 
orbital angular momentum L in addition to their independent 
rotational angular momenta JA and JAH+. Conservation of 
angular momentum and energy is expressed by the equa
tions 

/ = JA + JAH+ + L = Jr + L 

E + EQ — <?i + <§V + ^y ~ <^tr + <3V 

E + EQ
 = (?r + <?v 

(8a) 

(8b) 

(8c) 

where the primed quantities refer to the A2H+ species and the 
subscripts r, v, and t represent rotational, vibrational, and 
relative translational motion, respectively. Note that <?r and 
<av contain contributions from both A and AH+. The appli
cation of eq 8 to evaluate sums and densities of states for col
lision pairs has been discussed in detail by Chesnavich and 
Bowers.10 In this work all rotational motion is treated as the 
classical rotation of a spherical top. Chesnavich and Bowers10 

have demonstrated that the error introduced by this approxi
mation is slight. 

Before eq 4 can be used to calculate &2 an expression for 
F(E,d) must be obtained. This distribution function describes 
the activating reaction and can thus be calculated from the 
relative rates of activation into each (E,d) state.1 Consider the 
case in which the collision partners A and AH+ are both in the 
ground vibrational state. Then the collision rate at energy Su 
and angular momentum d is proportional to the flux of colli
sion pairs across the centrifugal barrier, given by T(StT,d)/h.]0 

The distribution function is obtained by multiplying the flux 
by the thermal 2de~('x,lkT weighting factor and normal
izing: 

Fu(eu,<f) = 
Y(&v,d)2de-^lkT 

r r r(Str,d)2de~^/kTddd<Slr 
(Su-O J<f=0 

(9) 
where the subscript tr indicates that only the translational-
rotational energy has been considered. To include vibrational 
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energy the appropriate density of states must be included and 
the flux integrated over all possible values of the transla-
tional-rotational energy: 

2Se-EIkT f £ r (£ t r , * )Pv (£ - «tr) dfitr 

F(EJ) =• 

E = 0jtf=0 
2Je-GJkT r T(StrJ) 

Xpv(E -StT)dStrdSdE (10) 

(fmax is determined by the smaller of two independent lim
iting values. The first limit depends on the total energy of the 
complex and is simply a statement of the fact that the rota
tional energy cannot exceed the total energy. Thus 

S < 
E+ E0] 

B 

1/2 
= dt ( H ) 

where B is the rotational constant of the A2H+ complex. The 
second limit is determined by the details of the collision process, 
rather than the properties of the complex. The relative kinetic 
energy of the collision pair determines a maximum orbital 
angular momentum for which an ion-molecular pair can 
overcome the centrifugal barrier and form a collision complex. 
For the charge-induced dipole potential this maximum is given 
by eq 12a10 

L* = (AS1)
1/4 

A = 8q2an2/h4 

(12a) 

(12b) 

where q is the charge on the ion, a is the polarizability of the 
neutral, and y. is the reduced mass of the collision pair. The 
total rotational energy of the separated fragments determines 
an upper limit on the resulting (classical) total rotational an
gular momentum, given by the equation 

yr* = ((?r/Br)'/2 (i3) 

where B1- is the reduced rotational constant 

BT= BABAH+ (14) 
B\ + BAH+ 

Equations 12 and 13 can be combined to yield the maximum 
S at a given S1 and Sr: 

S'(SUST) = Jr* + L* = (SrI Bry I2 + (A6t)'/4 (15) 

To determine the maximum S at a given total energy £ eq 15 
is maximized with respect to S1 under the restriction that Sx 
+ <Sr

 = E, i.e., the vibrational energy is set to zero, as it logi
cally must be in order for the angular momentum to reach a 
maximum. The resulting derivative, given by 

(dd'(SuSr)' 

dS, A^-'"-^m"'^ 
is set to zero and solved numerically for S1. This value of Sx is 
inserted into eq 15 to determine the collision-limited maximum 
value of S, denoted Sc*. Since S must always be less than both 
Sc* and SE*, Sm&* is given formally by 

Smm = lesser of (SE*,SC*) (17) 

In addition to the calculation of k2 it is desirable to calculate 
macroscopic dissociation rate constants for comparison with 
experiment. This is accomplished by averaging kb(EJ) in eq 
7 over the appropriate (EJ) distribution function which 
characterizes the A2H+ ensemble at steady state. A simple 
mass balance applied to a given (EJ) state in reaction 2 at 
steady state yields 

_krF(E J)[A][AH+] 
Kb(EJ) + W 

(18) 

Figure 1. Schematic energy surface showing the energy quantities of in
terest. 

where P'(EJ)SS is, strictly speaking, the steady-state con
centration of A2H+ in state (EJ). This can be converted to 
a distribution function by normalizing 

F(EJ) 

P(E',</)„ = 
kb(EJ) + w 

Jf = O Jr)=O 
F(EJ) 

(19) 
•dSdE 

(20) 

kb(EJ) + w 

The average dissociation rate constant is then given by 

kb= C" C''/m" kb(EJ)P(EJUdSdE 
JE=O Jf/=o 

It should be noted that P(EJ)SS represents a distribution of 
populations at steady state while F(EJ) represents a distri
bution of rates of formation. 

