Mass Spectrometry

ELSEVIER International Journal of Mass Spectrometry 216 (2002) 115-128

www.elsevier.com/locate/ijms

Classical theories of the ion/linear quadrupole capture

Jan Turulsk?, Timothy StP*, Jan Niedzielski, Barbara Pezlér

a Chemistry Institute, University of Bialystok, 15-370 Bialystok, Poland
b Department of Chemistry and Biochemistry, University of Massachusetts Dartmouth, Dartmouth, MA 02747, USA
¢ Chemistry Department, Warsaw University, 02-089 Warsaw, Poland
d Chemistry Department, Agricultural and Teacher’s University, 08-110, Siedlce, Poland

Received 27 September 2001 ; accepted 31 January 2002

This paper is devoted to the memory of Professor Walter Chesnavich whose pioneering contribution
to the theory of ion/molecule reactions cannot be underestimated.

Abstract

The dependence of the ion/linear quadrupole capture rate constant on the resultant orbital-rotational momentum and
individual energetic and molecular parameters that characterize a given system are calculated using a microcanonical version
of the transition state theory and classical trajectory method. Both methods indicate that the dependencies are similar to
those obtained for the ion/linear dipole system. It is shown that, contrary to the ion/polar molecule systems, the capture rate
constant for the quadrupoles frequently does not fall on the plateau which corresponds to the assumption that the resultant
momentum can be approximated to the orbital momentum. Therefore, the theories that use this approximation are not adequate
for description of the ion/quadrupole capture. Both TST and classical trajectory calculations agree very well with experiment
and give identical or slightly different results figrz| < 10 which covers the whole range of temperatures down to extremely
low. At so low temperatures the discrepancies are larger which seems to be of little consequence since both methods do not
account for the quantum effects. (Int J Mass Spectrom 216 (2002) 115-128) © 2002 Elsevier Science B.V. All rights reserved.

1. Introduction p? 12 j? pr
H = 2Mr+2_11+§+ Vi, y)==— 2M,
Generally, the nonspherically symmetrical poten- (1)
tial describes interactions between ions and molecules.
When it comes to collision, apart from the total en-
ergy E, that is the sum of translational and rotational
contributions, the resultant total angular momentum
J, that includes contributions from the orbital angular
momentur, and the rotational momentujyhas to be
conserved. The dependence of the classical Hamilto-
nian onJis very intricate. For this reason a simplified

dependence ohandj is most frequently used [1-12].

+ H*

wherel; = Mr2, ,=I is the moment of inertia of
the linear quadrupoléyl, is the reduced mass of the
systemy is the distance between the point ion and the
centre of mass of the quadrupole, ands the angle
the quadrupole axis makes withV(r,y) in Eq. (1) is
the interaction potential. Ignoring the anisotropy of the
guadrupole polarizability we can express this potential
as:

Qq
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where « is the polarizability andQ the static
qguadrupole moment of the quadrupole ads the

with initial conditions{p, q} onr as reactive or non-
reactive. Trajectories are integrated from 50 A toward
electrical charge on the ion. the capture radius. The method used in the present
Hamiltonian (1) combined with the law of total an-  calculation is similar to that described previously
gular momentum conservation defines the capture rate.[24] except that 20,000 trajectories are used for each
The conservation of total angular momentum can be system.
expressed as: Estimations ofk; for the ion/polar molecule sys-
S —U+j)=h(J—-|l—jDhU+j—T) tem indicate that, irrespective of the calculational'
method used, the classical capture rate constant is
wherelJ is the length of theJ vector,| is the length of  a function of two dimensionless parameters. There
theT vector,j is the length of thg vector, and(x) and is some arbitrariness in the choice of these param-
h(x) denote the delta functions of Dirac and Heaviside, eters. Some authors opt for such a pair whose one
respectively. There are different theoretical methods to component depends on the molecular parameters
estimate the capture rate constant in the ion/molecule exclusively, while another one also depends on the
system. The microcanonical version of the transition energy/temperature [10,14]. Another approach has
state theory (TST) is likely the simplest [1®; is as- been developed in which both parameters depend
sumed to correspond to the minimum rate at which the on the energy/temperature. According to the first
flux of reagents crosses the surfé&eseparating the  parametrization, the ion/dipole capture rate constant
substrates and products in the phase space. Assumingncreases as the energy/temperature decreases, as is

