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The capture of rotationally state-selected and unselected asymmetric top polar molecules by ions is
investigated. Analytical expressions (for all rotational states up to j=2) of capture rate constants in the
perturbed-rotor second-order limit are derived for application to low temperature conditions. Approxi-
mate analytical representations over wider temperature ranges are also given for rotationally unselected
molecules. The capture of H,0, D,0, and HDO by arbitrary ions is chosen for demonstration of the
approach. Capture rate constants for the about 60 reactions of H,O with ions listed in the UMIST 2006
data base for astrochemistry are calculated, compared with experimental data, and represented in the
format keap(T) ~ ¢1 +¢2(T/300K)~1/2. The parameters c; and ¢, can be predicted in a very simple way. The
approach allows one to identify capture-controlled mechanisms and/or to trace experimental artifacts.
The approach applies equally well to the capture of symmetric top and linear dipole molecules by arbitrary
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1. Introduction

Ion-molecule reactions play an important role in astrochem-
istry. More than half of the about 4600 binary gas phase reactions
listed in the UMIST 2006 data base for astrochemistry [1] are of this
type. Under low temperature interstellar conditions, only exother-
mic reactions without barriers are likely to take place. They are
initiated by long-range ion-molecule capture which then is fol-
lowed by short-range chemical transformations into one or more
reaction products or by the reverse separation of the reactants
without reaction. lon-molecule capture theory, therefore, provides
upper limits of the rate constants and consequently has received
considerable attention (see, e.g., refs. [2-6]).

lon-molecule capture theory has quantum and classical aspects.
At ultralow temperatures, in the pK- to mK-range, only few
partial waves of the scattering process contribute and s-wave
capture theory provides the quantum limit [7]. With increasing
temperature, the relative translational motion becomes classical
and only quantum effects from hindered-rotor type motions in
anisotropic ion-molecule interaction potentials persist. We denote
this range as the low temperature semi-classical limit (LTSC).
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The hindered-rotor type motions also become classical when kT
markedly exceeds the relevant rotational constant of the neu-
tral molecule (see, e.g., refs. [3,8]) such that vibrational quantum
effects are the last to switch to classical behaviour. However,
the latter need not to be considered until really high tempera-
tures are reached. lon-molecule capture theory according to this
hierarchy may be formulated by a series of transitions between low-
temperature quantum and high-temperature classical expressions.
This is the concept of our SACM/CT (statistical adiabatic channel
model/classical trajectory) approach to ion-molecule capture pro-
cesses [9,10]. The capture of induced and permanent dipole as well
as quadrupole molecules of linear and symmetric top character was
treated. Within this series, the capture of asymmetric top dipoles
presented particular difficulties which we reconsider in the present
article. Previous studies of this problem [3,5,6] were fragmentary
such that a more general formulation of the rate constants for cap-
ture of asymmetric top dipolar molecules by ions appears desirable.

The capture of the asymmetric top molecule H,O by ions rep-
resents an important special case which, together with HDO and
D50, in this article is chosen as an illustrative example. The UMIST
2006 data base for H,O alone lists more than 60 of such reactions
(branching pathways not counted separately). H,O is a hydride
and, therefore, has comparably large rotational constants such
that quantum effects for the motion in the anisotropic ion-dipole
potential persist up to temperatures in the 1-20K range. LTSC
calculations for water capture by a few ions such as N* and H*
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have been reported before [3,5,6]. The present work generalizes
these results by considering arbitrary ions, by including capture of
HDO and D, 0, and by designing approximate analytical expressions
for wide temperature ranges. We try to keep the recommended
expressions as simple as possible, but we have to go beyond the
format kcap(T)=c(T/300K)" used so far in the UMIST data base [1].
A comparison of the calculated capture rate constants with values
included in the data base permits to identify either experimental
errors or the effects of reverse dissociations of the collision com-
plexes without that reaction has taken place. We do not restrict
our work to thermal capture rate constants of rotationally unse-
lected molecules but we also consider rate constants for rotationally
state-selected molecules.

2. Representation of thermal capture rate constants

We intend to provide expressions of the capture rate constant
kcap(T) which interpolate between the low-temperature semi-
classical limit, kcapo, and the high-temperature classical limit,
kcap,. Before doing this, a few remarks are important. (i) We here do
not consider the quantum limit of kcap(T) at T=0K [7] but only the
semi-classical low-temperature limit kcap 0, Where the translation is
classical but the hindered rotor-type motion is in its quantum limit.
Throughout this article by “T— 0” we refer to this temperature
range. (ii) It is common knowledge that ion-induced dipole cap-
ture, showing no such hindrance of the rotations, is characterized
by the Langevin rate constant

an1/2
kL =2m (—) 21
L q m (2.1)

independent of the temperature (u =reduced mass of the collision
pair, o =isotropic polarizability of the neutral molecule). In this
case, kcap,0 and kcap o are identical and equal to ki (we note that Eq.
(2.1) does not represent the true quantum limit, which is given by
2k and which is only approached in the K- to mK-range [7], but
only the semi-classical low-temperature limit keap ). (iii) At high
temperatures, the effective bottle-neck of the reaction moves from
the long-range electrostatic to the short-range valence potential.
We neglect the latter and only analyze capture in the long-range
potential. (iv) We consider capture in a single electronic state and
assume that complications by the presence of multiple electronic
states are included in the dynamics of the collision complex treated
separately from the capture calculations.

