
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 21 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Reviews in Physical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713724383

Reactions of mass-selected cluster ions in a thermal bath gas
A. A. Viggiano; Susan T. Arnold; Robert A. Morris

Online publication date: 26 November 2010

To cite this Article Viggiano, A. A. , Arnold, Susan T. and Morris, Robert A.(1998) 'Reactions of mass-selected cluster ions
in a thermal bath gas', International Reviews in Physical Chemistry, 17: 2, 147 — 184
To link to this Article: DOI: 10.1080/014423598230126
URL: http://dx.doi.org/10.1080/014423598230126

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713724383
http://dx.doi.org/10.1080/014423598230126
http://www.informaworld.com/terms-and-conditions-of-access.pdf


I n t e r n a t i o n a l R e v i e w s i n P h y s i c a l C h e m i s t r y , 1998, V o l . 17, N o . 2, 147± 184

Reactions of mass-selected cluster ions in a thermal bath gas

by A. A. VIGGIANO, SUSAN T. ARNOLD and ROBERT A. M ORRIS

Air Force Research Laboratory, Space Vehicles Directorate, Battlespace

Environment Division (VSBP), 29 Randolph Road, Hanscom Air Force Base,

M A 01731-3010, USA

Technological developments of fast-¯ ow tubes that led to major advances in the

study of cluster ion reactions are reviewed, including the coupling of high-pressure

cluster ion sources to ¯ owing-afterglow and selected-ion ¯ ow tube (SIFT)
instruments. Several areas of cluster ion chemistry that have been studied recently

in our laboratory, using a SIFT instrument with a supersonic expansion ion source,

are reviewed. Firstly the thermal destruction of cluster ions is highlighted by a
discussion of the competition between electron detachment and thermal dis-

sociation in hydrated electron clusters (H
#
O) Õn . Rates and activation energies for the

thermal destruction (dissociation plus detachment) of these clusters are discussed.
The reactivity of hydrated electron clusters with several neutral electron scavengers

is also reviewed. Secondly cluster ion chemistry related to trace neutral detection of

atmospheric species using chemical ionization mass spectrometry is discussed.
Recent rate measurements needed for chemical ionization detection of SO

#
and

H
#
SO

%
using CO Õ

$
(H

#
O)n ions are reviewed. Thirdly the eŒects of solvation on

nucleophilic displacement (S
N
2) reactions are highlighted by the reactions of

CH
$
Br with OH Õ (H

#
O)n , Cl Õ (H

#
O)n and F Õ (H

#
O)n . Our measurements show that

rates of S
N
2 reactions decrease with increasing hydration, and the reactions

preferentially lead to unhydrated products, corroborating previous experimental
and theoretical studies. The cluster studies also demonstrate that, in the absence of

a fast S
N
2 reaction channel, other mechanisms such as association and ligand

switching can become important. In the reaction of Cl Õ (H
#
O)n with CH

$
Br, a

reaction where ligand switching plays an important role, the interesting thermal

dissociation of Cl Õ (CH
$
Br) product ions is discussed. Finally, the use of cluster

reactivity studies to resolve issues about the detailed nature of solvation, that is
whether the core ion is internally or externally solvated, is discussed. Size-

dependent rate constants for the reactions of X Õ (H
#
O)n (X = F, Cl, Br or I) with

Cl
#

and the reactions of OH Õ (H
#
O)n with CO

#
and with HBr were used to

determine the closing of initial solvation shells.

1. Introduction

Cluster ion chemistry has grown into a large and varied ® eld encompassing many

disciplines. A comprehensive overview of the ® eld has been provided by Castleman

and Bowen [1]. The study of cluster ion reaction kinetics essentially began with the

development of ¯ owing-afterglow instruments. Graul and Squires [2] provide a review

of ¯ ow tube technology up to 1988. M any advances have been made since that time,

allowing new aspects of cluster ion chemistry to be examined in detail. This review

focuses, in particular, on the study of mass-selected cluster ion reactions in a thermal

bath gas. The discussion focuses on several areas of cluster chemistry that have been

studied recently in our laboratory, including

(1) hydrated electron cluster reactivity and thermal dissociation processes,

(2) cluster chemistry related to trace neutral detection of atmospheric species using

chemical ionization mass spectrometry,

0144± 235X } 98 $12.00 ’ 1998 Taylor & Francis Ltd

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
0
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



148 A . A . Viggiano et al.

(3) solvation eŒects on nucleophilic substitution reactions and

(4) size-dependent cluster kinetics as a probe of cluster structure.

In order to put the present measurements in perspective, the remainder of the

introduction is devoted to a history of cluster studies in fast-¯ ow apparatuses,

outlining the technological developments which led to major advances in the ® eld of

cluster chemistry.

Development of the ¯ owing-afterglow technique was a major advance in the

ability to study ion ± molecule reactions of all types including association reactions and

reactions of cluster ions. The ® rst such instrument employed for the study of

ion ± molecule reactions was that of the National Oceanic and Atmospheric Ad-

ministration (NOAA) group in Boulder [3]. The basic ¯ owing-afterglow instrument

consists of a ¯ ow tube (typically 7± 8 cm in diameter and 1 m in length), an upstream

ion source, a downstream quadrupole mass spectrometer and reagent inlets. Reactant

ions are created in the upstream end of the ¯ ow tube and carried downstream by the

buŒer where they encounter neutral reactant molecules. Reactant ions and the

resulting product ions are then sampled by the mass spectrometer. A key advantage of

the ¯ owing-afterglow instrument over other systems was that it had a well controlled

reaction zone in which the formation process for the reactant ion was complete before

reactant neutrals were introduced. This allowed for ® rstly knowledge of the reactant

ion state, secondly a constant-temperature bath with no applied electric ® elds and

thirdly the ability to vary the pressure at a known temperature. A review of the NOAA

design has been provided by Ferguson et al. [4].

The ® rst studies of ion clustering using a ¯ owing-afterglow instrument were made

by Ferguson and co-workers [5, 6]. These pioneering papers included reactions of

metal ions associating with O
#
, for example

M g+ 1 O
#
1 Ar ! MgO+

#
1 Ar, (1)

as well as the observation of saturation eŒects in three-body association reactions. A

year later this same group dramatically expanded the number of association reactions

and reactions involving clusters that had been studied at the time with most of the

eŒort going into understanding the ion chemistry of the upper atmosphere. The studies

involved not only new systems but also the ability to vary the temperature and pressure

as well as to examine reactions of negative ions [7 ± 10]. While at present this all may

seem routine, at the time these were major advances. One study of special importance

was the deduction of a reaction scheme to explain the observation of proton hydrates

as the dominant ions in the mesosphere [10, 11]. The ® rst important discovery to

explain the mesospheric proton hydrates was the observation that O+
#
(H

#
O) reacts

with H
#
O to produce H

$
O+ core ions :

O+
#
(H

#
O) 1 H

#
O ! H

$
O+ 1 OH 1 O

#

! H
$
O+(OH) 1 O

#
. (2)

Reaction (2) and the simultaneous discovery of a similar reaction involving

NO+(H
#
O)n conversion to proton hydrates [12] showed that cluster ion chemistry

could be not only interesting but an important natural phenomenon as well.

In the next few years, a number of groups studied many reactions involving clusters

using a ¯ owing-afterglow apparatus. Notable among these was the work done by
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Reactions of mass-selected cluster ions in thermal bath gas 149

Kaufmann and co-workers [13± 15] on reactions pertaining to the rate of formation of

proton hydrates in the upper atmosphere. Another important set of studies was

performed by Bohme and co-workers on the eŒects of solvation on nucleophilic

displacement reactions and other reactions. M uch of this work has been summarized

in a review article [16]. During the 1970s the number of ¯ owing-afterglow instruments

in the world increased, and a list of all the reactions measured by this technique up to

1977 has been given in a compilation by Albritton [17].

A major advance in the ability to study the chemistry of ion ± molecule reactions in

¯ ow tubes was made by Adams and Smith [18] with the introduction of the selected-

ion ¯ ow tube (SIFT) apparatus in the mid-1970s. In this technique, the ion source is

separated from the ¯ ow tube, and only one ion is mass selected and injected into the

¯ ow tube at a time. This makes measurements of kinetics very simple since only three

primary species exist in the ¯ ow tube :

(1) an inert buŒer in concentrations of about 10 " ’ molecules cm Õ $ ,

(2) a reactant neutral with concentrations in the range 10 " ! ± 10 " % molecules cm Õ $

and

(3) an ionic species at a concentration of approximately 1± 10 & molecules cm Õ $ .

For cluster ions, one must worry about ligand detachment upon injection which

causes more than one ion to be present in the ¯ ow tube, but the situation is still rather

simple. This situation allows product ions to be easily distinguished unless they

happen to have the same mass as the primary ion. Thus, both rate constants and

product branching ratios can be measured readily. The external ion source not only

makes the kinetics simple but also allows for ions that otherwise could not be studied

in the presence of the precursor gas, for example CH+
#
. A review of many of the early

studies of association reactions and reactions involving clusters performed in SIFTs

has been given by Adams and Smith [19].

A few examples of these early studies are given here. Key reactions in the

conversion of O+
#

and NO+ to proton hydrates in the upper atmosphere that could not

be studied easily in the ¯ owing afterglow were of the type

NO+ 1 N
#
1 M ! NO+(N

#
) 1 M , (3)

followed by

NO+(N
#
) 1 CO

#
! NO+(CO

#
) 1 N

#
, (4)

followed by

NO+(CO
#
) 1 H

#
O ! NO+(H

#
O) 1 CO

#
. (5)

W hile reaction (2) and its NO+ equivalent helped to explain the presence of proton

hydrates in the mesosphere, they could not explain the rapidity of the reaction

sequence due to the slow clustering of H
#
O to O+

#
and NO+ and the small ambient H

#
O

concentration. Although the N
#

rate constant for association to ions is small, the large

abundance of N
#

makes the overall rate rapid. The ligand switching reactions are fast,

resulting in a considerable increase in the formation rate of NO+(H
#
O) compared with

the direct clustering. However, the bond strength of the NO+(N
#
) cluster is quite weak

and therefore di� cult to study. While several attempts were made to study this

reaction in other apparatuses, accurate rate constants were determined only with the

advent of the SIFT and the use of a scavenger gas such as H
#
O to make the

measurements [20]. In this technique an amount of H
#
O is added such that no direct

clustering takes place, but a fast ligand switching to the more stable NO+(H
#
O) occurs.
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150 A . A . Viggiano et al.