3)

the spherical form of* : {r = r*=const} we obtain:

imin[h(E —H"8(J —(+ j)dr

4

i I -
ki(E, J) = n:lnkl(E, J;rt) = ol
wherepo(E) = 1 (2ME)*?/372%h5 and
sinydidj dy

=0 5)
While the capture rate constaki, for the ion/polar
molecule system is very well characterized using
different theoretical approaches [1-11], complete cal-
culations for the ion/quadrupole system were only
performed by Troe and coworkers with use of the
classical trajectory method (CT) [12].

One of the versions of the latter method has been
developed by Su et al. [3-5,14,17,24]. We use this
version in this work. The CT capture rate constant is
estimated from

1
~ 2IKT(27 M, KT)15

x /xr{p,q} e E/XTdy, dy; didj2J dJ dE
(6)

wherey; and y; are Euler anglesy,{p, q} is the
characteristic function which labels the trajectory

arr

k1

po(E)

evidenced by the changes in the energetical parameter.
For a given energy/temperature the second, purely
molecular, dimensionless parameter describes the sys-
tem in a very characteristic way. At exceptionally
small values of this parametdq is also small, and
relatively insensitive to the changes in this parame-
ter. It is the region of the first plateau. Once a certain
threshold value has been surpassegdtarts to exhibit

a nearly linear increase with increasing value of the
molecular parameter to reach another plateau, termed
by us as the Su-Chesnavich plateau, at some limiting
value [10]. The capture rate constant is much larger
over this second plateau than over the first one. It was
shown, using the TST approach [15], that over the first
plateau the molecules are so highly excited that the
assumption/ = j holds. Conversely, over the sec-
ond plateau we can assume tbia¥ /. A comparison
with experiment indicates that practically all of the
ion/dipole reactions are well described using the sec-
ond assumption. There is inconclusive evidence [16]
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that some scarce reactions occur over the transitionallt is seen that the Hamiltonian for the ion/linear

region between the first and second plateau. quadrupole system depends on the two coefficients,
The ion/quadrupole systems have been studied lessBz and¢ which are defined as:

extensively. Neverthelesk; has also been found Qq

to depend on two dimensionless parameters, similar 83 = 53577 9)

o ) o (2Ea°q®)

but not identical with those used for the ion/dipole

systems. Bhowmik and Su [17] estimated thede- _ Myaq? (10)

pendence on the moment of inertia for the model re- 1Q?

action D3+ + CgFs. The form of this dependence was SubstitutingE — KT into Eq. (9) we obtain thdss
the same as thke; dependence on the dimensionless coefficient, which is a temperature analog By.

mol_ecular parameter. It is worth nqting th_at for this Such a type of parametrization seems to be the sim-
particular system the dependence is qualitatively the st ysed in the theories of ion/quadrupole capture.

same as that observed for the ion/dipole systems: the | stead o83 or b some authors choose to adopt their
first plateau, then an increase with increasing molec- equivalents or for instance, they use= ¢~ instead

ular parameter, finally the second plateau. The work ot - These differences are only a matter of taste and
performed by Troe and coworkers was more general ¢onyenjence. Substituting Hamiltonian from Eq. (7)

