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Abstract

Measured reaction rate constants of ionic clusters often exceed the collision rate calculated with the widely used Average Dipole Orientation
(ADO) theory. Accurate trajectory calculations, however, are in most cases not possible since detailed information on the cluster geometry and
the interaction potential with the neutral is not readily available. Two simple and universally applicable models to estimate these collision rates
are presented here. In both models, the cluster and the neutral reaction partner are treated as hard spheres, and the charge is treated as a point
charge. The attraction between the point charge and the neutral molecule is described with the interaction potential from ADO theory. For the
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ard Sphere Average dipole orientation (HSA) collision rate, the charge is located in the center of the cluster, while in the Surfa
apture (SCC) model, the charge is drawn to the cluster surface by the attractive interaction with the neutral collision partner. Bo

ead to significantly increased collision rate constants, in comparison with Langevin or ADO capture rates and purely geometric h
ollisions. For weakly polarizable clusters like (H2O)n−, the newly derived HSA rate constants lie close to experimentally measure
onstants. For the reactions of metal clusters with CO, the SCC model is in surprisingly good agreement with experiment. Alth
odels are far from being exact theories, they seem valuable for the interpretation of gas phase reactivity experiments of ionic cl
2005 Elsevier B.V. All rights reserved.
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. Introduction

In gas phase ion chemistry, the collision rate between the
on and a neutral reactant forms the upper theoretical limit for
he reaction rate constant. This rate is frequently calculated
ith the help of average dipole orientation (ADO) theory
s developed by Su and Bowers[1,2], which includes the
angevin rates for the capture of a non-polar neutral molecule
y an ion[3]. ADO theory is based on the classical trajec-

ory of a linear dipole in the field of a point charge, which
s the standard approach for the theoretical investigation of
apture processes[4–7]. The effect of the ion size on the rate
onstant was considered for protonated alkanes up to C4H9

+,
nd found to be insignificant[8].
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In ion mobility experiments, on the other hand, a h
sphere collision model is commonly employed[9–12]. The
effect of the long-range potential has been considere
some cases[13,14], and it was concluded for fullerenes w
20–60 carbon atoms that the effect on the calculated m
ity was smaller than 10% at room temperature[13]. Recen
work on the mobility of mixed AgmAun+ clusters by Kappe
and co-workers[15] showed that perfect agreement betw
experimental and theoretical cross sections can be re
if the charge-induced dipole interaction between the clu
and the buffer gas atom is modelled with an accurate ch
distribution in a classical trajectory model.

The shortcomings of ADO theory have been overcom
a number of theoretically rigorous approaches like clas
trajectory calculations and adiabatic channel capture m
[16–23]. The current work goes into a different directi
seeking a generally applicable way of estimating colli
rates in ion–molecule reactions of ionic clusters. It
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motivated by the measurement of rate constants, which
exceeded the theoretical ADO rate by up to a factor of four
[24,25]. An error of 25% is in general accepted for the
absolute measured rate constant in ICR experiments, which
is almost entirely due to the uncertainty of the pressure
measurement inside the ICR cell[26,27]. The large deviation
in the cluster studies indicates that the application of ADO
theory is no longer justified for larger clusters, but clearly
for other reasons than the ones treated and overcome in
the refined theories mentioned above. A detailed trajectory
calculation, however, as employed in the refined ion mobility
measurements[13–15], is in general not possible in the
reactivity studies. The cluster geometries and exact charge
distribution are in most cases unknown, and the interaction
of the cluster ion with the reaction gas is much more
complicated than with the helium buffer gas in ion mobility
studies.

Here, we present two modified versions of classical cap-
ture theory, which account for the finite size of the cluster.
In both approaches, the cluster and the neutral reaction part-
ner are treated as hard spheres, and the charge is treated as a
point charge. The attraction between the point charge and the
neutral molecule is described with the interaction potential
from ADO theory. Although ADO theory has been shown to
have some shortcomings, as outlined above, the assumptions
which have to be made for the geometry and charge distri-
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Fig. 1. Three types of collisions of a neutral molecule with a spherical clus-
ter. (a) The cluster is also neutral. The trajectory of the molecule is linear, a
collision occurs if the impact parameterb is smaller thanbg. (b) The clus-
ter is charged and smaller than the sphere defined by the classical capture
radius from ADO theory.bc is the maximum impact parameter for which the
molecule is captured. A collision occurs ifb≤bc. (c) The cluster is charged
and larger than the sphere described by the capture radius. Ifb>bc, the
molecule is not captured, but still deflected by the attractive interaction. A
collision occurs if the closest approach occurs at a distance smaller thanbg.
The maximum impact parameterbd corresponds to the trajectory where the
closest approach equalsbg.

the cluster, without being captured. We call this a hard-sphere
deflection (HSD) collision. In this case, the maximum impact
parameter is larger than the geometric impact parameter from
Fig. 1a,bd >bg.