Other early SIFT studies involved association of hydrocarbon ions to a variety of

neutrals [21]. These studies were aimed at understanding the chemistry of interstellar

clouds. Examples include the reactions of CH+
$

with a large number of neutrals

including CO, O
#
, N

#
and CO

#
, for example

CH +
$
1 CO 1 HE ! CH+

$
(CO) 1 He. (6)

Association reactions such as this are related to radiative association reactions for

which the rates could be deduced from the three-body rates [22]. M any of these studies

have been reviewed thoroughly elsewhere [23, 24]. An important aspect of these

studies involved measuring the temperature dependences and comparing them with

theory. For small systems it was found that the temperature dependence was

approximately T Õ
n
, where n represents the number of rotational degrees of freedom in

the reactants [25, 26]. For larger systems, vibrations must also be taken into account

[27].

The early SIFT instrument allowed many aspects of reactivity to be studied, but

the study of reactions of cluster ions with large numbers of ligands was not possible,

at least partially because clusters with many ligands could not be made in conventional

ion sources. As a way around this limitation, Fahey et al. [28] designed a high-pressure

ion source inside a ¯ owing-afterglow instrument. This was the ® rst modi® cation of a

¯ owing afterglow made explicitly to study cluster ions. It consisted of an ion source

region separated from the main ¯ ow tube by a membrane. Ionization took place in the

high-pressure region (tens of torr) by electron impact. This allowed clustering to take

place at high pressures and generally kept the concentration of the source of the

clustering agent at su� ciently small levels in the ¯ ow tube so as not to aŒect reactivity

severely. Key to the success of this technique was the ability to cool the ¯ ow tube. The

NOAA group primarily performed two sets of experiments with this source, namely

the reactions of O Õ
#
(H

#
O)n with a number of atmospheric neutrals [28] and the

reactions of proton hydrates with N
#
O

&
[29].

Although this technique saw limited use in its original laboratory, it has since been

developed further. W e used this technique in our laboratory for the ® rst time in 1987

[30]. In that study we examined how neutral reactions proceeded when one of the

neutrals was clustered to an alkali core ion, building on previous work done in the

NOAA laboratory in a conventional ¯ owing afterglow [31]. As an example, we found

that the reaction

Li+(NO
#
) 1 CO ! Li+(CO

#
) 1 NO (7)

is 30 orders of magnitude faster than the equivalent neutral reaction, that is

NO
#
1 CO ! CO

#
1 NO. Other neutral reactions that are accelerated by clustering to

alkali ions are the reactions of HBr with O, H
#
S with O, N

#
O with O, N

#
O

&
with NO,

and O
$

with NO.

One key limitation to the study of large cluster ions with the high-pressure source

in a ¯ owing afterglow is the fact that many neutrals freeze at the temperatures where

cluster ions become thermally stable. In order to circumvent this problem, our

laboratory improved on the basic NOAA design by adding a heated inlet [32]. This

allowed for relatively large clusters, up to 11 H
#
O ligands, to be studied with a variety

of polar neutrals that otherwise would have frozen in the inlet, for example CH
$
OH,

CH
$
CN, CH

$
COCH

$
and C

$
H

&
N. Indeed the lowest temperature that could be used

was determined by the freezing of the reactant neutral in the inlet. W e also used this
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Reactions of mass-selected cluster ions in thermal bath gas 151

design to study the reactions of H+(NH
$
)n (H

#
O)

m
(n 1 m % 5) with pyridine and

picoline [33]. These reactions are all important in the ion chemistry of the stratosphere

and } or troposphere [34], and for the ® rst time relevant rate constants for all clusters

important to atmospheric chemistry were measured. However, this design could only

occasionally give detailed information on the product neutrals. Generally the family

of the product ions could be identi® ed and possibly the main product, but information

on the cluster distribution in the products could not be derived accurately.

The full potential of this design has been exploited by Yang and Castleman [35, 36].

They re® ned the basic technique described above and were able to study clusters with

up to 59 H
#
O ligands. The main improvements that led to this success were

improvements in the design of the heated inlet and the use of a mass spectrometer with

a much larger mass range. Castleman’ s group [37] has produced OH Õ , O Õ , O Õ
#
, H

$
O+,

HO Õ
#
, O Õ

$
, NO Õ

#
and NO Õ

$
core ions clustered to large numbers of water ligands.

The fast-¯ ow high-pressure ion source technique has produced some very useful

results on the kinetics of large cluster ions, but the information on product ions was

limited in nature. For that reason, several years ago we added a supersonic expansion

ion source to our variable-temperature SIFT instrument. This technique has proven to

be a substantial improvement in studying both the rate constants and the products of

larger cluster ions. With it we are able to produce ions heretofore unavailable for study

in a thermal energy buŒer gas, most notably hydrated electrons, and the technique

allowed us to examine reaction products in considerable detail. In this paper, we

review all the results taken to date with this source, emphasizing those results which

could not have been determined using any of the past designs.

2. Experimental details

The measurements were made using a variable-temperature SIFT shown in ® gure

1. SIFT instruments have been the subject of numerous reviews [2, 19, 23], and

therefore only the parts of the apparatus necessary for the study of mass-selected

cluster ions will be discussed in detail. The most important modi® cation necessary to

study large mass-selected cluster ions in a SIFT was to replace the standard electron

impact ion source with a diŒerentially pumped source chamber housing a supersonic

expansion ion source. The second important modi® cation is the use of a heated inlet

for low-temperature studies of reactant species of low vapour pressure. The use of low

temperatures is important since many weakly bonded cluster ions dissociate readily at

warmer temperatures. (Note that `warmer ’ in this case can mean greater than 120 K.)

The supersonic expansion ion source employed here is similar in design to those

used by Haberland et al. [38] and by Bowen and co-workers [39] which are capable of

producing intense beams of large cluster ions. A high-pressure gas is expanded

through a pinhole aperture into high vacuum. Typically, the stagnation chamber,

which can be heated or cooled, contains a source gas or mixture at several atmospheres

which is expanded through a 25 l m ori® ce. A biased hot ® lament (ThO
#
} Ir) placed

just downstream of the ori ® ce ionizes the expanding jet. The bias voltage ranges from

10 V to a few hundred volts. The clusters are produced either from the primary

electrons or from secondary electrons produced by collisions between primary

electrons and the expansion gas. The secondary electrons have a lower energy and are

presumably the prime agents of electron attachment for species such as hydrated

electrons. An axial magnetic ® eld is used to con ® ne the electrons and to increase ion

intensities. A neutral gas inlet in the expansion region allows additional gases to be
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152 A . A . Viggiano et al.

Figure 1. A schematic diagram of the modi® ed SIFT apparatus [42]. The previous electron
impact ion source has been replaced with a diŒerentially pumped source chamber housing

a supersonic expansion ion source. Cluster ions produced in the source region are

sampled by a blunt skimmer and passed into the upstream quadrupole mass ® lter.

entrained in the expansion to allow conversion to the ion of choice. For this reason,

we refer to this inlet as the entrainment inlet. This will be described in more detail later

in this section.

Cluster ions produced in the source region are sampled by a blunt skimmer

generally biased at a few volts with respect to the stagnation chamber. The ions are

then focused by a set of ion lenses into a quadrupole mass ® lter. The mass-selected ions

are then injected into the ¯ ow tube via a Venturi inlet and transported by a fast ¯ ow

(about 7 3 10 $ cm s Õ " ) of buŒer gas. Either helium or hydrogen are used as the buŒer

gas. Helium is the standard buŒer gas in a SIFT ; however, hydrogen is often utilized

in our laboratory to minimize break-up of the weakly bonded cluster ions upon

injection into the ¯ ow tube. The reason for this is straightforward ; for a given injection

energy in the laboratory frame, the ion-buŒer centre-of-mass energy is a factor of

approximately two smaller for the lighter hydrogen buŒer. The diŒerence between the

helium and hydrogen buŒers can be dramatic, and for many weakly bonded clusters

it can be the diŒerence between being able to detect the ion downstream and not. The

bulk of the gas in this fast-¯ ow apparatus is pumped by a Roots-type pump. Typically,

the pressure is 0.1± 0.2 Torr for a hydrogen buŒer and 0.3± 0.5 Torr for a helium buŒer.

The diŒerence has to do with the diŒering diŒusion losses in the two buŒers. The buŒer

gas can be puri® ed by passing it through a molecular sieve trap cooled by liquid

nitrogen. This was particularly important for studies involving hydrated electrons

which react with small amounts of O
#

and CO
#

in the buŒer. The residence time of the

ions in the ¯ ow tube was 3± 20 ms as measured by time-of-¯ ight techniques.

The ¯ ow tube is terminated by a blunt sampling cone. The primary ions and the

product ions are sampled through a 0.2 mm ori® ce in a ¯ at plate mounted on the blunt

sampling cone (see ® gure 1) and mass analysed in a second quadrupole mass

spectrometer. The ¯ at plate is electrically isolated, allowing the total ion current to be

monitored. This provides important data, especially when thermal electron de-

tachment experiments are performed. In order to minimize the break-up of clusters
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Reactions of mass-selected cluster ions in thermal bath gas 153

during sampling, we apply only about 2.5 V bias on the sampling ori® ce and less than

25 V bias on the next electrode. Based on our analysis of the kinetics data, these

settings allowed the clusters to be sampled with less than 5 % break-up [40]. This small

amount of dissociation does not aŒect our ability to determine rate constants ;

however, it may have a small eŒect on the branching ratio determinations for minor

products, although within our stated uncertainty.