It is interesting to note that the value of ki calculated frojri 
eq 4 is exactly equivalent to that calculated by inserting kb 
from eq 20 into eq 3. This is a statement of the fact that there 
are two equivalent methods of calculating the fraction of col
lision complexes which is stabilized as compared to the total 
number which either are stabilized or decomposed. The first 
method, that of eq 3, is to average the stabilization and disso
ciation rates separately over the steady-state distribution 
function and then calculate the appropriate fraction; the second 
method, that of eq 4, is to express the fraction stabilized for a 
given (EJ) state and then average this fraction over the dis
tribution function for the activating reaction. This equivalence 
is expressed in the equation 

(21 
(kb(EJ))Pss + w \kb(EJ) + w\T 

where the brackets indicate averaging over the indicated dis
tribution function. 

III. Results 
The variation of kb(EJ) with E and S is illustrated in 

Figure 2. The values of the various parameters used in these 
calculations as well as the remaining calculations are given in 
the Appendix. The numerical results shown are those calcu
lated for the ammonia dimer from eq 7; the qualitative be
havior is characteristic of any unimolecular dissociation de
scribed by phase space theory. The most striking aspect of this 
behavior is the difference in the qualitative nature of the curves 
at low and at high energy. This change in behavior is a direct 
result of the change in the relative values of SE* and Sc*. 
Recall from the definitions of these two limits that T(StrJ) 
goes to zero at Sc* and that Pv(E1 + EQ- BS2) approaches 
zero but remains finite at SE* (note that if vibrational modes 
are treated semiclassically then pv'(E + Eo- BS2) does fall 
to zero at SE*). At low energy Sc* < SE* SO </max is deter-
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Figure 2. Variation of the microscopic rate constant kt,(E,(/) with angular 
momentum at constant total energy. Calculated for the ammonia dimer 
at several values of the total energy E. 

mined by Sc* and the rate goes to zero at this limit. At high 
energy SE* < Sc* and it is SE* which determines SmM. In 
this case, as S approaches dm a„ pv(E + Eo- BS2) falls off 
much more rapidly than 1{6US). Hence, the rate constant 
increases rapidly at high S and reaches a maximum at SmdX. 
In the particular case shown in Figure 2 the maximum value 
of fcb(£,^)at3000crrr' is greater than 1015s_l (if vibrational 
modes are treated semiclassically the rate always becomes 
infinite at S = SE*). 

The prediction of such large unimolecular rate constants for 
high-energy, high-cf states presents a shortcoming of the 
theory. The quasi-equilibrium assumption becomes tenuous 
on this time scale as does the entire concept of "collision 
complex . For example, Neilson et al.3 have estimated the 
collision duration for classical scattering of NFU+ colliding 
with NH3 to be 5 X 10 -13 s. High E,S states become impor
tant as temperature is increased and, for the collisional acti
vation mechanism discussed here, as pressure is increased. 
Thus, the present form of the theory should be applied with 
caution under these circumstances. Fortunately, as will become 
apparent shortly, the high E,S states that lead to physically 
unrealistic values of kb(E,S) do not contribute in a significant 
way to the thermal energy (200-600 K) and low-pressure 
(0-10 Torr) regimes discussed in this paper. For higher tem
peratures and pressures and for other reaction mechanisms the 
theory may have to be modified. One modification would be 
to include other terms in the potential—in particular a repul
sive term could be of importance. This term will have the effect 
of reducing the contribution of high E,S states due to modi
fication of the capture criteria. A second modification could 
be inclusion of centrifugal distortion corrections. This modi
fication would have the effect of siphoning energy from rota
tion to vibration in the high S states and thus reduce the value 
of kb(E,S) associated with these states. 

One other aspect of the curves in Figure 2 should be em
phasized. Even for relatively low energies, k\,(E,S) displays 
a strong dependence on S. For E = 500 cm -1 kb(E,S) varies 
by about an order of magnitude as S varies from 0 to Smax and 
at E = 1000 cm-1 kb(E,S) varies by nearly two orders of 
magnitude. The fact that kb{E,S) first decreases with in
creasing S, goes through a minimum, and then increases re
sults from the detailed variation of the numerator and de
nominator in eq 7 as S varies. 

Figure 3. Steady-state distribution function for (NH3J2H+ at 300 K, at 
the zero and infinite pressure limits: (a) energy distribution; (b) angular 
momentum distribution. 

The effects of temperature and pressure on the steady-state 
distribution function can be seen from examination of eq 9 and 
19. Increased temperature shifts the distribution to higher 

0 6 -

% 
4 -

2 -

. (a) 

~ 
~ 

J0^P> 

- Ar • jfif • 
-f • 
f 1 1 
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• 

CH3NH2 

3140K 

_ . 1 ..1 
2 4 
CM] x IO"16 mol/cm3 
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CM] x 10"16 mol/cm3 

Figure 4. Comparison of theoretical and experimental values of /c2 as a 
function of pressure in the I Torr pressure regime. RRKM theory—ref 
8; experimental points ( • ) from ref 2. (a) CH3NH2 at 314 K; (b) 
(CH3J2NH at 314 K. 