The capture radius is velocity dependent, therefore there
is a contribution of ADO capture and HSD collisions for
any cluster of finite size. The contribution of ADO capture,
however, will be larger for lower temperatures and smaller
clusters. In order to calculate the total collision rate, we have
to calculate the impact parameterbd(v) and the critical veloc-
ity vc at which the cross section calculation changes from
ADO theory to the HSD cross sectionσHSD = πb2

d.
As outlined in detail before by Su and Bowers[1], the

interaction of the neutral molecule and the charged clus-
ter is described with an effective potentialVeff(r), which
accounts for the conservation of angular momentum in the
system:

Veff(r) = µv2b2

2r2
− αq2

32π2ε2
0r

4
− cµDq

4πε0r2
(1)
ution of the cluster introduce an error into the calculat
hich is much larger than the one introduced by using A

heory.
The two models differ in the location of the charge. In

ard Sphere Average dipole orientation (HSA) model,
harge is fixed in the center of the spherical cluster. In
urface Charge Capture (SCC) model, the charge is d

o the cluster surface by the attractive interaction with
eutral collision partner. At the point of closest approach
harge is in closest possible proximity to the neutral colli
artner. Both models are compared with previously publi
xperimental results on metal cluster and water cluster
ion rate constants.

. Theoretical models

.1. Hard Sphere Average dipole orientation (HSA)
heory

Fig. 1illustrates three different types of collisions betw
neutral molecule and an idealized spherical cluster. I

luster is neutral,Fig. 1a, the molecule collides if the impa
arameter is smaller thanbg, which defines the hard-sphe
ross sectionσg = πb2

g.
If the radius of a charged cluster is smaller than the A

apture radius,Fig. 1b, the collision cross section can
escribed by ADO theory. If the radius of a charged clu
owever, is larger than the ADO capture radius,Fig. 1c, a
eutral molecule may be deflected sufficiently to collide w
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Here,µ is the reduced mass of the molecule and the clus-
ter, v their relative velocity,b the impact parameter,r the
distance between the center of the cluster and the center of
the molecule,q the cluster charge, andε0 the vacuum permit-
tivity. The neutral molecule is described by its polarizability
α, its dipole momentµD and the dipole locking constantc
introduced by Su and Bowers[8].

According to Langevin[3], the capture radiusrc is given
by the two conditions∂Veff/∂r = 0 andEr =Veff, with the total
kinetic energyEr in the system:

Er = 1

2
µv2 (2)

∂Veff(r)

∂r
= 0 = −µv2b2

c

r3
c

+ αq2

8π2ε2
0r

5
c

+ cµDq

2πε0r3
c

(3)

Veff(rc) = Er = µv2b2
c

2r2
c

− αq2

32π2ε2
0r

4
c

− cµDq

4πε0r2
c

= 1

2
µv2

(4)

Equations(3) and(4) yield the capture radiusrc:

rc = 4

√
αq2

16π2ε2
0µv2

c

(5)
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This translates into the hard-sphere deflection cross sec-
tion σHSD(v) and rate constantkHSD(v):

σHSD(v) = πb2
d = πb2

g + αq2

16πε2
0µv2b2

g

+ cµDq

2ε0µv2
(11)

kHSD(v) = σHSD(v)v = πvb2
g + αq2

16πε2
0µvb2

g

+ cµDq

2ε0µv

(12)

Equation(11)shows that the geometric cross sectionπb2
g

is enlarged by the deflection of the particle towards the
charged cluster. The total collision ratekHSA is obtained
by convoluting the ADO and HSD rate constants with the
Maxwell distributionf(v):

kHSA =
∫ vc

0
kADOf (v) dv +

∫ ∞

vc

kHSDf (v) dv (13)

f (v) = 4πv2
(

µ

2πkBT

)3/2

exp

(
− µv2

2kBT

)
(14)

Equation(13)has to be integrated numerically.