[12]. Unfortunately, these authors chose another ver- i1, gq. (4) we obtain after simple transformations:
sion of parametrization, both dimensionless param- ky(E. J)
1Lk,

eters depending on the energy/temperature. Thus, ax; = = min[k1(E, J; R)] (11)

direct comparison with the results of Bhowmik and Su ki R=R"

is difficult. Bearing in mind the simplicity of the TST  \yheret, = 27 (a/M;)®5 and

method it seems worthwhile to investigate thede-

pendence on both parameters to make comparisonwith,., (g j. ) = _3 //f h(sg — 8712)5 dz
4A(B3)?%¢ T2

the CT results as well as experimental measurements.
xh(J — |l — jDh( + j — J)dldj

2. TST calculations and comparison with (12)
the CT method where
1 2 B
Substitutingr = (xg?/2E)%?°R into Hamiltonian €0 =1+ i % + R_z (13)
(1) we obtain:
2 1 S (14)
[ B =73
H*=E|—+j2— — + —=@3cody - 1| (7) RS
a R* RS
Z = COSy (15)
wherea = (B3)?¢ R2. The definition of variables is
altered: j — (2I1E)*% and! — (21,E)°°l. The _ . H 2B3
element of the phase space volumg*dcan now be ~ émin = {! Bs > Othen{ 1+ R4 R
given as: 1 B3
. i x else (1 + =+ —)) (16)
didjd 4 3
dr* = E(Illz)l/zsmy—zjy ®) oo
2h Integration over the variable from Eq. (12) gives:
[ h(eo —e)h(J — |l — jDh( + j — J)didj for emin > 0
k1(E, J; R) 17)

T aB% | [f |‘Z—°|h(eo)h(—so +e)h(J — |l — jDhd+ j— J)ydidj foremin <O
Z



118

Further integration ovel andj is cumbersome and
only partially can be solved analytically. It will not be
given here. The final result of partially numerical in-
tegration is the dependence of the function(E, J;
R) defined in Eq. (12) on the variabR The numeri-
cal minimization of this function oveR gives the re-
duced microcanonical capture rate constantE, J)
which depends on energy throu@s. The examples
given in Fig. 1 show the relation of TS&#1 against
J (through the reduced momentus J /(21E)%-°) for
some systems that differ in the values forThe first
model system (Fig. 1A) features a negati®g, so
that B3 = —5 whilst the second one (Fig. 1B) fea-
tures a positiveQqg, so thatBz = +5. For the other
values ofBs, the relations are similar; only the range
0 < J < Jmax s increasing a83 increases. In other
words, Jnax increases as dodg. If ¢ is small so is
this enhancement; for such systethsy is close to
unity. However, at larget an increase irBgz is ac-
companied by the marked increaseljigax. Numerical
integration of TSTk1 (E, J) over momentum leads to
the microcanonical TST capture rate constan{E)
-/max

k1(E) = / k1(E, J)2JdJ (18)

0
For obvious reasong; (E) depends only o33 and
¢. A form of such dependence is shown in Fig. 2.
Fig. 2A and B show1 vs. log¢ for the systems that
featureB3 < 0 and Bz > 0, respectively. The quali-
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that high rotational excitation of a molecule decreases
the capture rate.

Thermodynamic averaging of TSd; (E) using the
weight corresponding to five d.f. (three translational
and two rotational) yields the temperature dependence
throughbs. As can be seen from Eq. (6) a canonical
formalism used in the CT method gives the capture
rate constant in the form already averaged.

A comparison with experiment is now possible.
Fig. 3 shows examples of thq: dependence on lag
for a few selected values &. Both TST and CTk4
are shown. The relations are similar to those obtained
before averaging except for the fact thkatis dimin-
ished and the maximum separating the regions of the
first and the second plateau is nearly extinct.

Inspection of Fig. 3 indicates that both CT and TST
give «1(log¢) qualitatively similar for allbz. At |bs|
not too large, saybs| < 10, the differences never sur-
pass 5%. However, at largég| the differences can be
as large as even 10%. Even though according to the
kinetic variational principlé&"™ST > k€T so large a dif-
ference seems to result from inaccuracies of calcula-
tions. Any efforts to make more sophisticated calcula-
tions would not make much sense because at extremely
low temperatures (largéd|) classical approaches are
obviously inadequate.