General expressions for kcap(T) were obtained from the reduced
representation of capture rate-constants from ref. [8] for the cap-
ture of ions by linear dipoles which interpolates between kcap ¢ and
kcap,oc. Employing a LTSC SACM treatment, it was shown that kcap(T)
can very well be expressed in the form

keap(T)/kp — 1

~1-0.065y"3 —0.069y38 2.2
kcap,O/kL -1 Y Y 22
fory<1, and
T) kL — 1
keap(T)/k =1 0.134y42 (2.3)

kcap,oo/kL -1
for y>1, where

_ kcap,O/kL -1
keap,oo/kL — 1

represents a reduced variable related to the temperature. When
kcap,c- decreases with increasing temperature and kc,p,0 is temper-
ature independent, y increases with increasing temperature. Egs.
(2.2)-(2.4) in ref. [8] were shown to reproduce individual quantum
SACM calculations for ion-linear dipole capture within about 1%.

(2.4)

Applying Egs. (2.1)-(2.4) to specific reactions requires the
knowledge of kcapo and Keap,co- Keapo follows from the pertur-
bation limit of SACM (or ACCSA, perturbed rotor or similar
other approaches [4]) which corresponds to the earlier elaborated
expressions of weak-field Stark spectroscopy (see ref. [11]). For
asymmetric top dipoles, e.g., the results for individual rotational
states were tabulated numerically by Golden and Wilson [12] and
they were found to be in perfect agreement with the analytical
results of our work, see Section 3. For the capture of HO, this leads
to thermal rate constants [6,8]

kcap,O . |: 2'l’LZD,b
B )

%0 (2.5a)

where A> B> C are the rotational constants of the asymmetric top
(in energy units) and up is the dipole moment which, for H;0,
has only the component upj along the b-axis (we adhere to the
nomenclature from ref. [13] where the a, b, and c axes correspond
to the rotational constants A, B, and C). For HDO, besides pp j, there
is also a component 1ipq along the a-axis and keap0 then is given
by [8,14]

1/2
2134 1"
3a(B+C)

kcap,O _ 2'uzD,b
ke 3a(A+C)

(2.5b)

The high-temperature limit kcapoo so far has been studied less
systematically. For the capture of linear dipoles, approximate
analytical adiabatic channel calculations, which cover the full tran-
sition from weak to strong field Stark effect [15], gave the same
results as classical trajectory calculations in the adiabatic dynam-
ical limit [8,9]. The latter were analytically represented also by Su
and Chesnavich (for the original work, see ref. [16]; minor improve-
ments were given later [8,17]). The classical trajectory calculations
from ref. [9], however, provided more general analytically fitted
expressions which apply to the full range from adiabatic to nonadi-
abatic dynamical behaviour. Treatments for asymmetric tops in the
adiabatic limit exist only for very few specific examples. There is,
therefore, some need to do systematic CT calculations from the adi-
abatic to the nonadiabatic limit. As long as these are not available,
we recommend the following procedure. It was shown in ref. [8],
for capture of H,O and NH3 by N*, that differences between clas-
sical capture rate constants for asymmetric and symmetric tops
and linear rotors are only small. We, therefore, suggest to repre-
sent Kcap,oo by the same results as obtained from CT calculations for
linear rotors, i.e., by Egs. (2.1)-(2.4), and to correct for deviations
from these results by the use of an effective dipole moment ftp eff
in the expression for kcap 0. The effective dipole moment should be
calibrated by selected accurate SACM or CT calculations and then
be used quite generally. This will be the strategy followed in the
present work.

The procedure outlined above can be elaborated for capture
of H,0 by ions, using for calibration our numerical calculations
described in Section 3 which go beyond the results for H,O+N*
from Dubernet and McCarroll of ref. [5]. Using the molecular param-
eters given in Appendix A.1, Eq. (2.5) for capture of H,O by arbitrary
ions leads to

kcap, 0
ky

When slightly different molecular parameters are chosen, e.g., the
parameters selected in ref. [5], Eq. (2.5a) allows one to accommo-
date for that. Kcap,.., on the other hand, will be represented by the
simple Su-Chesnavich expression

=14.77 (2.6)

Keavos _ 0 4767x +0.6200 for x = 2

ke (2.7a)
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Fig. 1. Rate constants kep(T) for H,O+N* (full line: representation by Egs.
(2.1)-(2.4), (2.5a) and (2.7a) with up s/ pip = 1.07, see text: (@) experimental points
for T > 27K from refs. [18-20] and calculations for T < 10K from refs. [3] and [5]).

