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Abstract

Measured reaction rate constants of ionic clusters often exceed the collision rate calculated with the widely used Average Dipole Orientatiol
(ADO) theory. Accurate trajectory calculations, however, are in most cases not possible since detailed information on the cluster geometry an
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
charge. The attraction between the point charge and the neutral molecule is described with the interaction potential from ADO theory. For the
Hard Sphere Average dipole orientation (HSA) collision rate, the charge is located in the center of the cluster, while in the Surface Charge
Capture (SCC) model, the charge is drawn to the cluster surface by the attractive interaction with the neutral collision partner. Both models
lead to significantly increased collision rate constants, in comparison with Langevin or ADO capture rates and purely geometric hard-sphere
collisions. For weakly polarizable clusters like fBl),~, the newly derived HSA rate constants lie close to experimentally measured rate
constants. For the reactions of metal clusters with CO, the SCC model is in surprisingly good agreement with experiment. Although both
models are far from being exact theories, they seem valuable for the interpretation of gas phase reactivity experiments of ionic clusters.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In ion mobility experiments, on the other hand, a hard-

sphere collision model is commonly employd-12]. The
In gas phase ion chemistry, the collision rate between the effect of the long-range potential has been considered in

ion and a neutral reactant forms the upper theoretical limit for some casefd 3,14], and it was concluded for fullerenes with

the reaction rate constant. This rate is frequently calculated20—60 carbon atoms that the effect on the calculated mobil-

with the help of average dipole orientation (ADO) theory ity was smaller than 10% at room temperat[i8]. Recent

as developed by Su and Bowdfs2], which includes the  work on the mobility of mixed AgAun* clusters by Kappes

Langevin rates for the capture of a non-polar neutral molecule and co-worker$l5] showed that perfect agreement between

by an ion[3]. ADO theory is based on the classical trajec- experimental and theoretical cross sections can be reached

tory of a linear dipole in the field of a point charge, which if the charge-induced dipole interaction between the cluster

is the standard approach for the theoretical investigation of and the buffer gas atom is modelled with an accurate charge

capture processg4—7]. The effect of the ion size on the rate  distribution in a classical trajectory model.

constant was considered for protonated alkanes uphs G The shortcomings of ADO theory have been overcome by

and found to be insignificai8]. a number of theoretically rigorous approaches like classical
trajectory calculations and adiabatic channel capture models
[16—23] The current work goes into a different direction,

* Corresponding author. Tel.: +49 89 289 13417; fax: +49 89 289 13416. S€€king a generally applicable way of estimating collision
E-mail addressbeyer@ch.tum.de (M.K. Beyer). rates in ion—molecule reactions of ionic clusters. It was
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motivated by the measurement of rate constants, which
exceeded the theoretical ADO rate by up to a factor of four “gi
[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 cjgl6,27]. 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 ir
the refined theories mentioned above. A detailed trajectory ™
calculation, however, as employed in the refined ion mobility
measurement§l3-15] 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- *§{o. X\ N
ner are treated as hard spheres, and the charge is treated as RSN
point charge. The attraction between the point charge and the N
neutral molecule is described with the interaction potential N
from ADO theory. Although ADO theory has been shown to ()
ha\-/e some shortcomings, as outlined above, the assumptio.n's:ig. 1. Three types of collisions of a neutral molecule with a spherical clus-
WhI.Ch have to be ma.lde for the geomet_ry and charge d_lsm' ter. (a) The cluster is also neutral. The trajectory of the molecule is linear, a
bution of the cluster introduce an error into the calculations ¢gjjision occurs if the impact parameteis smaller tharbg. (b) The clus-
which is much larger than the one introduced by using ADO ter is charged and smaller than the sphere defined by the classical capture
theory. radius from ADO theoryb. is the maximum impact parameter for which the

The twio madels diferin the location ofthe charge. Inthe Tiecie Seatuns Seolepnosuis (o T o o
Hard Sphe_re A\_/erage dipole orientation (HSA) model, the molecu?e is not capturped, but still deflect)éd by thcie3 attractive inte;action. A
charge is fixed in the center of the spherical cluster. In the yjision occurs if the closest approach occurs at a distance smallesghan
Surface Charge Capture (SCC) model, the charge is drawnTthe maximum impact parametey corresponds to the trajectory where the
to the cluster surface by the attractive interaction with the closest approach equdl.
neutral collision partner. At the point of closest approach, the
charge is in closest possible proximity to the neutral collision
partner. Both models are compared with previously published
experimental results on metal cluster and water cluster reac-
tion rate constants.

e s

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,bg > 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 parametggv) and the critical veloc-
ity ve at which the cross section calculation changes from
ADO theory to the HSD cross sectiofysp = nbg.