The entire ¯ ow tube, from injector to sampling cone, can be heated or cooled. The

stainless steel ¯ ow tube is surrounded by a copper heat exchanger in which cooling

coils and heating elements are embedded. Cooling is accomplished by pulsing liquid

nitrogen into the cooling coils, and heating is performed resistively. The copper heat

sink distributes the heat uniformly as monitored by six resistance temperature

detectors (RTDs).

Within the ¯ ow tube, there are a number of neutral gas inlets. Just downstream of

the Venturi inlet, there is an inlet occasionally used for changing the identity of the

primary ion or for adding a scavenger gas. Further downstream are two inlets used for

introducing neutral reagents into the ¯ ow tube. By monitoring the ion signals as the

¯ ow of the reactant neutral is varied, rate constants and branching ratios can be

derived using either inlet. The rate constant k is determined from

k =
1

s [B]
ln 0 A

‰

!
A ‰1 , (8)

where s is the reaction time, [B] is the reactant neutral concentration, A ‰

!
is the reactant

ion signal with no neutral in the ¯ ow tube and A ‰ is the reactant ion signal at the

neutral concentration [B]. The reaction time is measured by applying a pulsed

retarding potential at two positions in the reaction zone. The neutral concentrations

are measured by monitoring the temperature and pressure in the ¯ ow tube and the ¯ ow

rates of the buŒer and reactant gases.

Uncertainty in the absolute rate constants is estimated as 25 %, and the uncertainty

in the relative rate constants is 15 % [41]. Product branching fractions were calculated

without a mass discrimination correction ; the correction is minimized by taking data

under low-resolution conditions. The branching fractions are accurate to 5± 10

percentage units as determined by reactant and product ion balance.

For studying neutral reactants with high vapour pressures, the inlets are simple

` ® nger inlets ’ , "
)

inch stainless steel tubing which enters the ¯ ow tube perpendicular to

the buŒer ¯ ow and terminates at the radial centre of the ¯ ow tube with an elbow

directing the added gas in the upstream direction. In order to study low-vapour-

pressure neutral reactants, the inlet must be heated. Normally this is accomplished as

follows: a thin "
)

inch stainless steel inlet line is silver soldered to a thicker "
%

inch tube,

and an electrical current is passed between the two tubes. This primarily heats the thin

inlet while leaving the outer tube at approximately the same temperature as the buŒer

gas ; therefore, little warming of the buŒer gas occurs. For studying sulphuric acid

reactions, a more elaborate heated inlet was required. A "
%

inch glass tube was blown

such that a small bulbed section, stuŒed with glass wool and about 1 ml of H
#
SO

%
,

resided just inside the inlet ¯ ange of the ¯ ow tube. The glass was wrapped with

insulated Nichrome wire in two zones, one around the bulb containing H
#
SO

%
and one

on the straight piece of glass tubing downstream from the bulb. A RTD monitored the

temperature in each of the two zones. To avoid signi® cantly heating the buŒer gas, the

inlet was wrapped with thermal insulation. The insulation was then covered with
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154 A . A . Viggiano et al.

Figure 2. The distribution of hydrated electron clusters which are stable in the SIFT at 100 K

are clusters in the size regime n & 13 [42]. At these temperatures, the source is also capable
of producing clusters larger than our mass spectrometer can detect, that is greater than

700 amu.

stainless steel foil, so that no electrically insulating surface was exposed to the ions.

(Insulating surfaces charge in the unipolar environment of a selected ion ¯ ow tube and

cause disruption of the ion signal.) Typically, both zones of the inlet were maintained

at about 373 K, and a helium carrier gas was used to carry H
#
SO

%
vapour into the ¯ ow

tube. Absolute concentrations of H
#
SO

%
could not be determined ; only relative rate

constants could be measured by varying the helium carrier gas.

To date we have studied mainly negative ions containing H
#
O ligands. In every

case, the expansion consisted of a H
#
O± Ar mixture. In such an expansion the primary

negative ions are hydrated electrons (H
#
O) Õn and OH Õ (H

#
O)n ions. The former are

produced from attachment of low-energy secondary electrons to (H
#
O)n clusters and

the latter by high-energy electrons. Using this technique, we can make essentially any

size cluster. Figure 2 shows a distribution of hydrated electrons formed this way. The

mass spectrum is taken with the dc component oŒin the upstream quadrupole and the

¯ ow tube at 100 K. In this spectrum, one can see all clusters from n = 15 to the upper

end of the mass range of the downstream mass spectrometer. The spectrum begins at

n = 15 for reasons that will be explained in the results section.

The (H
#
O) Õn and OH Õ (H

#
O)n primary ions are the precursor ions for producing

other clusters. To form halide ± water clusters, a reagent gas was added to the

entrainment inlet. The following gases were used : NF
$

for F Õ (H
#
O)n , CH

$
Cl or

CF
#
Cl

#
for Cl Õ (H

#
O)n , CH

$
Br for Br Õ (H

#
O)n , and CF

$
I for I Õ (H

#
O)n . Addition of

these gases resulted in almost pure beams (greater than 90 %) of the series of interest.

NO Õ
$
(H

#
O)n and NO Õ

$
(HNO

$
)n ions were made by adding HNO

$
to the entrainment

inlet. CO Õ
$
(H

#
O)n ions were the only species that we found could not be produced by

this method. Addition of CO
#

to the entrainment inlet resulted in HCO Õ
$
(H

#
O)n ions

from OH Õ (H
#
O)n , and CO Õ

#
(H

#
O)n ions from (H

#
O) Õn . To make CO Õ

$
(H

#
O)n we added

N
#
O to the entrainment inlet, which resulted in OH Õ (H

#
O)n and O Õ (H

#
O)n ions. These
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Reactions of mass-selected cluster ions in thermal bath gas 155

were injected into the ¯ ow tube and CO
#

was added in the upstream inlet, producing

CO Õ
$
(H

#
O)n and HCO Õ

$
(H

#
O)n ions. The resolution in the upstream quadrupole was

not high enough to separate the two ion series and still to have reasonable signal

intensities.

We have just begun working with cation clusters. An expansion of Ar± H
#
O

produces H+(H
#
O)n ions in the absence of contamination. After cleaning the ion

source, we have found CH
$
OH and CH

$
COCH

$
incorporated into the clusters, and

the ease with which the contaminants have been incorporated leads us to believe that

many series of cation clusters can be made.

While the goal is to work with one ion at a time, this is possible only when the

cluster ions are relatively strongly bonded (greater than 15± 20 kcal mol Õ " ). Dis-

sociation of the clusters occurs both by break-up during injection and by thermal

dissociation. The latter determines the upper temperature range at which measure-

ments are possible for a particular cluster. In practice we work in several ways. Since

having more than one primary ion present in the ¯ ow tube rarely interferes with the

kinetic measurements, the upstream quadrupole can be set to pass a number of clusters

by either turning down the resolution or turning oŒ the dc component of the

quadrupole voltage. For measuring product branching ratios, it is important to have

as narrow a distribution of primary ions in the ¯ ow tube as possible. This is

accomplished in several ways ; we demonstrate using Cl Õ (H
#
O)n clusters as an example

[41]. To study the reactions of Cl Õ (D
#
O) (D

#
O was used to avoid mass coincidences

with OH Õ (H
#
O)

#
), we injected Cl Õ (D

#
O) into the ¯ ow tube and obtained signals of

about 50± 90 % purity, the remainder being Cl Õ due to dissociation. A smaller amount

of dissociation was observed at lower temperatures. To study Cl Õ (D
#
O)n with n & 2,

we used three techniques, all of which produced the same experimental results :

(1) W e injected Cl Õ (D
#
O)n and obtained about 20 % Cl Õ (D

#
O)n and 80 %

Cl Õ (D
#
O)n

Õ "
.

(2) W e injected Cl Õ (D
#
O)n + "

at a higher injection energy chosen to dissociate one

of the solvent molecules upon injection. This allowed the ion of interest to be

nearly 80 % of the total ion current at low temperatures, while smaller amounts

were obtained at higher temperatures.

(3) W e injected a broad distribution of large clusters by turning the dc oŒin the

upstream quadrupole and setting that quadrupole to allow only Cl Õ (D
#
O)n "

%
ions to be injected. The ¯ ow tube temperature was then set so that all clusters

larger than the desired cluster thermally decomposed in the upstream portion

of the ¯ ow tube. At room temperature this resulted in about 15 % Cl Õ (D
#
O)

#
and 85 % Cl Õ (D

#
O). At 233 K, this resulted in 97 % Cl Õ (D

#
O)

#
, 2 % Cl Õ (D

#
O)

and less than 1 % Cl Õ (D
#
O)

$
. At 200 K, the resulting distribution was 55 %

Cl Õ (D
#
O)

$
and 45 % Cl Õ (D

#
O)

#
with a negligible amount of Cl Õ (D

#
O).

The last technique gave the largest signals since many clusters in the primary

distribution compressed into one or two main peaks. Only the reactions of the cluster

with the largest value of n and reasonable signal intensity were studied using this

method. In all cases (except CO Õ
$
(H

#
O)n ) we have been able to set the conditions so

that only one or two main primary ions and another one or two minor primaries were

present in the ¯ ow tube.

Much of the success of the technique is due to the ability to control the ¯ ow tube

temperature over its entire length. Even a small warm spot often leads to thermal

dissociation of the ions in the ¯ ow tube. W e have used the temperature variability to
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156 A . A . Viggiano et al.

study the thermal decomposition of hydrated electrons and to determine when

product ions are thermally stable by examining unusual temperature dependences of

the product branching ratios.

The thermal destruction measurements of the hydrated electrons were made by

injecting a narrow distribution of cluster sizes into the ¯ ow tube and then monitoring

both the total ion signal and the mass-selected product ion signals as the ¯ ow tube was

slowly heated from 100 K to 150 K [42]. This was done for two diŒerent distributions:

one for cluster sizes near the threshold region (14 % n % 17) and one for large cluster

sizes (20 % n % 24). The total ion current reaching the ¯ at plate on the sampling cone

was also recorded as a function of temperature for both distributions. The resolution

of the downstream quadrupole was set to avoid mass discrimination problems, while

still completely separating adjacent-sized water cluster anions. Both dissociation of a

water ligand and electron detachment were observed.