Keap.oo (X +0.5090)°

ke = 10.526 +0.9754 for x <2
with x=pipeg/(20kT)!2. Comparing Egs. (2.1)-(2.7) with the
numerical data for H,O +N* from Section 3 gives (ip efr=1.07 fipp,
see below. The difference between the true pup, and the fit-
ted pperr as suggested above indeed is small. Having adjusted
Wpeff in this way, the complete temperature dependence of kcap
for HO+N* can be represented such as done in Fig. 1 (with
ki =1.00 x 10~ cm? molecule~! s—1). One observes that the exper-
imental data between 27 and 300K from refs. [18-20] nearly
coincide with our representation which confirms the earlier con-
clusions about a complete capture control of the reaction.

Inspecting Fig. 1, one may draw a number of conclusions. (i) The

transition to the low temperature quantum range takes place only
at temperatures below 20K. (ii) The temperature range 20-300 K
corresponds to x > 2 such that only the Su-Chesnavich expression
(2.7a)is of relevance. An alternative might be the simplified expres-
sion [8]

(2.7b)

keap,0o 2 ki + frigiaKid (2.8)

with a “rigidity factor” fisiq =1/2 and a “locked dipole capture rate

constant” kjq given by kg = 2mqipefry/2/mkT. One then would

have

kcap,oc ~1+ M%,eff
ke 2mwakT

over the full range of the parameter x. However, Eq. (2.7a) per-
forms better for the low temperature range x>2 of relevance
here. Fig. 2 provides a comparison of Eq. (2.9) with Eq. (2.7a) and
the complete numerical results from Eqgs. (2.1)-(2.7a). The first
improvement for empirical representations of kcap(T) beyond a sim-
ple power law kcap(T)~ ¢(T/300 K)~1/2, therefore, would be the use
of keap(T)~ 1 +c2(T/300K)~1/2. The divergence of this expression
for T— 0 is an artifact due to the neglect of quantum effects in the
hindered rotor motion. This could be accounted for by putting

) T -1/2
kcap(T) = min {kcap,Oa 1406 (W) }

with kcap o from Eq. (2.5a). On the other hand, the high-temperature
limit cq finally will also become unphysical because, under real high
temperature conditions, the contributions of a short-range valence
potential will replace those of the ion-induced dipole potential.

1/2
(2.9)

(2.10)

(iii) Changing the ion will only influence the reduced mass u of
the collision pair. This can be accounted for by a simple scaling of
the rate constant according to the respective k;. We shall exploit
this behaviour in Section 4. Comparing Eq. (2.10) with Egs. (2.6)
and (2.7a) defines the values of the parameters kcap0, €1, and ¢, to
be used for practical applications, see Section 4.

3. Representation of rotationally state-selected rate
constants

Before we compare the described representation of thermal cap-
ture rate constants with the values of the UMIST data base, we
consider rotationally state-selected rate constants for capture of
H,0, D,0, and HDO by ions. We divide our discussion into two
parts: first we derive accurate analytical expressions of the limit-
ing low-temperature capture rate constants for rotational quantum
numbers (j,7) of the asymmetric top up to j=2. After that we pro-
vide thermal rate constants for unselected molecules employing
extended SACM calculations with contributions from large ranges
of j (up to j=10), which have also been used for the calibration of
Ipeff in Section 2.

In order to derive low-temperature limiting rate constants,
we construct perturbed-rotor adiabatic channel potential curves
le,)rR,m(R) which converge to the energy levels Ej, of the free

asymmetric top. The \/jlffm(R) are composed of second-order

charge-permanent dipole (cd) terms Vj“:’ﬁ1 (R), first-order charge-

permanent quadrupole (cq) terms V].Cg'rln

(R), and charge-induced
dipole (cid) terms derdm(R), ie.,

VPR (R) = V42 (R)+ v (R)+ veid (R) (3.1)

Jj,t,m J,T,m J,T,m J,T,m

where R denotes the center-of-mass distance between the ion and
neutral species. In the following we concentrate on the contribution
from the first term for the case of a planar rotor which has only two
independent rotational constants, i.e., 1/C=1/A+1/B. Calculating
the charge-dipole interaction energy in second order for states with
j=0,1,and 2, we resort on analytical expressions for the energy lev-
els E; - and the eigenfunctions |j,,m>forj=0, 1, 2, and 3. The latter
are used for calculating the matrix elements <j,7,m|upgli’,7’,m’ > of
the component ppg of the dipole moment along the axes g of the
body-fixed frame of the principal moments of inertia. Again, for
the planar rotor, the dipole moment has only the non-vanishing
components upq and up p, see above.