Note that so fak1 vs. ¢ was investigated indirectly
and for a single model system. Bhowmik and Su [17]
used the CT method to investigate the captureghfsC

tative resemblance to the corresponding dependenciesby D3+ at 300 K. For extremely small moment of in-

obtained for the ion/dipole systems [10] is striking. At
vanishingly small values fof, «1 is practically con-
stant. Only after the critical value far has been ex-
ceeded is an enhancemenkinobserved. This critical
value is the larger the smaller tiBg, hence the larger
the energy of the system. At some value¢oé dis-
tinct maximum is visible, the magnitude of which be-
ing always larger for the negative than the positge
Compared with the corresponding ion/dipole systems,
the maximum is smaller. Further increasezinesults

in a decrease in1 down to the plateau value. The cap-

ertia, which corresponds to large they found that

k1 is also large, 1.49. For the corresponding= 3

our estimate is 1.50. The agreement is excellent, at
least over the Su-Chesnavich plateau. The agreement
is also most satisfactory for large | (equivalent to very
small ¢). However, the real value for | for thegEg
quadrupole is 692.26 ami*417] which corresponds

to ¢ = 0.06. Inspection of Fig. 3B as well as Fig. 1
in [17] reveals that the capture rate constant falls on
the transitional region between the plateaus. So do the
capture rate constants for many reactions that feature

ture rate constant over this Su-Chesnavich plateau israther small values for (see Tables 4-6). At suffi-
much larger than over the first plateau, as in the case ciently large, in the absence of any restrictions such as

of the ion/dipole systems [10]. It can be concluded

selection rules etc., the capture rate constant does not
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Fig. 1. Examples of the dependence of the reduced microcanonical capture rate constant on the resultant ndcempressed in (E)%/2
units. (A) B3 = =5, (B) B3z = +5; the curves are labeled with different values §or
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show any dependence gnlf any restrictions are im-  tures, and, hence, apart fromalsobs contributed to
posedxi vs. ¢ exhibits erratic behavior. Obviously the final result.

is not a decisive factor. At very smai| in the absence Since¢ is inversely proportional to the quadrupole
of any restrictionsg 1 should increase slightly &sin- moment squared while in ion/polar molecule cap-
creases. A condition dfiz conservation requires that tures the proportionality to the inverse dipole moment
the temperature be constant, and the same molecule bés obeyed, ion/quadrupole captures that occur over
involved. Thus, any change incan only result from the transitional region between the first and second
the changes in ion identity. To be strict, only the ion plateau are fairly numerous in contrast to the ion/polar
mass is important singgis proportional to the reduced  molecule captures. Unfortunately, whitg over the
mass of the system. It can be concluded that in simple plateau can easily be obtained in the nearly analytical
ion/quadrupole capturaes increases slightly with in-  form [15], over the transitional region we have to
creasing mass of the ion, as is indeed confirmed by theresort to onerous numerical calculations. An attempt
data shown in Tables 5 and 6. It is not in accord with can be made to fit an empirical relation to the obtained
Mendas and Milutinovic [21] who examined a series relations but it does not much alleviate the problem.
of reactions GFg + X* and c-GH12+ Xt and found Fig. 4 shows a few examples of (bz) for a number

no dependence af; on ¢. Apparently, these authors  of selected;. The data from both the plateau regions
considered reactions occurring at different tempera- are included [15]. Using the least squares method we

2.2 +
K, (b,0)

0 O 0.0001+===-=- 0.01 — == 0.1 o 1 A 10 ¢ 100

Fig. 4. TST dependence af; on b3 at a few selected values far, indicated on the plot.
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Table 1

Value of a; coefficients from Eq. (19) for the selected values; of

ki(os) = ap + azhs + ap(bz)> & & E?