The second-order rate constant for the temperature-dependent cluster destruction

can be expressed in an Arrhenius form :

k
#
=

1

[H
#
] s

ln 0 I !
I 1 = A exp 0 – E

A

k
B

T 1 , (9)

where I
!

is the initial cluster ion intensity at 100 K, I is the temperature-dependent

intensity, s is the residence time in the ¯ ow tube, [H
#
] is the buŒer gas concentration,

A is a pre-exponential factor and E
A

is the activation energy associated with the

destruction. For the smaller clusters in each set, some error may be introduced from

the dissociation of the next larger cluster. However, this eŒect should be small for the

above cluster sizes owing to the nature of the distribution, and this is evidenced by the

smooth nature of the data as presented later.

3. Results and discussion

We have studied a number of systems using this technique. They are best discussed

grouped into several categories, and this section is organized to re¯ ect that. W e start

® rst with a discussion of hydrated electron chemistry and dissociation. The chemistry

involved is rather simple and a good place to start. The discussion of the thermal

dissociation processes helps one to understand the importance of thermal dissociation

in determining the product distributions in other systems. Following is a discussion of

chemistry related to trace neutral detection of atmospheric species using chemical

ionization mass spectrometry (CIMS). A section on the eŒect of solvation on

nucleophilic substitution follows. The results in this section clearly extend previous

work on this important area and show the importance of studying these eŒects in an

apparatus such as ours, that is we have found several problems associated with having

the solvent present in the ¯ ow tube. Finally, we conclude with a section which indicates

that cluster reactivity may help to resolve issues about the detailed nature of solvation,

that is whether the core ion is internally or externally solvated.

3.1. Hydrated electron clusters

Mass spectra of hydrated electron clusters (H
#
O) Õn generally display a continuous

distribution of cluster ions beginning at n E 10± 15, and occasionally, several smaller

magic number species are also observed [38, 43]. Figure 2 demonstrates the cluster

sizes that are observed in the SIFT apparatus at 100 K. The intensity of clusters in the

threshold range 10 % n % 14 increases when the ¯ ow tube is further cooled to 90 K.
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Reactions of mass-selected cluster ions in thermal bath gas 157

Figure 3. The total ion current measured at the sampling plate, plotted as a function of
temperature [42] : ( E ), distribution of near-threshold-sized hydrated electron cluster

ions ; ( D ) distribution of larger clusters. In both cases, the dramatic decrease in total ion

current is attributed to the ions undergoing thermal electron detachment.

The smaller clusters are not observed at 100 K because they are unstable in the buŒer

gas even at these low temperatures. It is believed the distribution observed in the

hydrated electron mass spectra primarily results from a competition between two

cluster decay channels, evaporative cooling and electron detachment :

(H
#
O) Õn ! (H

#
O) Õn

Õ "
1 H

#
O, (10)

(H
#
O) Õn ! (H

#
O)n 1 e Õ . (11)

W e have examined the competition between these two channels for (H
#
O) Õn , 14 % n %

24, over the temperature range 100± 150 K and obtained rates and activation energies

for the size-dependent thermal destruction (dissociation plus detachment) of these

hydrated electron clusters [42].

The complete thermal destruction of hydrated electron clusters (H
#
O) Õn , 14 % n %

24, occurs in the SIFT apparatus over a narrow temperature range from 120 to 145 K.

For two diŒerent distributions of clusters initially injected into the ¯ ow tube, the total

ion current as measured at the ¯ at sampling plate decreases abruptly over a narrow

temperature range, as shown in ® gure 3. The decreasing ion current is attributed to the

fact that cluster ions decay by electron detachment. (The plate current decreases when

detachment occurs because free electrons diŒuse much more rapidly than ions and are

therefore lost very quickly to the ¯ ow tube walls.) Electron detachment occurs in the

region from 120 to 130 K for a distribution of hydrated electron clusters, 13 % n % 17,

while detachment occurs at higher temperatures, 133± 144 K, for a distribution of

larger clusters, 20 % n % 24, because detachment is a multistep process.

The size- and temperature-dependent competition between reactions (10) and (11)

was further examined by monitoring the intensity of each cluster size as the

temperature was slowly increased. Thermal destruction of the smaller cluster ions
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158 A . A . Viggiano et al.

Figure 4. The initial distribution of hydrated electron clusters, 20 % n % 24, changed

signi® cantly as the temperature was increased from 110 to 135 K, 140 K and 144 K.

Initially, the ions are destroyed by evaporating water monomers. At higher temperatures,
the remaining smaller cluster anions decayed by electron detachment [42].

(n ! 16) is dominated by electron detachment, as evidenced by the drop in total ion

signal level with increasing temperature while the position of the cluster distribution

remains relatively constant, that is no smaller hydrated electron clusters appear in the

mass spectra. The destruction of larger-sized clusters (20 % n % 24) is illustrated in

® gure 4, where representations of the cluster distribution are shown at several

temperatures. Initially, the clusters dissociate by the sequential evaporation of neutral

water molecules, leaving behind a broadened distribution of smaller clusters without

any measurable change in the total ion intensity. As the temperature increases, the

electron detachment channel begins to compete with monomer evaporation. Virtually

all hydrated electron clusters detach the excess electron by 145 K. Detachment occurs

at higher temperatures for larger clusters because the destruction is the multistep

process

(H
#
O) Õn ! (H

#
O) Õn

Õ "
! ¼ ! (H

#
O)n

Õ m
1 e Õ , (12)

and only the smaller clusters detach.

Rate expressions and activation energies for the thermal destruction of hydrated

electron clusters were obtained by modelling the temperature-dependent decreases in
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Reactions of mass-selected cluster ions in thermal bath gas 159

Table 1. Activation energies E
A
, second-order rate constants k

#
and pseudo-® rst-order rate

constants k
"

for the destruction of hydrated electron clusters (H
#
O) Õn , 14 % n % 17 and

23 % n % 24. The values for k
"

and k
#

are related by the H
#

buŒer gas concentration.

n

E
a

(eV)

k
#
(T)

(cm $ s Õ " )

k
"
(T )

(s Õ " )

14 0.06 1.5 3 10 Õ " # exp ( – 700 } T ) 1.2 3 10 % exp (– 700 } T )

15 0.17 3.2 3 10 Õ ) exp ( – 2000 } T ) 2.6 3 10 ) exp (– 2000 } T )

16 0.26 1.0 3 10 Õ % exp ( – 3000 } T ) 8.0 3 10 " " exp (– 3000 } T )
17 0.28 5.3 3 10 Õ % exp ( – 3300 } T ) 4.2 3 10 " # exp (– 3300 } T )

23 0.34 1.2 3 10 Õ " exp ( – 4000 } T ) 9.6 3 10 " % exp (– 4000 } T )

24 0.34 1.2 3 10 Õ " exp ( – 4000 } T ) 9.6 3 10 " % exp (– 4000 } T )

the ion signals for 14 % n % 17 and 23 % n % 24 to an Arrhenius form (see equation

(9)). The results are listed in table 1. The activation energy for thermal destruction

initially increases with increasing cluster size. However, the activation energies for

clusters with n & 17 are nearly constant at about 0.34 eV. The evaporative cooling

model of Klots [44] predicts that the energy required to evaporate a single water

molecule from clusters of this size is about 0.4 eV. The measured activation energies

are slightly smaller. This is expected for thermal dissociation reactions in the low-

pressure limit, assuming that there is no barrier in the reverse association reaction. The

principle is that the activation energy is de® ned as the average energy of reacting

molecules minus the average energy of reactants. In the low-pressure limit, the average

energy of reacting molecules is just above the critical energy for reacting, that is

signi® cantly smaller than this same energy for a Boltzman distribution. In the high-

pressure limit, we would ® nd the activation energy approximately equal to the bond

dissociation energy. Because the operative mechanism for thermal destruction of the

smaller clusters is electron detachment, the measured activation energies can be used

to further estimate the cluster’ s adiabatic electron a� nity EA
a
. W e assume that

EA
a
= E

A
1 0.06 eV. The estimated EA

a
values for n = 14 and n = 15 are 0.12 eV and

0.23 eV respectively, values which are in reasonable agreement with those predicted by

the dielectric continuum model of Barnett et al. [45, 46].

The present results on the thermal destruction of hydrated electron clusters are in

agreement with the observations of Johnson and co-workers [47, 48] who investigated

the photoinitiated and condensation-induced destruction of these clusters. These

workers noted that electron detachment begins to compete with fragmentation and

evaporation in the range of n E 15, which led them to speculate that the electron

a� nity of clusters with n ! 15 is below the water monomer evaporation energy.

The reactions of hydrated electron clusters (H
#
O) Õn with several neutral electron

scavengers were studied in the SIFT apparatus at 100 K [49]. Bimolecular rate

constants were determined for (H
#
O) Õn , 13 % n % 33, reacting with CO

#
, NO, N

#
O and

O
#
. The products of the CO

#
, NO and O

#
reactions are solvated change transfer

product ions and neutral water molecules :

CO
#
1 (H

#
O) Õn ! CO Õ

#
(H

#
O)n

Õ m
1 mH

#
O, © m ª = 1.3, (13)

NO 1 (H
#
O) Õn ! NO Õ (H

#
O)n

Õ m
1 mH

#
O, © m ª = 3.5, (14)

O
#
1 (H

#
O) Õn ! O Õ

#
(H

#
O)n

Õ m
1 mH

#
O, © m ª = 5.0. (15)

Generally, one or two main product ions are observed for each cluster reaction,

diŒering only in the number of water molecules solvating the charge transfer product.
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160 A . A . Viggiano et al.