2.2. Surface Charge Capture (SCC) theory

In an ideally conducting cluster, the point charge may
m ster.
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The critical velocityvc for the transition from the ADO t
he HSD collision regime is reached ifrc =bg:

c =
√

αq2

16π2ε2
0µb4

g

(6)

or v ≤ vc, the collision rate is calculated with ADO theo
1,8]:

ADO(v) = q

2ε0
√

µ

(√
α + cµD√

µv

)
(7)

In the HSD collision regime,v > vc, we have to calcula
d for which the minimum distance between the molec
nd the cluster on the trajectory amounts tobg, which allows
hard-sphere collision. In an attractive potential, the rela
etweenbd andbg is given as[28]:

− b2
d

b2
g

= V (bg)

Er
(8)

We use againV(r) as derived in ADO theory[1,8] to cal-
ulatebd as a function ofv andbg from (2), (8) and(9):

(r) = − αq2

32π2ε2
0r

4
− cµDq

4πε0r2
(9)

d(v) =
√

b2
g + αq2

16π2ε2
0µv2b2

g

+ cµDq

2πε0µv2
(10)
ove freely within the geometric boundaries of the clu
n this case, the approaching neutral molecule will draw
harge to the cluster surface. The collision rate is in this
stimated as illustrated inFig. 2. The charge is fixed to th
oint on the surface where the neutral molecule has its cl
pproach to the cluster. If the neutral molecule is capture

he charge, it will inevitably collide with the cluster surfa
he impact parameterbSCC then amounts to:

SCC(v) = rcluster+ bc(v) (15)

ith

c(v) =
√

kADO(v)

πv
(16)

umeric convolution of the cross section with the Maxw
istribution again yields the SCC collision ratekSCC:

SCC =
∫ ∞

0
πb2

SCC(v)vf (v) dv (17)

Obviously, this treatment is not exact, since deflect
imilar to the HSA case which do not result in capture
till lead to a collision, and the charge is not localized in
enter of mass of the cluster. Another simplification is tha
harge moves across the cluster surface during the app
f the neutral collision partner, and thus the interactio
lightly underestimated. Both effects, if treated corre
ould lead to some increase of the calculated collision
owever, given the overall crudeness of the approach
CC rate is meant to allow a semiquantitative interpreta
f the measured reaction rates.
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Fig. 2. Derivation of the Surface Charge Capture (SCC) rate. The interaction
with the approaching neutral molecule shifts the charge to the surface of
the cluster. For the calculation it is assumed that the charge is fixed in the
position indicated in the figure. If the neutral collision partner is captured by
the surface charge, it will collide with the cluster. The maximum collision
impact parameter is given as the sum of the cluster radiusrcluster and the
capture impact parameterbc.

3. Examples

The principal difficulty in the application of these models
is a reasonable estimate forbg, i.e., the size of the cluster and
the neutral collision partner. Ideally, this estimate is generally
applicable. We assume that the spherical cluster of compo-
sition Xn

± has the same densityρ as the bulk material. The
radius of the clusterrcluster can then be calculated from its
massnmX, wheremX denotes the mass of the monomer:

rcluster= 3

√
3nmX

4πρ
(18)

The radius of the neutral moleculermoleculecan be derived
from the viscosityη of the gas[28]:

rmolecule= 1

8
4

√
25mmoleculekBT

πη2
(19)

This yields the desired valuebg:

bg = rcluster+ rmolecule (20)

The geometric cross sectionσg = πb2
g can also be used to

calculate the rate constantkg of a purely geometric collision
as displayed inFig. 1a:

k

Fig. 3. Collision (H2O)n− + CO2.Upper panel: Hard sphere ADO ratekHSA

(dot-dashed line), Surface Charge Capture ratekSCC (solid line), classi-
cal ADO collision ratekADO (dotted line), and geometric collision ratekg

(dashed line). Starting aroundn= 5,kHSA deviates significantly fromkADO,
and fromn= 10 runs almost parallel tokg. With increasing size,kHSA con-
verges slowly againstkg. At n= 100,kHSA is still 5% larger thankg. kSCC is
consistently about twice as high askHSA.Lower panel: Fraction of molecules
with v ≤ vc, whose collision rate is calculated with classical ADO capture
theory. Even at a cluster sizes ofn= 30, 5% of the molecules are so slow that
their capture radius is larger than the cluster.