As outlined in detail before by Su and Bowddg, the
interaction of the neutral molecule and the charged clus-
ter is described with an effective potentidls(r), which
accounts for the conservation of angular momentum in the
system:

2. Theoretical models

2.1. Hard Sphere Average dipole orientation (HSA)
theory

Fig. lillustrates three different types of collisions between
a neutral molecule and an idealized spherical cluster. If the
cluster is neutralfig. 1a, the molecule collides if the impact
parameter is smaller thayy, which defines the hard-sphere
cross sectiony = b3,

If the radius of a charged cluster is smaller than the ADO
capture radiusFig. 1b, the collision cross section can be
described by ADO theory. If the radius of a charged cluster,
however, is larger than the ADO capture radibgy. 1c, a Veii(r) =
neutral molecule may be deflected sufficiently to collide with

. R Y
2r2 327'[2857'4 dregr?
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Here,u is the reduced mass of the molecule and the clus-
ter, v their relative velocityb the impact parameter, the

distance between the center of the cluster and the center of

the moleculeg the cluster charge, arng the vacuum permit-
tivity. The neutral molecule is described by its polarizability
a, its dipole momenup and the dipole locking constant
introduced by Su and Bowef8].

According to Langevini3], the capture radius; is given
by the two condition8Ves/ar = 0 andE; = Veg;, with the total
kinetic energyE; in the system:

1
Er = EMUZ (2)
IWVert(r) uv?b?  ag? cuDg
T 0=——3 2,25 ' 2 3 ®3)
r rg 8 £gre TTEQNE
2;2 2
uvbg aq cupg 1 5
V = E = _ —_ = -
ef(rc) ' 2r2 3212 Egré Amegre 2 MY
4)
Equationg3) and(4) yield the capture radius:
2
oq
re=0l—%5——5 S
¢ 1626502 ®)

The critical velocityu, for the transition from the ADO to
the HSD collision regime is reachedrif=by:

ag?

— 6
16m265ub} ©

Ve =

Forv < v, the collision rate is calculated with ADO theory
q CUD

[1,8]:
280, /10 ﬂv)

In the HSD collision regimey > v¢, we have to calculate
bg for which the minimum distance between the molecule
and the cluster on the trajectory amountbgpwhich allows
a hard-sphere collision. In an attractive potential, the relation
betweerby andby is given aq28]:

kapo(v) = (7)

<J&+

b V(bg)

bg_ E;

(8)

We use agaiv(r) as derived in ADO theorj,8] to cal-
culateby as a function ob andbg from (2), (8) and(9):

2
oq cupq
Vi) = — - 9
" 327'[28%}’4 Arregr? ®)
be(r) = 2+ —20° cHbg (10)
d g 16m2e5uv2b]  2meouv?
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This translates into the hard-sphere deflection cross sec-
tion oysp(v) and rate constamiysp(v):

2
| cUDg
Hsp(v) d g 1672102 | 2e0i02 (11)
krsp(v) = onsp(v)v = 7ubg + ag? cKpq
¢} 1&{8%,bﬂ)bg 2‘90,[‘“-)
(12)

Equation(11) shows that the geometric cross secti
is enlarged by the deflection of the particle towards the
charged cluster. The total collision rakgsa is obtained
by convoluting the ADO and HSD rate constants with the
Maxwell distributionf(v):

kHSAZ/ CkADof(v) dv+/ knsp f(v) dv (13)
0 Ve
3/2 2
o K A
f(v) =4nv <2JTkBT> exp( 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
move freely within the geometric boundaries of the cluster.
In this case, the approaching neutral molecule will draw the
charge to the cluster surface. The collision rate is in this case
estimated as illustrated iRig. 2 The charge is fixed to the
point on the surface where the neutral molecule has its closest
approach to the cluster. If the neutral molecule is captured by
the charge, it will inevitably collide with the cluster surface.
The impact parametdascc then amounts to:

bscd(v) = reluster+ be(v) (15)
with
bety) = Y2A200) (16)