0 50 100 150 200 250 300
1K
Fig. 2. Comparison of kcap(T)/k for capture of H,0 by ions from approximate repre-

sentations (full line: Eqs. (2.2)-(2.4), (2.5a) and (2.7a), dashed line: Eq. (2.7a), dotted
line: Eq. (2.9), with ppef/ptp = 1.07, see text).
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Table 1
Second-order coefficients Ag;; and Bgj; in Eq. (3.5) for rotational states (j,7)
JT
0,0 1,-1 1,0 1,1 2,-2 2,-1 2,0 21 2,2
H,0
Apjr X 102 -100/6 —6.59 -8.13 —4.03 0.746 0.806 —2.38 0.372 —1.08
Bpjr x 102 - -24.3 -14.5 26.9 —6.08 -1.96 3.52 0.359 1.68
D,0
Apjr X 102 -100/6 —6.71 7.58 -3.99 1.11 0.609 —2.38 0.074 —-4.72
Bpjz x 102 - -22.9 -14.4 25.6 —6.46 -1.91 4.15 0.348 1.72
HDO
Apjr x 10? —100/6 -6.93 5.96 -3.91 2.43 0.041 —2.38 -1.81 3.36
Bpjr x 102 - -20.7 -14.0 23.4 -7.07 -1.80 4.82 0.488 0.385
Agjr X 102 -100/6 9.95 —-5.45 —4.62 2.33 1.28 1.09 —-2.38 —2.28
Bgjr x 102 - -15.0 —74.2 76.7 -1.20 -3.70 2.04 —261.9 262.5

The second-order cd-term is quadratic in the quantum number
m and can be written as

2 42
yed2 gy — 5 HDg

= s 3.2
hem Beff.gR4 (3.2)
2 )

[Agjt(Kv 77) + szgjr(Kv 77)]

where g=a, b, and ¢ and k=(2B—-A-C)/(A-C) and n=(A-C)/
(A+C). Begrg stands for the rotational constants Begr =(A+C)/2 and
Befrq =(B+C)/2. Analytical results for the quantities Agj; and Bg;, for
Jj <2 are given in Appendix A.2. For a planar top, « and 7 can also
be expressed by a single parameter y =C/A such that Ag;; and Bgj;
with k=(y?+2y —1)/(1-y)? and n=(1-y)/(1+y) become func-
tions Agﬁ(y) and Bg,-,(y), see Appendix A.2.

Neglecting the generally small charge-quadrupole contribution
and assuming that the charge-induced dipole term is isotropic, the

Table 2

adiabatic channel potential curves take the form

2 eff
eff _ J,T,m
VJ',TJT!(R) - 2R4 (3.3)
with an “effective polarizability” affrf m Siven by
2uB lAgic(y) + m?Bgr(¥)]
off  _ pgllgt gt
o= E Bt (3.4)
g

Adding centrifugal energy I(I+1)#%/2 tR? and determining the
adiabatic channel maxima Ey(j,m,t,l) leads to “activated complex
partition functions” [3,8] and from that to thermal capture rate
constant in the perturbed-rotor limit. For T— 0, one obtains the

Capture rate constants keap/10~° cm® molecule~! s~ from numerical adiabatic channel calculations (the upper lines for H,O +N* are from the present work, the lower lines

from ref. [5], see text)

Reaction T (K) Therm jT
00 11 1,0 11 2,-2 21 2,0 2.1 22
Ho0+N* -0 14.77 14.77 16.49 6.13 2.44 1038 5.46 113 0. 078
142 142 155 6.2 2.46 96 52 227 2.56 1.59
2 1438 148 156 6.7 26 102 55 23 43 26
134 135 14.04 6.44 2.77 9.26 536 3.0 352 2.19
w 13.9 14.1 14.4 6.9 2.9 9.3 5.6 3.0 49 3.1
9.78 11.75 11.62 6.64 3.77 835 5.48 40 453 312
27 10.1 123 12.1 7.0 39 8.8 57 3.9 5.4 37
6.38 9.47 9.17 6.31 454 7.13 531 447 4.80 3.65
B8 6.6 9.7 9.4 6.6 47 7.4 55 44 53 40
428 727 7.03 552 457 5.85 482 436 450 373
[os 32 52 5.4 5.0 42 438 43 41 42 36
3.09 592 5.75 482 425 499 433 403 409 357
e 23 3.0 33 3.4 238 3.1 29 26 3.0 26
D,0+N* -0 19.53 1953 21.48 8.34 320 13.95 7.30 1.49 0. 5.42
5 17.93 18.01 18.79 8.84 3.61 12.34 7.01 337 261 494
10 15.13 1657 16.62 9.08 4.49 11.53 7.19 443 3.46 5.13
27 9.67 13.54 13.16 8.79 5.3 9.90 7.15 5.58 446 531
68 6.30 1033 9.98 772 6.14 8.10 658 5.76 482 5.20
163 4.10 7.63 7.41 629 553 6.40 5.62 5.21 455 473
300 2.80 6.10 5.95 5.29 484 533 4385 459 413 424
HOD +N* -0 17.20 17.20 15.85 13.75 285 1075 7.29 1.08 39.97 0.
5 15.87 15.86 16.21 9.45 293 9.42 535 1.63 1.69 0.04
10 14.17 14.63 14.49 9.13 3.63 8.96 559 255 228 028
27 9.47 12.08 11.80 8.47 5.17 8.14 5.88 416 330 135
68 6.17 9.36 9.10 7.30 5.61 7.07 5.69 4388 3.96 2.62
163 410 7.02 6.84 591 5.08 5.80 5.01 465 398 324
300 2.88 5.67 5.54 497 448 491 439 419 373 325
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m-degeneracy averaged values

j % ~ 1/2
LR oY O 3 2113, [Agic(y) + m?Bgir(y)] 53)
bt 2541 2 Bor s .
m=—j

4

which, for j=t=m=0 and Apgo=—1/6 include Eq. (2.5a) for H,O
and D, 0 (and Eq. (2.5b) for HDO).