Bass, Chesnavich, Bowers / Gas-Phase Ion-Molecule Association Reactions 5497 

300 400 
T 0 K 

Figure 5. Comparison of theoretical and experimental values of Ab as a function of temperature in the 1 Torr pressure regime. Theoretical curves calculated 
for a; = 3.0 X 108 s_ l . (See Figure 4 for references.) 

energies through its effect on F(EJ), i.e., its effect on the 
thermal energy of the colliding species. Increased pressure 
shifts the distribution toward (E, d) states with short lifetimes 
(high kb(EJ) values) by increasing the stabilization rate of 
the longer lived states. In the limits of zero and infinite pressure 
the steady-state distribution function in eq 19 reduces to eq 22 
and 23, respectively. 

Po(E,<f) = Hm P(EJ)Si 

o: (2<f)2e-VkT
Pv'(E + E0- Bd2) (22) 

(a) NH3 (b) CH3NH2 

P^(EJ) = lim P(EJ),, = F(EJ) (23) 

Note that eq 22 simply describes a thermal Boltzmann dis
tribution of collision complexes, except that energy levels below 
£"o are not populated. Thus the steady-state distribution 
function varies from a "thermal" distribution at zero pressure 
to the distribution for the activating reaction at infinite pres
sure. These two limiting forms are shown in Figure 3 for the 
ammonia dimer at 300 K, where the distribution functions 
P(E) and P(S) are defined as 

PjFj= f'maS P(EJ) Ad (24) 

JE=O 
P(EJ) AE (25) 

Since the energy axis in Figure 3a represents energy above 
threshold, Po(E) contains only the tail of the thermal energy 
distribution. 

Care should be taken when using eq 22 or 23 to ensure that 
the experimental conditions actually meet the requirement that 
w -* 0 or oj —» oo. These limits must be determined by com
parison of the collision frequency and the dissociation rate 
constant. In the zero pressure limit the condition u « kb(EJ) 
must hold over the entire (EJ) manifold produced with sub
stantial populations by the activating reaction. In the infinite 
pressure limit the reverse condition must hold. A rough indi
cation of approach to the_se limits can be obtained by com
parison of kb and GJ since kb will reflect the range of kb(EJ) 
values which contribute most significantly to the rate. Of 
course, the best indication that_one of the pressure limits has 
indeed been reached is that kb remains unchanged as the 
pressure is further decreased or increased. 

Comparisons of theoretical and experimental rate constants 
are presented in Figures 4-6. Figure 4 contains experimental 
ki values of Meot-Ner and Field2 (MF) in the pressure range 
0.3-1.8 Torr, along with theoretical predictions of the present 
phase space theory and of the RRKM treatment of Olmstead 
et al.8 Figure 5 shows a comparison for kb values in this pres
sure regime in the temperature range 200-500 K. Figure 6 
shows a comparison between experimental kj values of Nielson 

0 I 2 J 4 5 6 7 
[NH 3]- ' < 10'* cm3 molecule"1 

0 4 6 12 16 20 
CH3NH2]-1 K 10'* cm3 molecule 

(C) (CH3)2NH (d) (CH3J3N 

0 6 16 
[(CHj)2NH]-' < 1 0 " KCH j ) ,N I ' ' < 10'" cm3 r 

Figure 6. Comparison of theoretical and experimental values of ki as 
a function of pressure in the 10-4— 10 -3 Torr pressure regime (experi-
mental_points—ref 3). Also shown are the inverse plots used in ref 3 to 
obtain kb values. 

et al.3 (NBCDA) and the predictions of phase space theory in 
the pressure range 10-4 to 3 X 1O-3 Torr. Also shown are the 
inverse plots used by NBCDA to obtain values of kb- The ex
perimental inverse plot is linear in the pressure range shown, 
an interesting point that will be discussed in the next section 
of the paper. In general, good agreement between theory and 
experiment is obtained for both the MF experiments near 1 
Torr and the NBCDA experiments at 10-4-10~3 Torr. There 
are some differences between theory and experiment partic
ularly in the NH3 system at low pressures, and these will be 
considered further in the Discussion section. 

The phase space results, like those of RRKM theory, are 
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Table I. Comparison of Experimental and Theoretical Rate Constants (s ') 

7, K 

195 
210 
278 
302 
345 
370 

195 
210 
278 
302 
345 
370 

" From ref 3. 

exptl" 

1.2 X 108 

4.4 X 108 

6.3 X 108 

0.2 X 106 

0.9 X 106 

1.8 X 106 

3.4 X 106 

7.0X 106 

* See text. 

w - * 0 

NH 3 

3.2 X 108 

7.3 X 108 

9.4 X 108 

(CHj)2NH 
0.21 X 106 

1.3 X 106 

2.1 X 106 

4.8 X 106 

7.7 X 106 

theory* 
W = 3.OX 104 

3.2 X 108 

7.4 X 108 

9.5 X 108 

0.47 X 106 

2.2 X 10" 
3.4 X 106 

7.1 X 106 

l l .OX 106 

exptl" 