=1 by < —12 0.7780 —0.2477 —-0.0043
by > 1 0.8744 0.2063 —0.0027

(=01 by<-28 0.8405 —-0.1145 0.0075
bz > 2 0.7661 0.2279 —0.0037

¢ =001 by <-22 0.7905 —-0.1295 0.0025
by > 2 0.7868 0.1297 0.0113

aFor|b3| < 1 or|bz| < 2 equation describing; vs. bz has the
form k1(b3) = 14 A1bz+ A2(b3)2, whereA; andA; can be found
from the condition of function continuity gdbs| = 1 or |b3| = 2.

can fit the empirical formula:

k1(b3) = ag + a1bs + az(b3)®, |b3| <5 (19)
The numerical values for the; coefficients { =
0, 1, 2) are listed in Table 1.

The curves shown in Fig. 4 indicate that (bs) is

3. Comparison with experiment and other
theroetical estimations

Maergoiz et al. [12] using the CT, method developed
much more intricate empirical equation:

1/4

K1 = <W) K (0, M) (20)
a]2- Zz 1/2

In[kc (0, M)] = ao + [Sinh(z) + ﬂs} (21)

z=az+In(®) (22)

whereag, a;, ap are the empirical coeffcients white
andM are analogs tt3 and¢ in our notation.

0 = (b3)~ Y3 (23)
M = 0.5¢(b3)¥° (24)

M is simply related to the Massey parameter that de-
fines the level of nonadiabaticity in the system [12].
Other attempts [17,21,23-25,26—28] to describe the

asymmetrical. Capture rate constants in the even caserate of ion/quadrupole capture were not general; either
(q and Q have the same sign) are not the same as in Hamiltonian was oversimplified or only some specific
the odd caseqandQ have opposite signs). This ob- reactions were considered.

servations agrees with practically every other theoret- Table 2 assembles and Q values for a few
ical calculation [14,15,22—-26]. The theory developed quadrupole molecules at most frequently studied tem-
by Kosmas [27] is the sole exception yielding capture peraturesbs values at such temperatures are also in-
rate constant proportional to the squareq@f. Most cluded. It is seen thabd| falls on very narrow range,

of the calculated results indicate that capture rate con- 0 < |b3| < 5. Note that the upper limit corresponds to
stants in the odd case are larger than those in the evenl” = 27 K; at so low temperature the classical theories
case. Only does average quadrupole orientation theoryare of dubious value.

[23] suggest that the reverse happens. We have previ- In Table 3 the values fot are reported for a few
ously shown [15] that the first conclusion stems from values of¢ and three not too larghs. Estimates are
the explicit or implicit assumption thgt — oo, while based on our CT results and on the empirical formulae
the second one from — 0. Fig. 4 shows clearly the  20-22 derived by Maergoiz et al. [12] using different
transition from one type of relationship to another as CT approach. Over the classical region®f both

¢ decreases. Even though decreases with decreas- CT versions differ by less than 2%. At the extremes
ing ¢ for both the even and odd case, the decrease isof this region, [b3] = 2 and smally) the difference
more pronounced for the latter case. The breakevenincreases up to 6%. Apparently, the empirical formulae
point corresponds to aboyt = 0.1. There are few  cease to be accurate. Since over the classical region the
real ion/quadrupole systems for whi¢his of the or- agreement between both versions of integration is so
der of 0.1. Therefore, the statement that capture rate good, in further discussion, unless otherwise indicated,
constant in the odd case is always larger than that in we will not make any differentiation between versions
the even case is not correct. of CT.
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Table 2
Value of bs parameter at a few selected temperatures for typical quadrupole mol@éulemst frequently studied in reaction with cations
X+

M a(A%® Qx 108 (esucd) b Ref.