Numeric convolution of the cross section with the Maxwell
distribution again yields the SCC collision rddgcc
o
ksco= /0 b3 ed)uf (v) dv (7)
Obviously, this treatment is not exact, since deflections
similar to the HSA case which do not result in capture may
still lead to a collision, and the charge is not localized in the
center of mass of the cluster. Another simplification is that the
charge moves across the cluster surface during the approach
of the neutral collision partner, and thus the interaction is
slightly underestimated. Both effects, if treated correctly,
would lead to some increase of the calculated collision rate.
However, given the overall crudeness of the approach, the
SCC rate is meant to allow a semigquantitative interpretation
of the measured reaction rates.
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Fig. 3. Collision (HO),~ + CO,. Upper panelHard sphere ADO ratieysa
(dot-dashed line), Surface Charge Capture kgtec (solid line), classi-
cal ADO collision ratekapo (dotted line), and geometric collision ratg
(dashed line). Starting aroumd= 5, kysa deviates significantly frorkapo,
and fromn=10 runs almost parallel t,. With increasing sizeknsa con-
verges slowly againddy. At n=100,kysa is still 5% larger tharky. ksccis

Fig. 2. Derivation of the Surface Charge Capture (SCC) rate. The interaction consistently abouttwice as highlagsa. Lower panelFraction of molecules
with the approaching neutral molecule shifts the charge to the surface of with v < v¢, whose coIIlsm_)n rate is calculated with classical ADO capture
the cluster. For the calculation it is assumed that the charge is fixed in the theory. Even ata cluster sizesrof 30, 5% of the molecules are so slow that

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 ragjyser and the
capture impact parametby.

3. Examples

The principal difficulty in the application of these models
is areasonable estimate tgy, 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 X,* has the same densityas the bulk material. The
radius of the clusterqster can then be calculated from its
massnmy, wheremy denotes the mass of the monomer:

3nmy

I'cluster = 4mp (18)

The radius of the neutral moleculggleculecan be derived
from the viscosityy of the gag28]:

1 4 257lmolecule’<B T

= — 19

"molecule 3 7'”72 (19)
This yields the desired valu:

bg = rcluster+ Tmolecule (20)

The geometric cross sectiog = nbs can also be used to

calculate the rate constalf of a purely geometric collision
as displayed irfrig. la:

g

o o0
kg = / oguf(v)dv = nbé/ vf (v) dv = b2 Bka T
0 0 T

(21)

their capture radius is larger than the cluster.

This approach was used to calculate the HSA collision
rateskysa and SCC collision ratekscc for singly charged
water clusters with Cg 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 ratekapo and the purely geomet-
ric collision rateky shown for comparison (Source code and
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Fig. 4. Collision P§* + CO.Upper panelHard sphere ADO ratigisa (dot-
dashed line), Surface Charge Capture kate: (solid line), classical ADO
collision ratekapo (dotted line), and geometric collision rd¢g(dashed line).
Starting arounch=5, kysa deviates significantly fronkapo, and almost
immediately runs parallel tky. With increasing sizekysa converges very
slowly againstky. At n=100, kysa is still 12.5% larger tharky. kscc is
consistently about twice as highlaga. Lower panelFraction of molecules
with v < ve, whose collision rate is calculated with classical ADO capture
theory. Only above a cluster sizesrof 50, fewer than 5% of the molecules
are slow enough that their capture radius is larger than the cluster. This

reflects the strong interaction of the polar CO molecule with the charged
cluster.
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50.0 aroundn =50, an efficiency®apo = kapdkapo = 3004 75%
To was estimate¢R5]:
°g 40.0
2 200 (H20),~ +COz > COx(H20), -~ +mH0 (19)
° 20.0 1 With the calculated HSA rate, this is reduced to
E ®Pysa =Kapdknsa =160+ 40%, and the SCC rate yields
2 10.0 ®Ppsa = kapdkHsa =744 18%. Not surprisingly, none of the
= T two new rates yields perfect agreement with the experiment.
© (;g {7 However, comparison of the HSA and SCC rate together with
3 5o 1 the experimental result yields valuable insight: Itis consistent
o\f 25 L 3 with a charge distribution that is somewhat off-center or near
0 210 20 50 40 60 66 73 80 80 o0 the surface, but Iocallzeql and not freely f_Ioatlng in the_: wate_r
cluster size n cluster, and the assumption that the reaction occurs with colli-
sion frequency seems justified. It is suggested that for weakly
Fig. 5. Collision P{* +He.Upper panelHard sphere ADO ratkusa (dot- polarizable clusters, the HSA and SCC rates provide lower

dashed line), Surface Charge Capture kate- (solid line), classical ADO and upper limits to the collision rate, respectively.
collision ratekapo (dotted line), and geometric collision rakg (dashed