0.5 X 107 

1.1 X 107 

1.0 X 107 

2.1 X 107 

3.3 X 107 

0.09 X 106 

0.10 X 106 

0.75 X 106 

1.1 X 106 

4.5 X 106 

5.9 X IO6 

theory* 
to = O 

CH 3 NH 2 

0.47 X 107 

1.3 X 107 

1.8 X 107 

3.2 X 107 

4.4 X 107 

(CH3)3N 
0.05 X 106 

0.08 X 106 

0.56 X 106 

1.1 X 106 

3.5 X 106 

6.7 X 106 

a) = 3.OX 104 

0.56 X 107 

1.5 X 107 

2.1 X 107 

3.5 X 107 

4.8 X 107 

0.22 X 106 

0.31 X 106 

!.5 X 106 

2.5 X 106 

6.8 X 106 

12.0 X 106 

relatively insensitive to the particular choice of parameters used 
to characterize the (A2H+) complex, as long as the resulting 
calculated values of the entropy change, AS, for reaction 1 
remains unchanged. For instance, raising the lowest oscillator 
frequencies from 105 to 200 cm"1 (and readjusting the re
maining frequenciesso that AS is unchanged) will affect the 
calculated value of kh by less than 20%, for temperatures up 
to 600 K, even at the infinite pressure limit. The choice of the 
rotational constant, B, of the A2H4" complex will have a more 
pronounced effect on the calculations owing to the role that 
B plays in determining <fE* according to eq 11 and the re
sulting effect of SE* and dc* on kb(E,<f) values at the upper 
end of the {E,cf) manifold. As was discussed before, the ap
plication of the theory to cases where the upper end of the 
(£,<f) manifold is significantly populated will require some 
modification in order to obtain reasonable kb(E,d) values for 
these states. Any such modification which does remedy this 
situation should also remove the pronounced sensitivity of the 
calculations to changes in B. 

IV. Discussion 
There are two kinds of comparisons that can be conveniently 

made between experiment and theory: apparent values of ki 
vs. pressure and kb vs. temperature or pressure. These points 
are discussed in sections A and B, respectively. Then there is 
the general question of the reaction mechanism and the various 
assumptions in the theory, points discussed in section C. Fi
nally, a very brief comparison is made between the phase space 
theory results presented here and RRKM theory in section 
D. 

A. ki vs. p. The comparison between theory and the exper
iments of Meot-Ner and Field,2 Figure 4, is quite good for both 
the CH3NH2 and (CH3)2NH systems near 1 Torr pressure. 
In both cases the theory exceeds experiment but never by more 
than a factor of 2. The shape of the dependence of kj on pres
sure is reasonably well fit as well. 

The comparison between the ICR data of Neilson et al.3 at 
10-4 10-3 Torr and theory, Figure 6, is also quite good. The 
magnitude of ki is usually fit to well within a factor of 2 and 
the shape reasonably well fit for the CH3NH2, (CH3)2NH, 
and (CH3)3N systems. The shape of the curve for the ammonia 
system is poorly fit, however, and suggests that the assumed 
energy-transfer mechanism may not adequately describe this 
system. 

B. kb vs. T. Two methods have been used in the literature 
to obtain experimental values of ^b Meot-Ner and Field2 

measured k 2 as a function of T at a fixed pressure. They solved 
eq 3a for kb and then substituted the experimental values of 
Zc2 and collision-theory values of k{ and ks to obtain kb- The 
results are plotted in Figure 5 for NH3, CH3NH2, and 

(CH3)2NH. Reasonably good agreement between experiment 
and theory is obtained for all systems. 

The second method was employed by Neilson et al.3 They 
noted that the plots of Zc2"' vs. A ~' were linear in the pressure 
range of their experiments (10-4-10~3Torr) and hence used 
the slope of these plots (see Figure 6) to obtain kb\ kb = slope 
X kfk^. These data are summarized in Table I. The question 
arises how to_compare these data to theory. One model is to 
assume that kb is in the low-pressure limit due to the linearity 
of the inverse plots, that is, calculate kb at a> = 0. However, 
since the theoretical value of kb varies with pressure, it is also 
useful to calculate kb near the maximum pressure used in the 
experiments (~1 X 10 -3 Torr or a> = 3 X 104 s~' )• Both the
oretical numbers are included in the table for comparison. If 
the theory is rigorous and the model correct then the experi
mental values of kb should be larger than the w = 0 limit and 
less than or equal to the co = 3 X 104 values. This is most nearly 
the case jpr (CH3)2NH and (CH3)3N. The experimental 
values of ^b for the CH3NH2 system are somewhat lower than 
the a; = 0 limit and for the NH3 system they are considerably 
lower than the w = 0 limit. A number of reasons might exist 
for this behavior, including the fact that the CH3NH2 system 
and especially the NH3 system may not be adequately de
scribed by the energy-transfer model. 