Figure 5. Plot of the overall reaction exothermicity ± D H against the average number of neutral

water molecules lost in the reaction of (H
#
O) Õn with CO

#
, NO, N

#
O and O

#
[49]. The

reaction with N
#
O produces two distinct product ion distributions which are associated

with diŒerent © m ª . The slope represents the energy required to eject a single water

monomer from the cluster ions, D[(H
#
O)n ¼ (H

#
O)] E 0.37 eV.

The average number © m ª of water molecules lost from the cluster varies between the

reaction systems as indicated in reactions (13)± (15). The reaction of (H
#
O) Õn with N

#
O

produces two distinct dissociative charge-transfer product ion distributions:

N
#
O 1 (H

#
O) Õn ! O Õ (H

#
O)n

Õ m
1 N

#
1 mH

#
O, © m ª = 4.1,

! OH Õ (H
#
O)n

Õ m
1 N

#
1 OH 1 (m – 1) H

#
O, © m ª = 3.5. (16)

The product branching fractions are 75 % O Õ (H
#
O)n

Õ m
clusters and 25 %

OH Õ (H
#
O)n

Õ m
clusters. The two product channels are associated with slightly diŒerent

average water monomer losses. No solvated charge transfer product ions N
#
O Õ (H

#
O)n

were observed. Further characterization of the ionic products of reactions (13)± (16) by

photoelectron spectroscopy con® rms that the product ion charge distribution has

fundamentally changed from that of (H
#
O) Õn to that of a solvated molecular anion

complex X Õ (H
#
O)n .

The number of neutral water molecules lost from the hydrated electron clusters via

reaction with electron scavengers is strongly correlated to the overall reaction

exothermicity [50]. For the reactions of (H
#
O) Õn with CO

#
, NO, N

#
O and O

#
,

exothermicities were estimated by calculating D H for the following individual

processes : electron detachment from the hydrated electron clusters, electron at-

tachment to the neutral scavenger molecules, and stepwise solvation of the resulting

molecular anions. The estimated D H
rxn

for reactions (13)± (16) are plotted in ® gure 5

as functions of © m ª . A linear least-squares ® t to the data implies that about 0.37 eV is

required to eject each water monomer from the cluster, which is close to the value of

about 0.4 eV calculated using the evaporative cooling model of Klots [44] and the

value of 0.34 eV obtained from the SIFT thermal destruction experiments [42].
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Reactions of mass-selected cluster ions in thermal bath gas 161

Unlike the solution-phase reactions, which proceed at or near the diŒusion-

controlled limit, the rates for gas-phase cluster reactions are generally lower than the

corresponding collision rate. For each electron scavenger, we found that the reaction

rates with hydrated electron clusters do not vary with cluster size. On average, the CO
#

reactions proceed at the collision rate, while the average NO, N
#
O and O

#
reaction

e� ciencies are signi® cantly smaller (80 %, 63 % and 35 % respectively.) The cluster

reaction e� ciencies can be rationalized largely by spin considerations. Because some

spin-allowed product species will be energetically inaccessible, the observed rate

constant should be compared with the collisional rate constant multiplied by a

fractional statistical weight f which is applicable to the allowed product species [51].

The expected rate constants for production of ground-state products for CO
#
, NO and

O
#

reactions are k
c
, $

%
k

c
and "

$
k

c
respectively, demonstrating a general correlation

between the measured rates and the rates expected from spin considerations. The

ine� ciency of the N
#
O reactions is not explained in this manner. Other factors

governing the dissociative charge transfer, including possible steric eŒects, may

account for the fact that the observed reaction rates are only $
&

k
c
.

The primary force driving the evaporative charge transfer reactions can be

understood on the basis of the changes in the physical dimensions of the excess

electron in the reactants and the products and by a consideration of the associated

Born solvation energies. Because the excess electron in (H
#
O) Õn is delocalized and has

a small solvation energy compared with the product solute anions, there is a critical

distance as the scavenger approaches the cluster, where the excess charge is stabilized

more by residing with the solute anion rather than with the water cluster. This

represents a crossing in the diabatic free-energy curves and, at this point, the electron

distribution can `pour ’ into the electron-accepting orbital of the scavenger. The water

molecules participate in the reaction by following the changing charge density.

A comparison of the present results with a previous molecular beam reactivity

study [50] illustrates the competition between two cluster cooling mechanisms. In

general, the molecular beam reactions, which are kinetically controlled, lose an

average of 1.5± 2 more water molecules compared with the ¯ ow tube reactions, where

the nascent product distributions are aŒected by collisional cooling. The diŒerence in

water monomer loss is partly attributed to the evaporative cooling rate being

signi® cantly smaller than the collisional quenching rate and partly due to diŒering

initial cluster temperatures with each eŒect accounting for about one additional H
#
O

lost in the beam experiment.

3.2. Ions used as chemical ionization agents in the atmosphere

Clusters are important in atmospheric ion chemistry [34]. Not only are all ions in

the lower atmosphere solvated, but also cluster ions are important for chemical

ionization detection for atmospheric trace species [52]. The ion chemistry of the

natural atmosphere is essentially a solved problem [34], but the rate constants needed

for chemical ionization detection of trace neutrals is still an open ® eld. Both our group

and Frank Arnold’ s group at the M ax Planck Institut in Heidelberg use CO Õ
$
(H

#
O)n as

chemical ionization agents for measuring a variety of neutrals including SO
#
, H

#
SO

%
,

HNO
#

and HNO
$

[53± 58]. W e have recently measured the reactions of CO Õ
$
(H

#
O)n

with SO
#

and H
#
SO

%
as well as other ions used as chemical ionization agents to detect

H
#
SO

%
[59, 60]. Unfortunately, because of the di� culties described earlier in making

a clean source of CO Õ
$
(H

#
O)n ions, it was not possible to determine the products for

these systems.
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162 A . A . Viggiano et al.

Figure 6. Rate constants for the reactions of CO Õ
$
(H

#
O)n with SO

#
against temperature [60].

Also included are the data of Albritton et al. [61] and Mo$ hler et al. [62].

The rate constants for the reaction of CO Õ
$
(H

#
O)n , 0 % n % 5, with SO

#
are shown

in ® gure 6. The coldest temperature that we could work with was 158 K, and this was

also the only temperature at which n = 4 and n = 5 could be studied. At warmer

temperatures, these clusters thermally dissociated and, at much colder temperatures,

we had trouble introducing SO
#

into the ¯ ow tube without freezing. The n = 0 rate

constant was observed to decrease with increasing temperature, and the data are well

® tted by the power-law expression 3.52 3 10 Õ " ! (T } 300) Õ "
.
( $ cm $ s Õ " . Our values are in

excellent agreement with the values obtained by Albritton et al. [61]. Our room-

temperature result is 20 % lower than the room-temperature result of M o$ hler et al.

[62], which is within the combined error limits of the measurements. The n = 0

reaction is exothermic by 196 kJ mol Õ " [63, 64] but, unlike many ion ± molecule

reactions which proceed at the collision rate when exothermic, the n = 0 reaction

proceeds at only a fraction of the collision rate. However, this behaviour is common

with CO Õ
$

reactions involving O Õ transfer (e.g. CO Õ
$
1 NO and CO Õ

$
1 NO

#
) [65].

Adding a single water molecule to CO Õ
$

causes the rate constant to increase by a

factor of approximately two. W hen the temperature is raised from 158 to 270 K, the

rate constant decreases by 8 %, essentially temperature invariant. The rate constant is

in good agreement with the value of 1.4 3 10 Õ * cm $ s Õ " reported by Mo$ hler et al. [62]

for n = 1 at 300 K. The n = 2 rate constant is the same as the n = 1 rate constant and

was found to be temperature invariant from 158 to 193 K. The n = 3 rate constant was

found to be slightly smaller than the n = 2 rate constant, and it displayed a slight

negative temperature dependence. Unfortunately, the narrow temperature range

where measurements could be made prevented an accurate assessment of the
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temperature dependence. The n = 4 and n = 5 rate constants were substantially

smaller than those for the n % 3 reactions. No previous measurements of the rate

constants for n & 2 have been made. The decrease in the rate constant for n = 4

coincides with a solvation shell closing, that is all three oxygen atoms in CO Õ
$

have a

H
#
O ligand attached.

Absolute rate constants could not be measured for the H
#
SO

%
reactions. Instead

relative rate constants were determined by monitoring two or more reactants either

simultaneously or in quick succession. Table 2 lists, among other parameters, the

relative rate constants for the reactions studied here at ® ve diŒerent temperatures,

where the rate constants are relative to a diŒerent ion at each temperature. At 300 K,

the only cluster ion that could be studied was HCO Õ
$
(H

#
O), and the rate constants are

measured relative to the rate constant for bare CO Õ
$
. At 273 K, the rate constants are

relative to that for NO Õ
$

which in turn is assumed to be the same relative rate constant

as found at 300 K. At 233 K, the rate constants are relative to that of bare CO Õ
$
. The

200 K rate constants are relative to that of NO Õ
$
(H

#
O) which was assumed to be the

same as that found at higher temperatures. Finally, at 158 K the rate constants are

relative to that of NO Õ
$
(HNO

$
) which is assumed to be the average of the relative rate

constants found at higher temperatures. In all cases, the relative rate constants are

close to unity, ranging from 0.69 to 1.1 of that for CO Õ
$
.

For the most part, the relative rate constants were found to be independent of

temperature. However, for NO Õ
$
(HNO

$
)
#

and NO Õ
$
(HNO

$
)
$

the rate constants are

larger at warmer temperatures. This is an artefact because the hot helium ± H
#
SO

%
mixture thermally decomposed some of these ions at the highest temperatures at which

they could be detected, even though this mixture was never more than 1 % of the total

helium ¯ ow. This is an extreme consequence of the fact that the entire ¯ ow tube must

be maintained at cold temperatures in order to study certain cluster ions.