T=300K T=200K T=100K T=80K T=67K T=27K

Hz 0.819 0.561 0.64 0.71 0.85 0.89 0.94 1.17 [24]
D2 0.809 0.649 0.65 0.72 0.85 0.90 0.94 1.18 [24]
N2 1.77 1.4 -0.78 —-0.86 -1.03 -1.08 -1.13 -1.42 [33]
0, 16 —0.4 —0.24 -0.26 -0.31 -0.33 -0.35 —0.44 [24]
CO, 2.65 —4.4 -1.80 —-1.99 -2.37 251 -2.62 -3.29 [33]
CoH2 3.33 7.2 2.48 2.75 3.27 3.46 3.61 4.54 [17]
CeHe 10.32 -5.6 -0.83 —0.92 -1.09 -1.15 -1.20 —151 [24]
CoFs 9.48 17.2 2.71 3.00 3.56 3.77 3.94 4.94 [26]
c-CeHip  10.87 13.2 1.88 2.08 2.47 2.61 2.73 3.42 [26]
Fig. 5 showsc1 (b3) for two selected values af - when compared with our present CT results). The TST

¢ = 10 is on the border of the Su-Chesnavich plateau value is larger but this cannot be explained by the ki-
while ¢ = 0.001 is one time smaller than the lowest netic variational principle since the difference is not
value observed for the realistic systems. It is seen that observed for other values &k and ¢. We have no
over the range & |b3| < 5 our TST calculations give  explanation for this discrepancy, which is unfortunate
practically identical results, with only one exception, as it occurs at corresponding to the majority of the
with those using the CT method. The deviations ob- real ion/quadrupole captures.

served abz > 10 are not meaningful since both the- Still many ion/quadrupole processes undergo adia-
ories do not account for the quantum effects that are batic capture as shown by Maergoiz et al. [1d].is
likely to be of importance at so low temperature. the measure of nonadiabaticity [21]. Table 4 ligt$or

It is interesting that for pas negative as, sag < frequently studied §Fs + X reactions [17,18,28,29]
—10, the discrepancies between TST and CT results that feature very small values for Dynamics of adi-
nearly disappear. The reasons for the discrepancies forabatic and nonadiabatic processes is expected to be
b3 > 10, either loss of accuracy in numerical calcula- significantly different leading to differences between
tions or different assumptions, are not clear. Inspection «1 and«{° at very large; [34]. The ratio defined in
of Fig. 5 reveals that the TST results are practically Eq. (25), and included in Table 4, can also serve as a
the same as the CT results. The sole exception alreadymeasure of nonadiabaticity.

mentioned, the lack of good agreement between TST ~

and CT, occurs at = 10 atbs > 0. The difference  agp— 21— 100 (25)
oo
amounts to about 5% over the whole rangd9{3% k1
Table 3
The values ofc; estimated by the CT method for a few selectednd three values fdp; over the classical region of temperatures
log¢ K1
by =-2 b3 =-3 b3 = -5 b3 =2 b3 =3 b3 =5
-3 1.02 (1.06) 1.15 (1.13) 1.39 (1.37) 1.05 (1.12) 1.22 (1.22) 1.55 (1.49)
-2 1.08 (1.07) 1.20 (1.17) 1.63 (1.59 1.06 (1.12) 1.31 (1.25) 1.62 (1.63)
-1 1.17 (1.14) 1.37 (1.37) 1.81 (1.83) 1.16 (1.18) 1.38 (1.36) 1.73 (1.71)
0 1.27 (1.26) 1.48 (1.47) 1.93 (1.89) 1.24 (1.22) 1.41 (1.38) 1.76 (1.72)
1 1.29 (1.28) 1.48 (1.48) 1.93 (1.90) 1.24 (1.22) - (1.38) 1.76 (1.72)

Values in brackets are taken from [12].
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Table 4

Contribution, A%, of the nonadiabatic motion of reactants to the

J. Turulski et al./International Journal of Mass Spectrometry 216 (2002) 115-128

TST capture rate constant for the reactigfF&+-X* in dependence

on M (see Eq. (24))