It is useful to discuss in detail the question of whether inverse 
plots and their linearity are useful tools for determining rate 
constants and reaction mechanisms in the gas phase. Consider 
the plots in Figure 7 for the (CH3)3N system. These_plots were 
obtained from phase space theory calculations of kb and are 
thus purely theoretical. At the lowest pressures (0-2 X 10-6 

Torr), Figure 7a, the inverse plot is nearly exactly linear over 
the entire pressure range. The value of kb obtained from this 
plot, denoted by the -*• on the ordinate, agrees very well with 
the directly calculated values of kb which are essentially con
stant over the range. At the highest pressures (0-2 X 10-3 

Torr), Figure 7d, the inverse plot is linear over only a portion 
of tne pressure range. The values of kb vary considerably over 
this range as well. This pressure range most closely resembles 
the experimental pressures used by Neilson et al. In this case, 
the linear portion of the inverse plot yields a value of kb 
somewhere between the zero pressure minimum value and the 
value at highest pressure. This behavior is mimicked by ex
periment for the (CH3)2NH and (CH3)3N systems (Table I). 
The point is that caution must be employed in using these plots 
to obtain rate constants and infer reaction mechanisms. 

The question arises as to how best to extract experimental 
values of kb from the data for comparison with theory. One 
way is analogous to the method used by Meot-Ner and Field 
discussed earlier. Experimental values of k^ and theoretical 
values of fcf and k& are substituted into eq 3a at each pressure 
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Figure 7. Phase space theory predictions of A0 and ki as a function of 
pressure for the (CH3J3N system in various pressure regimes. The arrow 
on the ordinate indicates the value of k\, obtained from theoretically pre
dicted inverse plots, which are also shown. See text for discussion. 

yielding a value for kb at that pressure. Thes£ plots of kb vs. 
A are compared with theoretical values of kb in Figure 8. 
Agreement is best for the (CH3)3N system, reasonably good 
for (CH3)2NH and CH3NH2, and poor for NH3. One inter
esting point is that the inverse plot values of kb, indicated by 
the arrows, always provide a lower limit to the experimental 
values determined directly from eq 3a J t is also interesting to 
note that the experimental values of ^b determined directly 
from eq 3a increase significantly with pressure as the theo
retical model suggests they should. This kind of analysis in
dicates that the value of kb and its dependence on temperature 
have meaning only if the pressure is specified and held con
stant. 

C. Reaction Mechanism. The results discussed previously 
support the energy transfer reaction mechanism of eq 2 for 
(CH3)3N and (CH3)2NH and probably for CH3NH2. The 
results are not so clear for NH3, where detailed agreement 
between theory and experiment is lacking. There are a number 
of places where the model used in this paper might break down. 
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Figure 8. Comparison of theoretical and experimental values of k\, as a 
function of pressure in the IO-4-10_3_Jorr pressure regime (experimental 
points—ref 3). Arrows indicate the Ab values obtained from the inverse 
plots in Figure 6. 

It is useful to discuss the possible problems in terms of the as
sumptions made in the Introduction. 

1. All AH+/A Collisions Result in the Formation Of(A2H
+)* 

Complexes. What is meant here by the word "complex" is the 
most stable configuration of the A2H+ system. Also implicit 
in this assumption, as applied in this paper, is the further as
sumption that energy is transferred out of the collision coor
dinate and into the other coordinates of A2H+, ultimately 
obtaining quasi-equilibrium. This assumption could break 
down in two ways: (a) multiple configurations OfA2H

+ could 
be formed each with a distinct dissociation energy and lifetime, 
or (b) quasi-equilibrium does not occur before dissociation. In 
the systems studied here, problem (a) becomes more likely as 
the system varies from NH3 to (CH3)3N. Since agreement 
between theory and experiment generally improves in that 
order, it appears that multiple intermediate structures do not 
exist in large quantities in these systems. This may not be the 
case for larger amines, however. Meot-Ner and Field have 
shown that the apparent value of k2 for the C2Hs(CH3)2N 
system levels off at a pressure of about 1 Torr at a value ap
proximately 20% of the collision limit. The implication is that 
£f for the formation of complexes that can be stabilized at these 
pressures is substantially less than the collision limit. At some 
higher pressure k2 would have to rise again and eventually level 
off at ĉollision because even the shortest lived complexes are 
stabilized at highest pressures. We have observed similar ef
fects in our laboratories with large ammonium and oxonium 
ions." Bohme et al.'2 have reported similar effects in the di-
merization of N2

+ with N2 and O2
+ using He as the collision 

gas. In these cases k2 leveled off at less than 1% of ĉollision-
Hence, while it appears that multiple complex formation is not 
a problem in the systems discussed here, caution must be ob
served in routinely assuming that the assumption is valid. 