The relative rate constants for each temperature are combined to yield relative rate

constants for each ion with respect to CO Õ
$
. For all reactions which did not suŒer from

obvious thermal decomposition, no temperature dependence was found. Averages

were taken when an ion was studied at more than one temperature, with the

anomalously high rate constants for NO Õ
$
(HNO

$
)
#

and NO Õ
$
(HNO

$
)
$

omitted from the

averages for these ions. Also included in table 2 is a column labelled k
c
, representing

the collision rate constants normalized to that for bare CO Õ
$
. Another column shows

the ratio of the relative rate constants to the relative collisional rate constants ; these

values vary from 0.87 to 1.15. The largest values are for ions that may also suŒer a

small amount of thermal decomposition. The fact that this range is so narrow indicates

that the rate constants are all collisional within a small range. In the last column, we

report 300 K rate constants based on the relative rate constants and the collisional

value for CO Õ
$
. The rapidity of the reactions is presumably due to the large gas-phase

acidity of H
#
SO

%
[66]. The product ions all could be seen to contain HSO Õ

%
cores with

various degrees of solvation. Unfortunately, the degree of solvation could not be

determined.

The results are consistent with the previous ® ndings of Viggiano et al. except for

the reaction of H
#
SO

%
with NO Õ

$
(HNO

$
)
#
. The previous study found a value of only

60 % of the collision rate. The new results show no such trend and indicate that n =

3 is also fast, arguing against a downturn in the rate constant. However, the previous

measurements were taken at 343 K, and the warmest temperature at which

NO Õ
$
(HNO

$
)
#

was reliably studied in the present set of experiments was 200 K.

Normally ion± molecule reactions become faster at lower temperatures ; so this may
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164 A . A . Viggiano et al.

Table 2. Relative rate constants of chemical ionization primary ions with H
#
SO

%
, where

parentheses indicate the ion whose rate constant the other rate constants are relative to

and curly brackets indicate that the rate constant is not used in the average ; see text for
explanation.

Relative rate constant at the Relative
following temperatures rate constant

k
$ ! !

d

Ion 300 K 273 K 233 K 200 K 158 K © k ª a k
c
b k } k

c
c (10 * cm $ s Õ " )

CO Õ
$

(1) (1) (1) (1) (1) (2.39)

CO Õ
$
(H

#
O) 0.89 0.90 0.90 0.92 0.98 2.15

CO Õ
$
(H

#
O)

#
1.0 1.0 0.87 1.15 2.39

HCO Õ
$

1.1 1.1 0.99 1.11 2.63

HCO Õ
$
(H

#
O) 0.83 0.82 0.83 0.92 0.9 1.98

HCO Õ
$
(H

#
O)

#
0.99 0.99 0.86 1.15 2.37

NO Õ
$

0.99 (0.99) 0.95 0.97 0.99 0.98 2.32

NO Õ
$
(H

#
O) 0.86 0.85 (0.86) 0.86 0.92 0.94 2.06

NO Õ
$
(H

#
O)

#
0.79 0.79 0.87 0.91 1.89

NO Õ
$
(H

#
O)

$
0.79 0.79 0.82 0.96 1.89

NO Õ
$
(HNO

$
) 0.75 0.80 (0.78) 0.78 0.76 1.03 1.86

NO Õ
$
(HNO

$
)
#

{0.87} 0.74 0.69 0.72 0.72 1.00 1.72
NO Õ

$
(HNO

$
)
$

{1.1} 0.75 0.75 0.85 0.87 1.79

NO Õ
$
(HNO

#
) 0.78 0.78 0.84 0.93 1.86

a Average relative rate constants.
b Calculated collision rates ratioed to the calculated collision rate for CO Õ

$
.

c Ratio of previous two columns.
d Calculated rate constants at 300 K based on the relative rates and assumption that the CO Õ

$
rate is collisional.

explain the discrepancy [67]. Alternatively, the previous data were taken in a ¯ owing-

afterglow instrument in which large amounts of HNO
$

were added. In similar

comparisons of selected ion ¯ ow tube data with ¯ owing-afterglow data involving

clusters, the ¯ owing-afterglow data were shown to be in error because equilibrium

processes occur [40, 68]. Tanner and Eisele [69] have concluded that the reactions of

NO Õ
$
(HNO

$
) (H

#
O)n ions also did not depend on the level of hydration, consistent with

the results taken using the supersonic source on a SIFT.

Both sets of measurements are important for chemical ionization detection of the

respective trace neutral. The H
#
SO

%
results show that all ions previously used for

CIMS detection of H
#
SO

%
concentrations in the atmosphere react rapidly with H

#
SO

%
,

producing HSO Õ
%

core ions. Therefore the assumption of calculating the collision rate

constant for the ion of interest with H
#
SO

%
has led to little error in previous

measurements of H
#
SO

%
concentrations. This is in contrast with the SO

#
measurements

which show that hydration does aŒect reactivity. Fortunately most of the CO Õ
$
(H

#
O)n

ions for CIMS measurements of SO
#

involve 1 % n % 3. In this range, the rate

constants are insensitive to n and to temperature, which makes deriving SO
#

neutral

concentrations easier. W e have estimated that using a value of 1.5 3 10 Õ * cm $ s Õ " for

the eŒective rate constant leads to a less than 10 % error on any measurement taken

at altitudes over 5000 ft. Nevertheless, in our CIMS measurements we now routinely

calibrate for SO
#
, in part because of the results presented here.
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Reactions of mass-selected cluster ions in thermal bath gas 165

Figure 7. Rate constants for the reactions of OH Õ (H
#
O)n with CH

$
Br as a function of

temperature [68] : ( - ), ( D ), ( * ), data taken in a helium buŒer ; ( E ), ( + ), ( _ ), ( y ), data

taken in H
#
; ( - ), n = 0 ; ( D ), ( E ), n = 1 ; ( * ), ( + ), n = 2 ; ( _ ), n = 3 ; ( y ), n = 4. 25 %

error limits on each point are shown.

3.3. EŒect of solvation on nucleophilic substitution

A considerable amount of theoretical and experimental eŒort has focused on gas-

phase bimolecular nucleophilic displacement reactions (S
N

2). Our recent work has

concentrated on the eŒects of hydration level and temperature on the rate constants

and products of the S
N

2 reactions between methyl bromide and the ions X Õ (H
#
O)n ,

where X = OH, F or Cl. Our results corroborate certain facets of other experimental

[70± 75] and theoretical studies [76± 80] and call into question others. The main ® nding,

that nucleophilic displacement reactions have rates which decrease with increasing

hydration and preferentially lead to unhydrated products, remains unchanged.

However, we have found that, in the absence of a fast S
N

2 reaction channel, other

mechanisms such as association and ligand switching can become important [40, 68].

W e have also found some of the details of previous experiments to be in error,

demonstrating the advantages of the present technique. W e devote the most space to

the OH Õ (H
#
O) series since this is described ® rst and many of the principles are the same

for the other series.

3.3.1. OH Õ (H
#
O)n 1 CH

$
Br

The ® rst set of S
N

2 reactions that we studied with the supersonic source in the SIFT

were the reactions of CH
$
Br with OH Õ (H

#
O)n , 0 % n % 4 [68]. The data are shown as

functions of temperature in ® gure 7. The 300 K and 163 K rate constants are listed in

table 3 together with 300 K results from other studies. For n = 1 and n = 2, the data

were taken using both a H
#

buŒer (shown as full symbols) and a helium buŒer (open

symbols). The most pronounced trend is that the reactivity decreases dramatically

with increasing cluster size. The reaction of methyl bromide with the unsolvated OH Õ

ion is fast, approaching the collision rate. However, the rate constants drop by a factor

of 10 % in going from n = 0 to n = 4. The large dependence on solvation was ® rst
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Table 3. Comparison of rate constants for the reaction of OH Õ (H
#
O)n with CH

$
Br.

Rate constants (cm $ s Õ " )

Collision rate Previous result

n 163 K 300 K constant (300 K) (300 K)

0 2.2 3 10 Õ * 2.79 3 10 Õ * 1.0 3 10 Õ * [70]

9.9 3 10 Õ " ! [81]

1.9 3 10 Õ * [82]
2.2 3 10 Õ * [5]

1 3.1 3 10 Õ * 1.2 3 10 Õ * 2.09 3 10 Õ * 6.3 3 10 Õ " ! [70]

1.7 3 10 Õ * [83]
2 1.9 3 10 Õ " ! 1.7 3 10 Õ " ! 1.81 3 10 Õ * 2 3 10 Õ " # [70]

3 1.2 3 10 Õ " " 1.66 3 10 Õ * ! 2 3 10 Õ " $ [70]

4 ! 2.7 3 10 Õ " $ 1.56 3 10 Õ *

demonstrated by Bohme and co-workers [70, 72] and later by Hierl et al. [84]. The rate

constants for OH Õ show a slight negative temperature dependence, T Õ !
.
& ) . The rate

constants for OH Õ (H
#
O) reacting with CH

$
Br are slightly smaller than those for

unsolvated OH Õ , and the temperature dependence for this reaction is T Õ "
.
’ . The

addition of one H
#
O molecule to the OH Õ ion changes the kinetics only slightly. The

addition of a second H
#
O reduces the rate constants by a factor of about 100 from the

rate constant for one H
#
O. The n = 2 reaction could not be studied above 400 K since

this reactant ion thermally decomposes in the ¯ ow tube above this temperature.

Similarly, we were able to examine the n = 3 and the n = 4 reactions at only the lowest

temperature of the study, 163 K. The reaction of n = 3 with CH
$
Br is just over ten

times slower than the n = 2 reaction while the reaction of OH Õ (H
#
O)

%
is a factor of at

least 40 slower than the reaction with OH Õ (H
#
O)

$
. Thus, solvation greatly decreases

the reactivity.