X T((K) bs M k2 [34] k1 A%
He,¢ =0.04 600 228 0.18 1.36 119 125
300 271 0.28 1.45 1.28 11.7
67 394 077 1.69 1.53 9.5
27 494 142 1.88 1.74 7.4
D3 ¢ =0.06 600 228 0.27 1.36 1.22 103
300 271 042 145 1.30 10.3
67 394 116 1.69 1.55 8.0
27 494 213 1.88 1.80 4.0
N, ¢ =0.13 600 228 059 1.36 1.29 5.0
300 271 091 145 1.38 5.0
67 394 250 1.69 1.62 4.0
27 494 462 1.88 1.81 4.0

This ratio, as expected,

depends Min The form of
such a relation is shown in Fig. 6. It can be seen that
the larger theM the smaller the contribution of the

20 A
15

ES i
<110

o

Fig. 6. Relative percentage contribution of the nonadiabatic effects
to the TST capture rate constant on the dimensionless parameter
M.

by the same molecule at constant temperature. Note
that according to Eq. (10), at constdnit A(M) is in
fact a function of¢. Thus, it is¢ that determines the
contribution of nonadiabatic processes to the capture
rate constant in the most precise fashion.

So far we have compared our results with those ob-
tained by the classical trajectories method. As already

nonadiabatic effects. Note that for the series of reac- mentioned other theoretical papers were not general
tions involving, for instance, different iong (M) can
only indicate the trend, not the precise function, as the and ¢ for the reaction of @Fg with three different
points are considerably scattered around the line.

The nonequivocalA(M) can be obtained from a

series of processes withy = const; practically the
problem is reduced to all of the reactions undergone ing one using TST are also included. Experimental

Table 5

but only concerned with some specific reactions.

X* ions (X = He, C, N) at three different tempera-
tures are listed in Table 5. Experimental data as well
as the results of four theoretical calculations includ-

Experimental rate constants for the reaction g@FEwith selected cations X at three different temperatures, and theoretical values for
the capture rate constants for these reactions estimated with use of three different methods

X ¢ T (K) bs Kexp Kk1® x1® Kk1® 19 Kk1®

He 0.04 297 2.71 1.13 1.31 1.21 1.34 1.28 1.27
67 3.94 0.96 1.53 1.39 1.55 1.53 1.51
27 4.94 0.83 1.71 1.64 1.71 1.74 1.76

C 0.11 297 2.71 1.21 1.30 1.25 1.34 1.37 1.32
67 3.94 1.12 1.52 1.63 1.55 1.62 1.57
27 4.94 1.17 1.71 1.86 1.71 1.81 1.75

N 0.13 297 2.71 1.21 1.31 1.33 1.34 1.38 1.33
67 3.94 1.11 1.53 1.61 1.55 1.62 1.57
27 4.94 1.01 1.71 1.64 1.71 1.81 1.75

aBhowmik and Su CT calculations from paper [24].
b Mendas and Milutinovic CT calculations from paper [26].
¢Bates and Mendas calculations from paper [22].

dPpresent TST calculations.
€Present CT calculations.
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Table 6 important. The agreement with experiment is satisfac-

Comparison between experimental and theoretical capture rate tory. It can be even improved as is indicated by the

constants for the reaction GG- X+ s . ' .
data in pertinent columns of Tables 6 and 7, by taking