The problem (b), that quasi-equilibrium does not occur 
before dissociation of the complex, has been discussed by 
Neilson et al.3 Briefly, they noted that the rate of energy 
transfer out of the collision coordinate competes with the 
lifetime of the vibration associated with that coordinate. They 
suggested that k{ had the form 
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^r = ĉollision - ; r (26) 

where &ET is the rate constant for energy transfer out of the 
reaction coordinate and T is the lifetime of (A2H+)*. Since k^i 
will increase as the density of states of A2H+ increases, and 
since T varies only slowly from NH3 to (CH3)3N, eq 26 indi
cates that this effect would be most important for NH3 and 
least important for (CH3)3N. There appears to be no simple 
way to utilize eq 26 to even qualitatively explain the deviation 
of experiment and theory in the case of NH3. In addition to 
modifying the distribution function F(E,<?) for the activating 
reaction for the formation of complexes (since the fraction in 
eq 26 is different for each E,S state), the application of eq 26 
also implies that there may be some complexes which will not 
reach quasi-equilibrium. For these cases kb(E,d) must be 
reformulated in terms of dynamical, rather than statistical, 
arguments. Such a treatment is beyond the scope of the present 
paper. 

Neilson et al.3 used experimental inverse plots, Figure 6, to 
obtain "experimental" values of ^f using eq 3b and extrapo
lation top = <». This technique yielded values of kf substan
tially lower than /^collisiontnat varied from system to system. 
This method of obtaining k{ ignores the fact that k^ is pressure 
dependent as pointed out by Olmstead et al.8 and confirmed 
here. The point is clearly made in Figure 7d. The inverse plot 
is essentially linear over the portion of the pressure range that 
corresponds to the ICR experiments of Neilson et al.3 Ex
trapolation of the linear portion yields an intercept value of 
"£f" = 3 X 1O-" cm3/s. Neilson et al. reported a value of "k" 
= 3.3 X 1O-" cm3/s from experimental inverse plots. The 
value obtained from the actual theoretical intercept in Figure 
7d is 1.2 X 1O-9 cm3/s. Hence, the use of inverse plots ex
trapolated to infinite pressures in the gas phase is a risky 
business that may give results in error by several orders of 
magnitude. 

2. All (A2H
+)VA Collisions Result in Stabilized A2H

+ 

Molecules. This is probably a good assumption for the thermal 
systems discussed in this work. The only exit channel for the 
complex is back-dissociation to the reactants. Removal of even 
a significant amount of rotational energy from (A2H+)* should 
greatly decrease /cb and make the lifetime greater than the 
detection time of the ICR (1-2 X 10-3 s). Recent work in our 
laboratory13 on the (CH3)3N system indicates that (CHa)3N 
is the best stabilizer for [(CH3)3N]2H+ from among more than 
20 atoms and molecules used as collision gases with the single 
exception of the highly polar molecule HCN which had a 
stabilization efficiency slightly larger than (CH3)3N. The 
variation in relative stabilization from the least efficient 
(H 2,He) to the most efficient, HCN, was less than a factor of 
4, indicating that all systems are reasonably efficient. Hence, 
this assumption seems well founded. 

3. The Ion-Molecule Collision Rate Constants kf and ks Are 
Governed by the Long-Range Potential and Hence Are Given 
by Langevin4 or ADO5 Theory. This assumption is certainly 
essentially correct. Recent work14 indicates that the ADO 
theory may underestimate the collision rate for polar systems 
by as much as 30% because of simplifying assumptions of this 
theory, not because the long-range potential does not dominate 
the collision process. In any case, minor errors in the collision 
rate constant will have little effect on the results presented 
here. 

In summary, then, there are no readily apparent reasons why 
theory and experiment deviate in the NH3 system. Since this 
system was by far the most difficult to observe experimentally,3 

there may be unusually large or possibly systematic errors in 
the data. These errors coupled with the rather minor problems 
with the model noted in this section and previous sections could 

explain the discrepancies. More experimental data would be 
required before this point can be finally settled, however. 

D. Comparison of Phase Space Theory with RRKM Theory. 
The essential theoretical difference between the phase space 
and RRKM formulations of statistical rate theory lies in the 
method of dealing with angular momentum effects. Phase 
space theory accounts rigorously for the coupling of all angular 
momenta at the transition state. This includes, in addition to 
the orbital motion of the two fragments about their center of 
mass, the individual rotational motion of the two separate 
fragments. The RRKM treatment neglects the angular mo
mentum coupling of the individual rotational degrees of free
dom with the orbital motion. Thus RRKM theory is identical 
with phase space theory for the dissociation of a diatomic 
molecule. For polyatomic species, RRKM theory will be a very 
good approximation to phase space theory in the limit d -> 0. 
As angular momentum increases the agreement between 
RRKM and phase space theories is expected to become worse. 
The systems studied here were initially considered to be prime 
candidates for observing the effects of the rigorous treatment 
of angular momentum mainly because of the large angular 
momentum distribution expected for the activating reaction. 
However, the results illustrated in Figure 5 indicate that there 
is very little difference between the rigorous phase space theory 
and the approximate RRKM treatment in the pressure-tem
perature regime examined. Although F(E,cf) does extend up 
to fairly high S values, the upper end of the S distribution is 
essentially lost in the steady-state distribution at the low 
pressures considered here. Thus, in order to observe the full 
effect of high angular momentum states it is not only necessary 
that these states be created by the activation process but also 
that the experimental pressure is great enough so that these 
states contribute substantially to the total rate of reaction. 
Alternatively, a reaction would have to be studied where the 
full effects of the angular momentum distribution of the acti
vating reaction are felt. Any bimolecular reaction proceeding 
via a statistical complex would satisfy this requirement. A good 
example has recently been given by Meisels and co-workers15 

for reaction 27. It was shown that the experimental product 

C3H6
+ + CH3 (27a) 