We proceed to a numerical evaluation of the state-selected cap-
ture rate constants kPR(T — 0) from Eq. (3.5). We note that the
numerical results tabulated in ref. [12] perfectly agree with the
analytical expressions for the Agj, and Bgj, derived here and summa-
rized in Appendix A.2. Table 1 shows the corresponding numerical
values for H,0, D,0, and HDO up toj=2.

Extending the calculations beyond the low temperature limit
characterized by second-order perturbed-rotor behaviour can
either be done by classical trajectory calculations, such as described
for linear rotors in refs. [9,16], by interpolation between weak-
field and strong-field Stark effect expressions, such as described
for symmetric tops in refs. [3,15], or by numerical adiabatic channel
eigenvalue calculations through individual matrix diagonalizations
(see, e.g., refs. [5,6]). In the present work we have chosen the lat-
ter approach including channels up to j=10. Table 2 presents our
results. Thermal rate constants are given for capture of H,0, D, 0,
and HDO by N* such that a comparison with the previous data
from ref. [5] can be made. Rate constants for rotationally selected
(up to j=2) and rotationally unselected molecules are given. For
N*+H,0, the table also includes the values from ref. [5]. The tem-
peratures T— 0, 5, 10, 27, 68, 163, and 300K are chosen like in the
measurements of ref. [18] and in the calculations of ref. [5] (except
T— 0K). A number of observations are made such as described in
the following.

(i) Our results for kcap of unselected H,O agree well with the data
from ref. [5] up to 68 K. The small differences are at least in part
due to the slight differences in the used molecular parameters.
However, at 163 and even more at 300K, the data from ref. [5]
fall markedly below the present results. This is probably due
to the use of smaller numbers of channels in ref. [5]. The sym-
metric top calculations for N* + H,O from ref. [21] had a similar
problem, leading to markedly too small values of kcap(T) at
300K. One should also note that we have accounted for proper
nuclear spin-statistical weights in our work.

(ii) The values for kcap(T) of rotationally state-selected H,O up to
j=1 from ref. [5] are also in good agreement with the present
results up to 68 K, but at higher temperatures they fall below
our results for the same reasons as indicated in (i).

Table 3

Comparison of calculated and fitted capture rate constants for HyO +N* (kcap(T)/ke
(calc) from numerical adiabatic channel results of Section 3, kcap(T)/ky (fit) from Eqs.
(2.1)-(2.7), see text

T(K) Keap(T)/k. (calc) Keap(T)/k. (fiit)
-0 14.77 14.77
1 - 14.58
5 142 14.05
10 132 13.18
20 - 10.82
27 9.78 9.58
50 - 7.28
68 6.38 6.35
80 - 5.90
120 - 494
163 428 433
200 - 3.97
250 - 3.61

300 3.09 3.35

(iii) For j=2, there are larger disagreements between ref. [5] and
the present results even at low temperatures which must be
numerical artifacts.

(iv) The rotationally state-selected values of kcap(T) have quite
varying temperature dependences. For some channels, kcap(T)
increases with increasing temperatures before it decreases; for
other channels, it only decreases. The same phenomenon was
documented for ion-linear dipole capture in ref. [3] and can be
attributed to the partly repulsive, partly attractive character of
the adiabatic channel potential curves for the channels (j,z,m)
included in the averaging over m.

(v) One observes that kcap(T) approaches zero for T— 0K, when
(j,r)=(2,1) for H,0 and D0, but does not do that for HDO,
where zero is approached for (j,r)=(2,2) in contrast to H,O
and D, 0. This effect is due to differences in the complicated
pattern of dipole coupling between different rotational levels.
The behaviour then changes dramatically for T>0 because of
early pseudocrossings of channels.

(vi) One finally notes that the perturbed-rotor results character-
izing keap(T) at T— 0K only for j up to j=1 provide useful
estimates for kcap(T) and they do it only up to 10K. At larger
j and higher temperatures higher-order terms and repulsive
potentials result in increasingly strong deviations from kcap(T)
atT— 0K

In Table 2 we compare the analytical approximation from Egs.
(2.1)-(2.5) for kcap(T)/ky, with the present results and results from
ref. [5] for selected temperatures. One should note that the fit
parameter peff/(pp=1.07 of the approximation (also used in
Fig. 1) was based on the calculated points up to 68 K. Inspection of
the numerical results from Table 3 suggests that even the present
calculations up to j=10 may slightly underestimate the true values
for 300 K. This emphasizes even more the necessity to resort on the
analytical approximation of Egs. (2.1)-(2.5).

Table 2 includes data for capture of H,O, D,0O, and HDO
by N*. These results again are well reproduced by Egs.
(2.1)-(2.5). However, instead of (ip eff/ (p p = 1.07 for H,0, we obtain
Upeff/ Dy =1.06 for D0 and pp eff/ ptp = 1.04 for HDO. (In the latter
case, with the two components ppj,=0.675D and upp=1.730D,

we have used up = (1§, + 1} b)]/2 =1.857D.) The differences
between the fitted ratios MD,eff/l:LD appear to be within the uncer-
tainties of the fitting procedure and the numerical calculations. We
note that the agreement between the selected numerical points and
the representation by Eqs. (2.1)-(2.5) for D,0 and HDO is similarly
satisfactory as for H,O.