For the unsolvated OH Õ , the only product ion observed was Br Õ , although proton

transfer has been observed at higher energies in a beam study [84]. For the n = 1

reaction, two S
N

2 product ions were observed :

OH Õ (H
#
O) 1 CH

$
Br ! Br Õ 1 CH

$
OH 1 H

#
O, D H ! =– 30.0 kcal mol Õ " ,

! Br Õ (H
#
O) 1 CH

$
OH, D H ! =– 42.6 kcal mol Õ " [84]. (17)

The unsolvated Br Õ product accounts for approximately 90 % of the reactivity, and the

branching percentage does not depend on temperature within our experimental

uncertainty. The reaction of OH Õ (H
#
O)

#
with CH

$
Br has three pathways :

OH Õ (H
#
O)

#
1 CH

$
Br ! Br Õ 1 CH

$
OH 1 2H

#
O, D H ! =– 13.6 kcal mol Õ " ,

! Br Õ (H
#
O) 1 CH

$
OH 1 H

#
O, D H ! =– 26.2 kcal mol Õ " [84],

! OH Õ (H
#
O)

#
(CH

$
Br), D H ! = ?. (18)

The latter channel is not observed in the helium buŒer. The branching percentages for

the three channels are shown in ® gure 8 for the data taken in a H
#

buŒer. At low

temperatures, one clearly sees the onset of an association channel which had not been

observed previously [72]. The Br Õ channel increases monotonically with increasing

temperature, while the Br Õ (H
#
O) channel has a maximum between 200 and 300 K.

Substantially more Br Õ (H
#
O) is found for the n = 2 reaction than for the n = 1

reaction. The predisposition toward forming unsolvated species had been observed
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Figure 8. Branching fractions for the reaction of OH Õ (H
#
O)

#
with CH

$
Br as a function of

temperature expressed as percentages [68]. Only data taken in a H
#

buŒer are shown.

previously. Hierl et al. [85] explained this by invoking a mechanism that involves a

concerted transfer of the solvent during the Walden inversion which is quite

unfavourable both energetically and entropically. Regarding the larger reactant ions,

the n = 3 reaction proceeds exclusively by association, and no product ions were

observed for the very slow n = 4 reaction.

Although the data taken in helium and H
#

buŒers are very similar for the n = 1

reaction, the data for the n = 2 reaction show signi® cant diŒerences at temperatures

below 300 K. The n = 2 data taken in a helium buŒer show little temperature

dependence, with perhaps a slight increase (about 15 %) as the temperature increases,

while the n = 2 rate constants taken in a H
#

buŒer show a T Õ % dependence. The

diŒerence between the H
#

and helium buŒer data is explained by the presence of the

association channel which is observed with the H
#

buŒer but not with the helium

buŒer. Figure 9 illustrates the percentage of the Br Õ signal divided by the sum of the

Br Õ plus Br Õ (H
#
O) signals for both the helium and the H

#
-buŒered experiments. For

the helium buŒer case, this is simply the Br Õ branching fraction ; for the H
#

buŒer, this

is the Br Õ branching fraction ignoring the association channel. The room-temperature

data points agree extremely well and, at low temperatures, the H
#

buŒer data show a

slightly higher fraction of Br Õ than observed in the helium case. It appears that the Br Õ

channel levels out at lower temperatures.

For the reaction of OH Õ (H
#
O) with CH

$
Br, eight isotopic variants were studied :

OH Õ (H
#
O) with zero to three deuterium atoms reacting with both CH

$
Br and CD

$
Br.

The results are listed in table 4. The results are relative rate constants with the rate

constant for the fastest reaction set equal to one. The relative rate constants for

deuterium substitution in the ion are very accurate since the rate constants were taken

simultaneously. For each temperature and for both CH
$
Br and CD

$
Br, the reaction

with H
#
DO Õ

#
which could be OH Õ (HOD) or OD Õ (H

#
O) was found to have the largest

rate constant. We found little variability with condition and therefore also report the
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Table 4. Isotopic study of the OH Õ (H
#
O) 1 CH

$
Br reaction. The rate constants for a given

isotopic variant of OH Õ (H
#
O) are reported relative to the rate constant for H

#
DO Õ

#
listed

in the last column.

Relative rate constant

Temperature k(H
#
DO Õ

#
)

(K) Neutral H
$
O Õ

#
H

#
DO Õ

#
HD

#
O Õ

#
D

$
O Õ

#
(cm $ s Õ " )

200 CH
$
Br 0.92 1.00 0.98 0.91 2.45 (– 9)

CD
$
Br 0.94 1.00 0.99 0.95 2.38 (– 9)

300 CH
$
Br 0.90 1.00 0.97 0.89 1.44 (– 9)

CD
$
Br 0.88 1.00 0.96 0.84 1.54 (– 9)

500 CH
$
Br 0.91 1.00 0.98 0.91 8.30 (– 10)

CD
$
Br 0.93 1.00 1.00 0.92 7.99 (– 10)

Average all conditions 0.91 1.00 0.98 0.90

Figure 9. The Br Õ fraction divided by the sum of the Br Õ plus Br Õ (H
#
O) fractions for the

reaction of OH Õ (H
#
O)

#
with CH

$
Br as a function of temperature [68] : ( E ), data taken in

H
#

buŒer ; ( D ), data taken in helium buŒer.

average isotope eŒect for all conditions. W e found no diŒerence between CH
$
Br and

CD
$
Br, the average ratio of rate constants for these neutrals being 1.00 ‰0.03. It was

not possible to determine accurately the product distribution for the various isotopes.

Deuterium substitution in H
$
O Õ

#
showed a larger variation. In all cases the reactivity

order was H
#
DO Õ

#
& HD

#
O Õ

#
" H

$
O Õ

#
& D

$
O Õ

#
, except for the 200 K data for CD

$
Br

where the order for the last two was reversed but only by 1 %. The ions group into two

categories, those incorporating both hydrogen and deuterium and those with only

hydrogen or deuterium. The former group reacts about 10 % faster than the latter

group. This result is quite unique and remains unexplained.

The small negative temperature dependence of the rate constant reported here for

the nucleophilic displacement reaction between OH Õ and CH
$
Br has been seen in

previous studies for comparable S
N

2 reactions such as the reactions of F Õ with the

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
0
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Reactions of mass-selected cluster ions in thermal bath gas 169

methyl halides [86] and OH Õ with CH
$
Cl [85]. Two factors are thought to contribute

to this behaviour. First, the rate constant for the collision of an ion with a polar

molecule is a gradually decreasing function of temperature. Second, theoretical

considerations predict [87± 94] that the reaction e� ciency (i.e. fraction of collisions

resulting in product formation) will be a decreasing function of temperature for

exothermic nucleophilic displacement at an sp $ carbon atom. These predictions, based

upon the double-well potential model ® rst proposed by Olmstead and Brauman

[82,70], assume that the reaction e� ciency at a given temperature is the consequence

of the competition between two pathways for the unimolecular decay of the reactant

adduct (OH Õ [ CH
$
Br, in this case) : dissociation back to reactants or transformation to

the product adduct (Br Õ [ CH
$
OH). Since dissociation back to reactants involves a

looser transition state and hence a higher density of states than does the forward

transformation, the rate constant for the backward reaction increases more rapidly

with increasing temperature than does that for the forward reaction. Consequently, a

decreasing fraction of the collision adducts will surmount the central barrier and result

in product formation with increasing temperature. This eŒect has been modelled

quantitatively [95].

The two principal consequences of reactant solvation, namely the reduction of the

rate constant and its altered temperature dependence, are also consistent with the

predictions of the double-well model. These eŒects are discussed in turn.

Solvation of the ionic reactant without comparable solvation of the ionic product

reduces the reaction exothermicity and stabilizes the reactants more than it does the

transition state corresponding to the central barrier in the reaction coordinate (i.e. the

energy diŒerence D E ~

!
between this transition state and the reactants becomes less

negative). At a given temperature, this decrease in the magnitude of – D E ~

!
will

increase the fraction of reaction adducts which dissociate backwards to regenerate the

reactants at the expense of those which surmount the central barrier and are

transformed into product adducts. This suggests a decreasing reaction e� ciency with

increasing reactant solvation, as is observed in ® gure 7. We have reported similar

behaviour for the reactions of OH Õ (H
#
O)

!
±
#

with CH
$
Cl [85]. The CH

$
Cl rate

constants also decrease with increasing reactant solvation, the decrease being even

larger than that found for the reaction of OH Õ (H
#
O)n with CH

$
Br. We attribute this

latter observation to the fact that the reaction of OH Õ with CH
$
Cl is less exothermic

(and hence more sensitive to reactant stabilization) than is the reaction with CH
$
Br.

The same model explains the gross features of the temperature dependences of the

S
N

2 rate constants with increasing reactant solvation. At ® rst, reactant solvation

makes E
!

less negative, which causes the temperature dependence of the reaction

e� ciency (and hence of the overall reaction rate constant) to become more negative.

This is what is observed in the OH Õ (H
#
O)n reactions with CH

$
Br in going from n =

0 (where k £ T Õ !
.
& ) ) to n = 1 (where k £ T Õ "

.
’ ). With further reactant solvation, E

!
passes through zero and then becomes positive, causing the temperature dependence

of the reaction e� ciency to become ¯ at and then positive. The onset of this behaviour

is demonstrated by the levelling out of the n = 2 temperature dependence. The strong

negative temperature dependence for the n = 2 reaction in H
#

buŒer below 250 K is

typical for association reactions, and it mainly re¯ ects the temperature dependence of

the collision complex lifetime [27] ; thus, it is irrelevant to the present discussion of the

temperature dependence of the S
N

2 reaction channel.

The diŒerence between the helium and H
#

buŒer data for the n = 2 reaction is

connected to the onset of the association channel. On close examination the large rate
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Figure 10. Arrhenius plot of the rate constants for the reactions of CH
$
Br with Cl Õ (H

#
O) and

Cl Õ (D
#
O)n , 0 % n % 3 [40].

constants observed in the hydrogen buŒer are found at temperatures where the

association channel is negligible. This shows that the bimolecular rate constants at low

temperatures in the hydrogen buŒer are aŒected by collisions with the buŒer gas. In

other words, the complex lives long enough to undergo collisions with the buŒer gas,

which in turn increases the rate constant. The onset of the association channel at just

slightly lower temperatures guarantees that the complex lifetime is at least of the order

of the collision time scale with the buŒer gas, about 10 Õ ( s.