This approach was used to calculate the HSA collision
rateskHSA and SCC collision rateskSCC for singly charged
water clusters with CO2, as well as for singly charged plat-
inum clusters with CO and He, in the cluster size region
n= 1–100 at room temperature. The results are displayed in
Figs. 3–5, with the ADO ratekADO and the purely geomet-
ric collision ratekg shown for comparison (Source code and

Fig. 4. Collision Ptn± + CO.Upper panel: Hard sphere ADO ratekHSA (dot-
dashed line), Surface Charge Capture ratekSCC (solid line), classical ADO
collision ratekADO (dotted line), and geometric collision ratekg (dashed line).
Starting aroundn= 5, kHSA deviates significantly fromkADO, and almost
i y
s
c s
w ture
t es
a . This
r rged
c

g =
∫ ∞

0
σgvf (v) dv = πb2

g

∫ ∞

0
vf (v) dv = πb2

g

√
8kBT

πµ
(21)
mmediately runs parallel tokg. With increasing size,kHSA converges ver
lowly againstkg. At n= 100,kHSA is still 12.5% larger thankg. kSCC is
onsistently about twice as high askHSA.Lower panel: Fraction of molecule
ith v ≤ vc, whose collision rate is calculated with classical ADO cap

heory. Only above a cluster sizes ofn= 50, fewer than 5% of the molecul
re slow enough that their capture radius is larger than the cluster
eflects the strong interaction of the polar CO molecule with the cha
luster.
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Fig. 5. Collision Ptn± + He.Upper panel: Hard sphere ADO ratekHSA (dot-
dashed line), Surface Charge Capture ratekSCC (solid line), classical ADO
collision ratekADO (dotted line), and geometric collision ratekg (dashed
line). Already forn= 2, kHSA deviates significantly fromkADO, and almost
immediately runs parallel tokg. With increasing size,kHSA converges rapidly
againstkg. At n= 100,kHSA is only 1.3% larger thankg. kSCC is consistently
about twice as high askHSA.Lower panel: Fraction of molecules withv ≤ vc,
whose collision rate is calculated with classical ADO capture theory. Already
above a cluster sizes ofn= 10, fewer than 5% of the molecules are slow
enough that their capture radius is larger than the cluster. This reflects the
weak interaction of the non-polar and only weakly polarizable He atom with
the charged cluster.

executable of a small program for the calculation of HSA and
SCC rate constants are available online (seeSupplementary
data), together with screenshots of the program which show
the parameters used to generateFigs. 3–5.).

Although there are marked differences between the three
examples, they have in common that already at a cluster size
of n= 10, kADO is 5–60% smaller thankHSA. The error is
most pronounced for the weakly interacting He, for which
the purely geometric collision dominated, which is the reason
why He is used in ion mobility studies. For typical reactants
in ion–molecule studies, ADO theory yields systematically
too low collision rates for clusters.

A purely geometric collision cross section, however, devi-
ates significantly from the HSA collision rate. For typical
reactants in ion-molecule studies, neitherkADO norkg come
close to the value ofkHSA in a size region ofn= 5–20. Even
for He the deflection in the vicinity of the cluster is non-
negligible, and forn= 10 kHSA is 10% larger thankg. This
clearly illustrates that the effect of the long-range potential
on the collision cross section can be significant for quite siz-
able clusters. A general rule, however, cannot be given, since
bothkHSA andkg critically depend on the mass and radius of
the cluster.