Fig. 3 illustrates kcap(T)/ky for rotationally state-selected H;O.
All channels up to j=2 are shown. One may also try to represent
these results in analytical form analogous to Egs. (2.1)-(2.5). A
comparison with the results for ion-linear dipole capture from ref.

Table 4

Comparison of experimental and calculated rate constants (in
109 cm® molecule~!s~'; a: experimental data from ref. [18], b: modelling by
Egs. (2.1)-(2.4), (2.5a) and (2.7a), c: numerical adiabatic channel calculations from
this work)

T (K) Note
27 68 163 300
He*+H,0 43 1.8 - 0.45 a
15 9.9 6.7 52 b
C"+H,0 12 5.2 - 2.5 a
10 6.7 4.5 3.5 b
N*+H,0 9.9 6.0 3.8 2.8 a
9.6 6.4 43 34 b
9.8 6.4 43 3.1 c
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Fig. 3. Rotationally state-selected rate constants keap(T) (in
109 cm® molecule~' s=') for capture of H,O by N* (symbols: adiabatic chan-
nel calculations from the present work; the lines are spline fits to guide the eyes;
J,7=0,0(0); 1,-1(4); 1,0 (®); 1,1 (O); 2,—2 (W); 2,—1 (4); 2,0 (v); 2,1 (O); 2,2 (K)).

[3] (see Fig. 10 of ref. [3]) shows that the transition from the low
temperature limit of kcap(T) to kcap o €xtends up to much higher
temperatures than for unselected molecules. Furthermore, Kcap0
in general cannot be taken from a perturbed-rotor treatment any-
more. Instead, one would have to extract kcap o from the numerical
results for low temperatures. We do not further proceed towards an
analytical representation. The lines in Fig. 3 instead are only drawn
to guide the eye.

4. Comparison of experimental data with calculated
capture rates

While there are no experimental results for the reactions of rota-
tionally state-selected H,O with ions, the UMIST data base includes
a large number of data for thermal rate constants. However, only
few of the reported studies extend down to temperatures where
one could hope to see a transition from the classical expression
(2.7) to the perturbed-rotor LTSC results of Eq. (2.5). Inspecting the
exceptional experiments by Marquette et al.[20], which go down to
27K, Fig. 1 shows that even at 27 K a substantial deviation from the
classical expression (2.7) is not yet observable. The experiments for
the reaction C* +H,O again gave nearly the same rate constants as
Eq. (2.7). On the other hand, the excellent agreement between the
experiments over the range 27-300K and Eq. (2.7) indicates that
the reactions N* +H,0 and C* + H,0 indeed are capture-controlled.
Experimental results for He* + H,O were markedly below the pre-
dictions from Eq. (2.7), see Table 4. Either the mechanism of the
latter reaction is not governed by capture-control or there have
been experimental problems.

In Table 5 we systematically compare experimental data for
300K, such as compiled in the UMIST 2006 data base [1], with the
capture calculations of the present work using Eq. (2.7a) with the
appropriate (peff = 1.07 p such as specified in Section 3. According
to our treatment, the capture rates are only functions of kcap,co /KL,
such that the various systems should differ only by the reduced
masses (4 in their respective values of k;. Differences between
experiment and theory in Table 5, therefore, should either indicate
experimental errors, particularly when the experimental value kexp
exceeds kcap(T), or point towards back-dissociation of the ion-water
complex such that kexp < kcap(T). One notices that about one half of
the 60 reactions included in Table 5 within experimental uncer-
tainties at T=300K have values of k/k; in the range 2-4.6. The

Table 5

Rate constants for reactions of H,O with ions at 300K (reactions from the UMIST
2006 data base [1]. k=experimental values in 10~2 cm? molecule~' s~ as compiled
in ref. [1]; k. =Langevin capture rate constants in 10~° cm?® molecule~!s~1; cap:+
stands for k/k; in the range 2.0-4.6, presuming capture control; cap: — stands for
k/k. <2.0; ¢; and ¢, in 109 cm® molecule~! s~! are the parameters of Eq. (4.1), see
text)