line). Already forn=2, kysa deviates significantly frorkapo, and almost . The ;ltuatlon IS dlﬁgrent in metal clusters. _F_Or Strong!y
immediately runs parallel toy. With increasing sizeésa convergesrapidly ~ INtéracting reactants like CO, the_ HSA collision rate is
againskg. At n=100,kysa is only 1.3% larger thaky. ksccis consistently only 3% larger than the ADO collision rate for the;Pt
abouttwice as high disa. Lower panelFraction of molecules with < v, cluster. The most efficient reaction observed ofi* Rtas

whose collision rate is calculated with classical ADO capture theory. Already  tha burning of CO on 902+ with an ADO efficiency of
. — 0, L
above a cluster sizes of=10, fewer than 5% of the molecules are slow ®ApO = kabgkapo = 370 93%[24]:

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. PtyO2" +CO — PO +CO, (20)

The SCC rate, however, yields a reaction efficiency of
executable of a small program for the calculation of HSA and 180+ 45%, which is in better agreement with experiment.
SCC rate constants are available online @applementary ~ The disagreement can be rationalized by the non-spherical
datg, together with screenshots of the program which show geometry of the cluster, or by a too conservative estimate of
the parameters used to genereigs. 3-5). the cluster radius. The assumption of the SCC model that

Although there are marked differences between the threethe neutral molecule modifies the charge distribution of the
examples, they have in common that already at a cluster sizecluster and draws the charge to the surface seems eminently
of n=10, kapo is 5-60% smaller thakysa. The error is ~ reasonable.
most pronounced for the weakly interacting He, for which ~ Figs. 6 and 7show a more detailed comparison of pre-
the purely geometric collision dominated, which is the reason Viously published experimentally measured reaction rates of
why He is used in ion mobility studies. For typical reactants cobalt and rhodium clusters with CO with the newly esti-
in ion—molecule studies, ADO theory yields systematically
too low collision rates for clusters. 20.0

A purely geometric collision cross section, however, devi-
ates significantly from the HSA collision rate. For typical
reactants in ion-molecule studies, neitkgho norky come
close to the value dfysa in a size region oh=5-20. Even
for He the deflection in the vicinity of the cluster is non-
negligible, and fom=10 kysa is 10% larger tharkg. 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
bothkpsa andk critically depend on the mass and radius of 0.0 Liatelonl.,
the cluster.

The SCC rate illustrates the tremendous impact polariza-
tion and/or an asymmetric charge distribution can have on Fig. 6. Reaction Cg" + CO. Hard sphere ADO raigsa (dot-dashed line),
the collision rate. In all three examples, the SCC rate is about Surface Charge Capture ratgcc (solid line), classical ADO collision rate

twice as high as the HSA rate, even for the seemingly weakly kspo (dotted ine), geometric coliision rakg (dashed line), measured abso-
interactina helium atom lute rate constants for Go (filled circles) and Cg~ (filled squares). For all

in 9 ) . . . . cluster sizes examineltscc provides an upper limit to the experimental
The comparison with experiment is encouraging. FOor rate, while the other models are insufficient to explain the high rate con-

the reaction of hydrated electrons with €@ith clusters stants. Experimental data are taken from j24).
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30.0 T . T T T T T ] cluster. We suggest that for reactions that occur with colli-
e o ] sion rate, the size-dependent reactivity which is commonly
250 1 IR ] observed for metal clusters reflects the size-dependence of
o 20.0 ] the permanent dipole moment and the polarizability of the
E clusters.
e 158.0
e
< 10.0
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Fig. 7. Reaction Rk + CO. Hard sphere ADO ratg;sa (dot-dashed line),
Surface Charge Capture rdégcc (solid line), classical ADO collision rate

kapo (dotted line), geometric collision rakg (dashed line), measured abso- Appendix A. Supplementary data
lute rate constants for Rh (filled circles) and Rh~ (filled squares). In this

case, the measured rate constants lie up to 50% higher thagdbesti- . . . .
mate, which suggests that a significantly asymmetric charge distribution is Supplementary data associated with this article can

present, possibly induced by the CO reactant. Experimental data are takenbe found, in the online version, afoi:10.1016/j.ijms.
from ref.[29]. 2005.03.012

mated collision ratef29]. 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- [1] T. Su, M.T. Bowers, J. Chem. Phys. 58 (1973) 3027.
nificant extent. For rhodium, even the SCC rate is not capable [} 1. su, M.T. Bowers, J. Am. Chem. Soc. 95 (1973) 1370.
of reproducing the highest measured rate constant, yielding [3] P. Langevin, Ann. Chim. Phys. 5 (1905) 245.
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