The SCC rate illustrates the tremendous impact polariza-
tion and/or an asymmetric charge distribution can have on
the collision rate. In all three examples, the SCC rate is about
t akly
i

For
t

aroundn= 50, an efficiencyΦADO =kabs/kADO = 300± 75%
was estimated[25]:

(H2O)n
− + CO2 → CO2(H2O)n−m

− + mH2O (19)

With the calculated HSA rate, this is reduced to
ΦHSA =kabs/kHSA = 160± 40%, and the SCC rate yields
ΦHSA =kabs/kHSA = 74± 18%. Not surprisingly, none of the
two new rates yields perfect agreement with the experiment.
However, comparison of the HSA and SCC rate together with
the experimental result yields valuable insight: It is consistent
with a charge distribution that is somewhat off-center or near
the surface, but localized and not freely floating in the water
cluster, and the assumption that the reaction occurs with colli-
sion frequency seems justified. It is suggested that for weakly
polarizable clusters, the HSA and SCC rates provide lower
and upper limits to the collision rate, respectively.

The situation is different in metal clusters. For strongly
interacting reactants like CO, the HSA collision rate is
only 3% larger than the ADO collision rate for the Pt7

+

cluster. The most efficient reaction observed on Pt7
+ was

the burning of CO on Pt7O2
+, with an ADO efficiency of

ΦADO =kabs/kADO = 370± 93%[24]:

Pt7O2
+ + CO → Pt7O+ + CO2 (20)

The SCC rate, however, yields a reaction efficiency of
1 ent.
T erical
g te of
t that
t f the
c nently
r

re-
v es of
c sti-

F ),
S te
k so-
l ll
c tal
r con-
s

wice as high as the HSA rate, even for the seemingly we
nteracting helium atom.

The comparison with experiment is encouraging.
he reaction of hydrated electrons with CO2 with clusters
80± 45%, which is in better agreement with experim
he disagreement can be rationalized by the non-sph
eometry of the cluster, or by a too conservative estima

he cluster radius. The assumption of the SCC model
he neutral molecule modifies the charge distribution o
luster and draws the charge to the surface seems emi
easonable.

Figs. 6 and 7show a more detailed comparison of p
iously published experimentally measured reaction rat
obalt and rhodium clusters with CO with the newly e

ig. 6. Reaction Con± + CO. Hard sphere ADO ratekHSA (dot-dashed line
urface Charge Capture ratekSCC (solid line), classical ADO collision ra

ADO (dotted line), geometric collision ratekg (dashed line), measured ab
ute rate constants for Con+ (filled circles) and Con− (filled squares). For a
luster sizes examined,kSCC provides an upper limit to the experimen
ate, while the other models are insufficient to explain the high rate
tants. Experimental data are taken from ref.[29].
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Fig. 7. Reaction Rhn± + CO. Hard sphere ADO ratekHSA (dot-dashed line),
Surface Charge Capture ratekSCC (solid line), classical ADO collision rate
kADO (dotted line), geometric collision ratekg (dashed line), measured abso-
lute rate constants for Rhn

+ (filled circles) and Rhn− (filled squares). In this
case, the measured rate constants lie up to 50% higher than thekSCC esti-
mate, which suggests that a significantly asymmetric charge distribution is
present, possibly induced by the CO reactant. Experimental data are taken
from ref. [29].

mated collision rates[29]. For cobalt clusters, the SCC rate
provides a firm upper limit to the measured reaction rates,
indicating that charge delocalization is taking place to a sig-
nificant extent. For rhodium, even the SCC rate is not capable
of reproducing the highest measured rate constant, yielding
a collision efficiency of 150% for CO attachment by Rh27

+.
Still, the differences between cobalt and rhodium can be ratio-
nalized with the higher polarizability of the latter, which is
reflected in a higher gas phase reactivity of its ionic clusters
towards CO attachment. In addition, the pronounced sensi-
tivity of the collision rate towards the interaction potential
suggests that the size-dependent reactivity may very well
reflect the size-dependence of the polarizability and perma-
nent dipole moment of the clusters. Recent studies on the
electric properties of neutral niobium clusters[30] show that
both polarizability and dipole moment show a pronounced
size dependence.

4. Conclusion

Average dipole orientation theory can be modified to
account for the finite size of ionic clusters in the calcula-
tion of collision rate constants. Even at moderate cluster
sizes, the correction of ADO theory is significant. For weakly
p −
r ea-
s etal
c dels
i onic
c col-
l size.
T into
t nic

cluster. We suggest that for reactions that occur with colli-
sion rate, the size-dependent reactivity which is commonly
observed for metal clusters reflects the size-dependence of
the permanent dipole moment and the polarizability of the
clusters.
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Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, atdoi:10.1016/j.ijms.
2005.03.012.
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