Ion k ki k[ky cap C ()

c* 2.70 1.050 2.57 + 0.65 2.87
C- 0.50 1.050 0.48 - 0.65 2.87
CH* 4.06 1.026 3.96 + 0.64 2.80
CH,* 1.20 1.004 1.20 - 0.62 2.74
CH5* 0.002 0.985 0.00 - 0.61 2.69
CH4* 2.60 0.968 2.69 + 0.60 2.65
CHs5* 3.70 0.953 3.88 + 0.59 2.60
H* 6.90 2.887 239 + 1.79 7.89
H- 3.8 2.887 1.32 - 1.79 7.89
Hy* 7.3 2.094 3.49 + 1.30 5.72
C* 0.88 0.879 1.00 - 0.54 2.40
C,H* 0.87 0.871 1.00 - 0.54 2.38
CoHy* 0.22 0.864 0.25 - 0.54 2.36
CoHs* 1.1 0.858 1.29 - 0.53 234
CoHs* 1.40 0.846 0.92 - 0.52 2.31
C,N* 0.315 0.807 0.39 - 0.50 221
CoNy* 24 0.771 3.11 + 0.48 2.11
CsH* 0.45 0.810 0.56 - 0.50 2.21
C;0* 0.5 0.771 0.65 - 0.48 2.11
C4N* 1.5 0.755 1.99 - 0.47 2.06
CoHg* 2.95 0.840 3.51 + 0.52 2.30
CN* 2.88 0.864 333 + 0.54 2.36
CNC* 1.63 0.807 2.02 + 0.50 221
co* 2.604 0.852 3.06 + 0.53 2.33
COx* 2.796 0.789 3.54 + 0.49 2.16
H,Cl* 2.00 0.809 247 + 0.50 221
H,CO* 2.60 0.840 3.09 + 0.52 2.30
H,S* 0.81 0.821 0.99 - 0.57 224
H;CO* 0.23 0.835 0.28 - 0.52 2.28
HCN* 3.60 0.858 4.20 + 0.53 2.34
HCO* 2.50 0.846 2.96 + 0.52 2.31
HCO,* 2.30 0.786 2.93 + 0.49 2.15
HCOOH,* 0.021 0.781 0.03 - 0.48 213
HN,* 2.60 0.846 3.07 + 0.52 2.31
HNO* 2.30 0.835 2.75 + 0.52 2.28
HNSi* 2.00 0.791 2.53 + 049 2.16
HOCS* 3.40 0.756 4.50 + 0.47 2.07
HPO* 0.34 0.779 0.44 - 0.48 2.13
HS* 0.78 0.826 0.94 - 0.51 2.26
HSis* 1.10 0.756 1.46 - 0.47 2.07
HSO,* 2.13 0.751 2.84 + 0.47 2.05
Ny* 2.80 0.852 3.29 + 0.53 233
N,O* 2.289 0.789 2.90 + 0.49 2.15
NCCNH* 0.51 0.769 0.66 - 0.48 2.10
O,H* 0.82 0.826 0.99 - 0.51 2.26
Pt 0.55 0.836 0.66 - 0.52 2.28
PH* 1.20 0.831 1.44 - 0.52 2.27
PHy* 0.49 0.826 0.59 - 0.51 2.26
Si* 0.23 0.851 0.27 - 0.53 233
SiCH3* 2.00 0.791 2.53 + 0.49 2.16
SiH* 0.80 0.845 0.95 - 0.52 2.31
SiHs* 2.00 0.830 241 + 0.51 2.27
SiHs5* 2.00 0.826 242 + 0.51 2.26
Hs* 5.90 1.753 3.37 + 1.09 4.79
He* 0.5505  1.558 0.35 - 0.97 4.26
N* 2.80 1.005 2.79 + 0.62 2.75
NH* 3.325 0.985 3.38 + 0.61 2.69
NH,* 3.005 0.968 3.10 + 0.60 2.65
NH;* 0.110 0.927 0.12 - 0.57 2.53
OH* 2.89 0.953 3.03 + 0.59 2.60

average of k/k; within this group is equal to 3.07 which is in very
good agreement with our calculated value of 3.09 for 300K given
in Table 2. We conclude that all these reactions (labelled by +in
Table 5) are capture-controlled. The deviations of their measure
k/k. at 300K from the value 3.09 most likely then corresponds to
experimental uncertainty. Their rate constants furthermore should
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have a temperature dependence given by Egs. (2.1)-(2.7a) or, sim-
plified, by Egs. (2.8)-(2.10). Following Eq. (2.7a), Table 5 includes the
parameters ¢ =0.62k; and ¢, = 0.4767ky pup efr/(2ck 300 K)1/2 with
ki =2mq(oe/10)1? to be used in the equation

T \-1/2
keap(T) = c1 + 2 (W) (4.1)

(An upper limit of kcap would be provided by 14.77k;, see Eq. (2.10)).
For all cases, Eq. (4.1) should apply well down to temperatures of
the order of 10K. The values for the parameters ¢; and ¢, given in
Table 5 are determined using the present calculations for capture-
controlled reaction and not relying on the experimental data. The
differences to the experimental data are easily realized when the
column k/k; of Table 5 is compared with the present predicted value
of 3.35 from Eq. (2.7a) with wp ef/ p = 1.07, or when the sum of the
columns c¢; and c¢; is compared with the column k.

We do not further discuss reactions with k<keap(T) in Table 5
for which the dynamics inside the collision-complex needs to be
considered (or experimental errors have to be traced). We mention
that reactions of D, O with a series of ions (as well as more reactions
of H,0) are included in Anicich’s compilation [22]. These data could
be analyzed in the same way as the reactions shown in Table 5.