a eff . . . .
X ¢ Kexp “1 1 into account the polarizability anisotropy [13].
OH 1.22 1.24 1.23 1.27
H 0.10 1.01 1.08 1.10 ,
Ho 0.19 0.86 1.09 110 4 Conclusions
Hs 0.28 1.10 1.10 1.12
F 2.57 120 1.25 131 Capture rate constant for the ion/linear quadrupole
NoH 1.74 1.18 1.23 1.27 . . . ; .
HCO 1.66 1.02 123 108 Was estimated using the microcanonical version of
co 1.70 1.20 1.23 1.28  the transition state theory and CT method. The to-
CH 1.00 133 121 126 tal energy and the resultant total angular momentum
CH, 1.05 1.37 1.21 1.26 . | d Two di ionl
CHy 1927 0.94 1.20 127 ~ Were rigorously conserved. Two dimensionless pa-
CN 1.97 1.29 1.25 1.31 rameters,; and bz, affect the result.; describes
CCN 2.02 131 1.25 131 contributions of the orbital and rotational momenta
ArH 412 1.10 1.29 132 to the resultant momentum. At very small values of
T = 300K, bg = —1.80, 65" = —2.03. ¢ the partial capture rate constant is defined for the

S 20K,
Experimental data from [19,20]. resultant angular momentum over the range 0 <

(21E)Y/2.This range widens ag increases. Thds
capture rate constants are always smaller than those(or bz) parameter describes the energy/temperature
obtained by theoretical estimations. The difference is dependence of;. At fixed bz all of the «1(¢) func-
small at 297K but at 67 K and especially at 27K it tions exhibit a characteristic behaviour: the region of
amounts up to 60% which may indicate the occurrence ¢ independence (the first plateau) at very smdibl-
of quantum effects. As shown by Maergoiz et al. [12]. lowed by the transitional regionc{ increasing with
at very low temperatures quantum effects reduge  increasing¢, hence, with increasing reduced mass
down to unity. The difference between our estimates of the system) and the second plateau, called by us
and those obtained using other theoretical methods areas the Su-Chesnavich plateau [10]. The transitional
slight, mostly about 2—3%. The largest difference at region covers many of the realistic ion/quadrupole
27 K amounts to about 6%. All of the processes listed systems.bs can be either positive (the even case)
in Table 5 involvebs > 0. For the sake of comparison or negative (the odd case). On both the plateaus the
our TST estimates for the reactions £® X+ and relations with respect to the sign ¢ are opposite.
N, + X7 that featureébs < 0 are compared with exper- At ¢ — 0 the capture rate constant is larger for
iment in Tables 6 and 7. The temperatures were usu-the even case; d@ — oo the trend is reversed. The
ally high, 300K, only in some Bl reactions 80 K—at  breakeven point occurs at abque 0.1. A majority
such temperatures quantum effects are unlikely to be of the realistic ion/quadrupole systems feature larger

Table 7

Comparison between experimental and theoretical capture rate constants for the reaetioni*N

X ¢ T (K) bs bs' Kexp K1 «f"
ArH3 73.8 300 —0.78 —0.88 1.17 [30] 1.08 1.10
ArHgz 73.4 80 —1.08 -1.77 1.27 [31] 1.15 1.15
ArH 72.4 300 —0.78 —0.88 1.05 [19] 1.08 1.10
Ha 8.1 300 —0.78 —0.88 1.19 [32] 1.08 1.10
Hs 11.8 80 —1.08 -1.17 1.00 [31] 1.15 1.13

F 49.2 300 —0.78 —0.88 1.20 [19] 1.08 1.10
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values forz but some cover precisely this transitional
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[9] K. Sakimoto, Chem. Phys. 85 (1984) 273.

for every specific case.

The results of the TST dependence«qf on the
energetic and molecular dimensionless paramégers
and¢ are in excellent agreement with those obtained
using the CT methods. Only at extremely low tem-
peratures, corresponding fies| > 10, does the agree-
ment deteriorate. Probably both the methods are inad-
equate at very low temperatured. is a useful mea-
sure of nonadiabaticity of the system dynamics only
at b3 = const. It looks as though should be pre-
ferred as a nonequivocal measure of the nonadiabatic-
ity of motion. TST estimates are in good agreement
with other theoretical calculations as well as with ex-
periment provided that the temperature is not too low.
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