+ S 
C2H4

+ + C2H4 *=fc (C4H8
+)* 

C4H7
+ + H (27b) 

distribution of this reaction is substantially different than that 
of the reaction 

C4H8 + hu --(C4H8
+)* + e 

— C3H5
+ + CH (28a) 

—• C 4H + + H (28b) 

The results were explained by noting the very different angular 
momentum distributions in the two C ^ g + complexes, and 
good agreement between theory and experiment was obtained 
on this basis. The theory used by Meisels explicitly included 
conservation of angular momentum. 

V. Summary 
The principal points of this paper are these: 
(1) Explicit expressions that conserve energy and angular 

momentum are presented for the distribution function of the 
activating reaction, F(E,<?), and for the steady-state distri
bution function, Pss(E,<f), of (A2H+)*. 

(2) The microscopic unimolecular rate constant k{E,d) is 
shown to be a strong function of d. 

(3) Reasonably good agreement is obtained between ex
periment and theory for A = CH3NH2, (CH3)2NH, and 
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Table II. Estimated Structures for Calculation of Rotational 
Constants'' 

Table III. Parameters Used for the Ammonia System 

NH3 NH3-H+-NH3 

N-H 1.008" 
N-H + 

^HNH 

1.034" 1.034 
1.060 

107.3" 109.5 109.5 

CH3NH2 CH3NH3 

CH3NH2-H+-
CH3NH2 

-N 
•N 

H 
H + 

1.014" 
1.474" 
1.093 

*HNH 
*CNH 
^HCH 
^HCN 

1.040 
1.474 
1.093 

1.040 
1.474 
1.093 
1.066 

105.8" 
112.1* 
109.5" 
109.5 

106.2 
112.5 
109.5 
109.5 

106.2 
112.5 
109.5 
109.5 

(CH3)2NH (CHj)2NH2 

(CH3)2NH-
H+-(CH3)2NH 

N-H 
C-N 
C-H 
N-H + 

1.020 
1.472 
1.077 

J(HNH 
^CNH 
^HCH 
^HCN 
4CNC 

1.046 
1.472 
1.077 

1.046 
1.472 
1.077 
1.073 

109.0 
109.5 
109.5 
113.0 

103.0 
109.5 
109.5 
109.5 
115.1 

103.0 
109.5 
109.5 
109.5 
115.1 

(CH3)3N (CH3)3NH + 
(CH3)3N-H+-

(CH3)3N 

H 
N 
H 
H + 

1.47" 
1.06" 

^CNH 
^HCH 
$HCN 
ZCNC 

1.052 
1.47 
1.06 

1.052 
1.47 
1.06 
1.078 

109.5" 
109.5 
108.0" 

108.4 
109.5 
109.5 
110.5 

108.4 
109.5 
109.5 
110.5 

" Reference 25. * Reference 16.c Unreferenced values estimated 
as described in text. Bond lengths in angstroms; bond angles in de
grees. 

(CH3)3N. For A = NH3, the agreement is not as good. Either 
the model seriously breaks down in this case or the experi
mental data are inaccurate. 

(4) A thorough discussion of the energy-transfer model is 
given, with a focus on how to best compare experiment to 
theory. The use of "inverse" plots of the type &71 vs. A~l to 
obtain either kb from the slope or kf from the intercept at A 
= °° can yield misleading results. This is especially true for ku 
where it is shown that this method can be in error by several 
orders of magnitude. 
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Appendix. Parameters Used in Rate Calculations for the 
Proton-Bound Amine Dimers 

Literature values are available for all the vibrational modes 
in ammonia,16 ammonium ion,16 methylamine,17 and all modes 
except the torsional oscillation in methylammonium ion (from 
the IR spectra of methylammonium chloride).18 There is also 
data available on the torsional and skeletal modes of the larger 
species obtained from the Raman spectra of aqueous amines 

NH3 NH3-H+-NH3 

B" 
(T' 

a'1 

AS550-' 
£ ( / 

3400(3) [19] 
1628(2) [19] 
950 [19] 

8.539 
3 

3100(4) [19] 
1685(2) [19] 
1397(3) [19] 

5.865 
12 

3000(6) 
1676 
1578(4) 
1434(2) 
954(4) 
668 
105(2) 

11.731 
3 
0.7302 
6 

[24] 

[24] 

2.34 
-25.8 

24.0 

" Vibrational frequencies in cm-1; degeneracies in parentheses; 
brackets indicate appropriate reference; higher frequencies have been 
rounded; unreferenced values estimated as in text. * Rotational con
stant in cm-1; calculated from structure in Table 11; i indicates internal 
rotation. ' Symmetry number for rotation; i indicates internal rotation. 
'' Polarizability in A3. e Experimental entropy change in cal/deg for 
the reaction AH+ + A *=> A2H+ (ref 24). / Well depth in kcal/mol 
calculated as explained in text. 