5. Conclusions

The present work has analyzed the capture of asymmetric top
dipolar rotors by arbitrary ions in various ways. First, it has provided
rate constants for rotationally state-selected molecules (up toj=2)
in the perturbed-rotor low temperature limit (above about 0.1 Kand
not for ultralow temperatures in the mK range, see ref. [7]). Second,
for the capture of H,0, D,0, and HDO by arbitrary ions it has pro-
vided an approximate, analytical representation of the capture rate
constants over wide temperature ranges. The water system here
serves as an example for the treatment and other asymmetric top
systems should be represented in an analogous way. Since capture-
control provides an upper limit for rate constants of ion-molecule
reactions, experimental errors are probable when the experimen-
tal results exceed the calculated the capture rate constants. The
comparison of a large group of rate constants for reactions of H,O
with ions, such as listed in the UMIST 2006 data base, revealed that
about one half of these reactions appears to be capture-controlled.
The temperature dependence of kcap can be represented in the form
1 +¢2(T/300K)~1/2 over wide temperature ranges down to about
10K, and the parameters c; and ¢, can be predicted approximately
by the relationships

a\1/2
1 ~ 0.62k = 0.62 x an(ﬁ) (5.1)
Apoo = —%2
Apie v p 1 1
PIEL = 102 £ 1)’ PIE1 = 2002+ 1) ~ 8y’
Abm:,_w Bbm:_,JrH—”"-
6 15(4-3n2 +4nk)’ 6  15(4 — 312 4 4nk)’
KT /3 +K2

and

o~ 0.4767 x 2mrquD

(5.2)
21k 300K)'/?

The replacement of wp by the more appropriate pup e requires fairly
involved calculations such as performed in the present work which,
however, needs to be done only once for each asymmetric top. For
H,0 one has pupefr~ 1.07 wp, for D0 one has pp e~ 1.06 wp, and
for HDO one has pupefr~ 1.06 up. The differences are within the
uncertainty of the fits and calculations. If the calculations of ptp eff
were not made, the assumption ppeff ~ (p would have presented
a good starting point for the prediction of capture rates.

Finally we emphasize that the approach outlined in the present
work for capture of asymmetric top molecules, of course, also
applies to the simpler cases of capture of symmetric top and linear
dipole molecules. In that case, the required numerical calculations
for fixing pp off can resort to the analytical (approximate) adiabatic
eigenvalue representations of ref, [3].
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Appendix A
A.1. Molecular parameters used in the calculations

Values for H,0, D,0, and HDO, respectively:

Alhcecm~1=27.30, 15.17, and 23.07; B/hccm~! =14.65, 7.327, and
9.151;

C/hcecm~1=9.536, 4.940, and 6.552; y =0.3493, 0.3257, 0.2840;
@/10~24 cm3 = 1.45, 145, and 1.45; up /D =1.857, 1.857, and 1.730;
p.a/D=0, 0, and 0.675.

A.2. Perturbed-rotor second-order expansion coefficients

The adiabatic channel eigenvalues V].C,‘i,‘i(R) for asymmetric tops
interacting with ions can be obtained by matrix diagonalization. In
perturbed-rotor second-order expansion they can be expressed by
Eq. (3.2) with the coefficients Apj;(«,n) and By («,n) in analytical
form given by

Apir =F
154/3 + k22 + 1k + /3 + «2)}

K++/34+k2 KT \/3+k2

N 6k F21+/3 + &2 +21{33 + 7k F 2k1/3 + K2}
2100/3 + k23 — 42 F20\/3 +42)

Al
6k F214/3 + &2 +2n(33 + 7k? F 2k/3 + K2} (A1)

Bposo =F + ¥
]36r7\/3 +K2(K:1L V3+K2) 601/3+K2(2 + nik £ /3 + 12)) 18901/3 + k2(3 — 4n2 F 2\/3 + «2)
K
Ab20=—57 BbZOZﬁ_mv
Ao = 1 _ 2{6 7 n(3 ¥ 8«)}
bE1 T 102+ n)  105(3 + 4k — 2n2(1 F k)
1 1 2{6 7 n(3 7 8«)}

Bppsy = + -
21 =516 ~ 40(2 £ 1) | 945(3 + Ak — 2n2(1 F k)}
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The corresponding coefficients Agj;(«,17) and Bgj («,n) can be cov-
ered by the substitutions

B — A; g=b—->g=a
jht=1,-1-j,t=1,0 j,t=2,1-j,7=2,0
j,t=1,0—-j,7=1,-1 j,1=2,0—>j,7=2,1
3—k (1 +«)
1+« 77H2—77(1—/<)

(A2)

For planar asymmetric tops, the two parameters « and 7
can be expressed through a single parameter y=C/A (where
1/C=1/A+1/B) such that Ay;;(«,n7) and Bpj.(«,n) with

2 —
K:Lyzl and n
(1-v)

become new functions Z\bj,(y) and Eajf(y). Similarly, the substitu-
tion

I-y

=3 ey (A3)

_ 2
= 2 4;/2 +y
into Agjr(k,n) and Bgj;(k,n7) leads to the new functions Aajr(y) and

Bgjz(y) to be used in Eq. (3.2).

and n= (A4)

v
1-2y
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