Table IV. Parameters Used for the Methylamine System 

CH3NH2 CH3NH3
+ (CH3NH2J2H

 + 

Bi" 

Ti ' 

Bh 

(T'' 

a'1 

ASs50" 

3400(2) 
2920 (3) 
1623 
1465(3) 
1419 
1165(2) 
1044 
780 
268 

1 
1 

[20] 
[20] 
[20] 
[20] 
[20] 
[201 
[201 
[201 
[20] 

.241 

3000 (3) 
2950(3) 
1578(2) 
1450(3) 
1434 
1265(2) 
1004 
954(2) 
289 

[21] 
[21] 
[21] 
[21] 
[21] 
[21] 
[21] 
[21] 

1.096 
3 

3000(4) 
2950 (6) 
1665 
1462(2) 
1450(6) 
1338(2) 
1278(2) 
1265 (4) 
1004(2) 
748 (2) 
495 
289(2) 
105(2) 
95(2) 

1.146 

0.1771 
2 

4.18 
-23.6 

22.4 

" -1 See Table 111 for notes. 

and ammonium chlorides19 and from the gas-phase IR spectra 
of the neutrals.20 The remaining oscillator frequencies in the 
amines and ammonium ions were estimated from the trends 
in the known data and from values for the corresponding al-
kanes. For the proton-bound dimers all nonskeletal modes were 
assumed equal to the corresponding modes in the protonated 
amines. The two N - H + - N stretching modes have been cal
culated for the ammonia dimer in an ab initio study of the 
N2H7+ potential energy surface.21 The corresponding 
stretching frequencies for the other dimers can be calculated 
using standard relationships for XY2 molecules.22 Each dimer 
has one free internal rotation whose moment of inertia was 
calculated from an assumed structure (see below). The re
maining skeletal frequencies were chosen so that the entropy, 
AS, for the reaction A + A H + «=* A 2 H + calculated from sta
tistical mechanics23 matched that determined experimental
ly.24 This procedure has been discussed by Forst.16 

Literature values16 for rotational constants were used where 
available, but in most cases these parameters were calculated 
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Table V. Parameters Used for the Dimethylamine System 

V1" 

BS 

B'' 
(T'' 

a'1 

ASj 5 0 ' ' 
Ev/ 

(CHj)2NH 

3400 
2920 (6) 
1465(6) 
1165(4) 
1078 
931 
730(2) 
383 
256 
230 

0.4599 
1 
5.92 

[221 
[22] 

[231 
[231 
[231 
[231 

I 

-25.7 
23.2 

(CHj) 2 NH 2
+ 

3000(2) 
2950(6) 
1462 
1450(6) 
1338 
1278 
1265(4) 
1029 
895 
748 
412 
268 
216 

0.4320 
2 

[22] 
[221 

[22] 

((CHj)2NH)2H + 

3000 (2) 
2950(12) 
1661 
1450(12) 
1265(8) 
1029(2) 
895(2) 
650 (4) 
411 (3) 
268(2) 
260(4) 
216(2) 
105(2) 

0.4903 

0.0827 
2 

"-•I See Table IH for notes. 

Table VI. Parameters Used for the Trimethylamine System 

(CHj)3N ( C H J ) 3 N H + ((CH3)JN)2H
 + 

2920(9) 
1465(9) 
1165(6) 
1036(2) 
827 
426(2) 
366 
262(3) 

[22] 
[22] 
[23] 
[23] 
[23] 

3000 
2950(9) 
1450(9) 
1265(6) 
987(2) 
821 
650(2) 
407 (3) 
260(3) 

[22] 
[22] 

[22] 

B,h 

(Tj'' 

Bh 

(T'' 

a'1 

AS s so1' 

0.2458 
3 
7.92 

-32.0 
23.6 

0.2357 
3 

2950(18) 
1659 
1450(18) 
1265(12) 
987(4) 
821 (2) 
407 (6) 
359 
260 (6) 
225(4) 
105(2) 

0.3298 
3 
0.0562 
6 

"J See Table III for notes. 

from assumed structures. Note that all species are treated as 
spherical tops, using the geometric mean of the three-compo
nent rotational constants. It has been shown that the errors 
introduced in phase space calculations by use of these ap
proximations are usually small.10 

Structural parameters (bond lengths and bond angles) were 
obtained from the usual sources1625 for NH3, CH3NH2, 

(CH3)3N, and NH4+ . Values for the remaining species were 
estimated from the trends in the above compounds. The dimers 
were assumed to have the same structures as the protonated 
amines, except for the N - H + bond lengths, which were as
sumed to increase from protonated amine to dimer by the same 
amount that the corresponding N - H bond increased from 
amine to protonated amine. 

The difference in zero-point energies at 0 K, £0, was chosen 
so that the calculated statistical-mechanical23 AH for the re
action agreed with the experimental value24 at the experi
mental temperature. 

A summary of all the data used in the calculations is shown 
in Tables H-VI. 
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