The in¯ uence of the buŒer gas on an S
N

2 reaction has been observed by Giles and

Grimsrud [96] in the reaction of Cl Õ with CH
$
Br. In that reaction, increasing pressure

increases the rate constant, and this is consistent with our data. H
#

is more e� cient at

transferring energy than is helium. Therefore the eŒects of increasing pressure would

be seen in a H
#

buŒer [97± 99] before they would be observed in helium, and the eŒect

would be to increase the rate constant. The increase in the H
#

data relative to the

helium data does not necessarily mean that no collisions of the complex with helium

take place but rather that the helium collisions are less e� cient in transferring energy

from the complex. Helium is known to be a very ine� cient third body [97± 99].

3.3.2. Cl Õ (D
#
O)

!
±
$
1 CH

$
Br

Rate constants measured using the SIFT for the reactions of Cl Õ (H
#
O) and

Cl Õ (D
#
O)n , 0 % n % 3, with CH

$
Br are shown in ® gure 10 [40]. Rate constants for the

reaction of the unsolvated Cl Õ are taken from a previous study [100] although we

remeasured these rate constants at several temperatures and obtained excellent

agreement with these previous results. The gas-phase S
N

2 reaction of Cl Õ 1 CH
$
Br has

been well studied experimentally and theoretically [81± 83, 92, 100± 107] ; the reaction

produces only Br Õ and shows the typical S
N

2 negative temperature dependence [67, 91,

92].

Studies [73, 108] on the eŒects of solvation on the reaction of Cl Õ with CH
$
Br have
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Table 5. Experimental product percentages for the reaction of Cl Õ (D
#
O) 1 CH

$
Br.

Experimental valuea (%)
Temperature

(K) Br Õ (BrCH
$
Cl) Õ (BrCH

$
Cl) (D

#
O)

241 77 20 3
273 88 12 Ð

298 94 6 Ð

328 98 2 Ð
363 99 1 Ð

a Does not include the Cl Õ channel.

found that the addition of a variety of organic solvent molecules to Cl Õ greatly reduces

the reaction rate. In our study, we found that adding a single water molecule to Cl Õ

changes the temperature dependence from negative to positive, the ® rst time that this

has been observed in this type of reaction. In addition, no H
#
O ± D

#
O isotope eŒect

was observed. The n = 1 reaction is well described by the Arrhenius equation with an

activation energy of 10.3 kJ mol Õ " . The reactions of Cl Õ (D
#
O)

# , $
also exhibit positive

temperature dependences well described by an Arrhenius equation ; the activation

energy for the n = 2 reaction is 11.5 kJ mol Õ " .

Unlike the OH Õ (H
#
O)n system discussed previously, where hydration of the

reactant ion eŒectively slows down the overall reaction with methyl bromide, we found

that hydration has only a small eŒect on overall reactivity and that the reaction

mechanism changes from nucleophilic displacement (S
N

2) to ligand switching. Three

product ions were observed for the n = 1 reaction :

Cl Õ (H
#
O) 1 CH

$
Br ! Br Õ 1 CH

$
Cl 1 H

#
O, D H =1 25 kJ mol Õ " ,

! Cl Õ (CH
$
Br) 1 H

#
O, D H =1 9.6 kJ mol Õ "

! Cl Õ (H
#
O) (CH

$
Br), D H = ?. (19)

W e write the product as Cl Õ (CH
$
Br) and not Br Õ (CH

$
Cl) for reasons given below.

Table 5 gives the observed product fractions as a function of temperature. It is possible

that Cl Õ is an additional minor product of reaction (19), although the branching

percentage could not be quanti ® ed. Although the main product ion is Br Õ , we were

able to show that the reaction mechanism is

Cl Õ (D
#
O) 1 CH

$
Br ! Cl Õ (CH

$
Br) 1 D

#
O, (20)

followed by thermal dissociation of Cl Õ (CH
$
Br) :

Cl Õ (CH
$
Br) 1 He ! Br Õ 1 CH

$
Cl 1 He,

! Cl Õ 1 CH
$
Br 1 He. (21)

Several facts led to question that the Br Õ channel was due to nucleophilic displacement.

The lack of an isotope eŒect suggests that an S
N

2 mechanism is not operative ; O ’ Hair

et al. [75] found signi® cant isotope eŒects in the S
N

2 reactions of F Õ (H
#
O) and F Õ (D

#
O)

with methyl halides. More importantly, the 10.3 kJ mol Õ " activation energy observed

for the n = 1 reaction most closely matches the endothermicity of the ligand switching

reaction to form Cl Õ (CH
$
Br) which is substantially lower than the endothermicity of

the S
N

2 channel producing Br Õ . Nucleophilic displacement to form Br Õ (H
#
O) is

allowed, but none was observed.
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Figure 11. Arrhenius plot of the ® rst order rate constant for the decomposition of
Cl Õ (CH

$
Br) [40].

To test the proposed two-step mechanism, D
#
O was added to the helium buŒer in

su� cient quantities to allow the exothermic ligand exchange reaction

Cl Õ (CH
$
Br) 1 D

#
O ! Cl Õ (D

#
O) 1 CH

$
Br (22)

to scavenge some of the Cl Õ (CH
$
Br) before it could undergo thermal dissociation

(reaction (21)) but not enough to aŒect the initial Cl Õ to Cl Õ (D
#
O) ratio. W ith added

D
#
O, the slope of the decay of the Cl Õ (D

#
O) signal is a factor of 3.5 less than without

added D
#
O, indicating that Cl Õ (D

#
O) is regenerated by reaction (22). In addition, the

Br Õ and Cl Õ (CH
$
Br) signals are both reduced when D

#
O is added. Similar results were

obtained for a variety of D
#
O concentrations. These results all support the proposed

mechanism showing that the direct S
N

2 channel is small or non-existent. The fact that

D
#
O scavenges the dissociating complex to form Cl Õ (D

#
O) also shows that the

complex is correctly written as Cl Õ (CH
$
Br) and not as Br Õ (CH

$
Cl).

The break-up rate of the Cl Õ (CH
$
Br) complex (reaction (21)) was determined from

the Cl Õ (D
#
O) and Cl Õ (CH

$
Br) signals obtained as a function of [CH

$
Br] (in the

absence of added D
#
O). We used a variable-step fourth-order Runge± Kutta algorithm

to integrate the rate equations resulting from reactions (20) and (21) as a function of

[CH
$
Br]. The resulting thermal dissociation rate constants for reaction (21) are shown

in ® gure 11 as an Arrhenius plot. We estimated that the rate constants have an

absolute accuracy of ‰40 % and a relative accuracy of ‰20 %. The dissociation rate

constant is well described by the Arrhenius equation with an activation energy of

18.8 kJ mol Õ " . The error in the activation energy is estimated as ‰2.5 kJ mol Õ " based

on taking the 20 % error at the lowest and highest temperatures.

We also used this approach to estimate the dissociation branching fractions of the

Br Õ and Cl Õ product channels of reaction (21). In this case we included the eŒect of the

reaction of Cl Õ with methyl bromide :

Cl Õ 1 CH
$
Br ! CH

$
Cl 1 Br Õ . (23)

This analysis indicated the fraction of Br Õ produced from reaction (21) was 90 %, and
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the fraction of Cl Õ produced was 10 %. However, it is probable that a small portion of

Cl Õ (D
#
O) and Cl Õ (CH

$
Br) clusters break up upon sampling to produce Cl Õ . If

sampling break-up is also included in the model, then equally good ® ts are obtained

for 100 % of the reaction proceeding via the Br Õ channel with a 4 % break-up upon

sampling. Thus, our data place limits on the Cl Õ formation channel at 0 ± 10 %.

For both larger reactant ions, n = 2 and n = 3, the main ionic product was

Cl Õ (D
#
O)n

Õ "
, and no hydrates of Br Õ were observed. By analogy to the n = 1 reaction,

we propose the following two-step mechanism for the reactions of Cl Õ (D
#
O)

# , $
:

Cl Õ (D
#
O)n 1 CH

$
Br ! Cl Õ (D

#
O)n

Õ "
(CH

$
Br) 1 D

#
O, (24)

Cl Õ (CH
$
Br) (D

#
O)n

Õ "
1 He ! Cl Õ (D

#
O)n

Õ "
1 CH

$
Br 1 He,

! Cl Õ (D
#
O)n

Õ #
(CH

$
Br) 1 D

#
O 1 He. (25)

The temperature dependence of these products is consistent with the proposed

mechanism, that is reaction (23) is considerably slower at lower temperatures.

Thus, for the Cl Õ (D
#
O)n 1 CH

$
Br system, we ® nd that the S

N
2 mechanism is only

important for n = 0. For n " 0 we observe ligand switching presumably because the

relative height of the central barrier becomes too high for the S
N

2 mechanism to be

e� cient. This result is to be expected because the barrier crossing e� ciency for the

n = 0 case is already quite low (1 %), and the relative height of the central barrier

is believed to increase with increasing hydration level [70]. Indeed, this is what is

observed in the OH Õ (H
#
O)n and F Õ (H

#
O)n systems.

Ligand switching mechanisms had not been previously reported for the reactions

of hydrated ions with methyl halides. However, previous studies have mostly focused

on reactions involving F Õ or OH Õ . At low levels of hydration, F Õ and OH Õ form

substantially stronger bonds with water than does Cl Õ [109]. As a result, ligand

switching with hydrates of F Õ and OH Õ is probably much more endothermic. The ab

initio studies of M orokuma [76] and Ohta and Morokuma [77] support this statement.

They calculated that the reaction OH Õ (H
#
O) 1 CH

$
Cl ! Cl Õ (CH

$
Cl) 1 H

#
O is en-

dothermic by 57 kJ mol Õ " , while the reaction Cl Õ (H
#
O) 1 CH

$
Cl ! Cl Õ (CH

$
Cl) 1 H

#
O

is endothermic by only 4 kJ mol Õ " . It is interesting to note that, as the hydration level

of F Õ , OH Õ and Cl Õ are increased, their water binding energies become similar. Thus,

it is possible that ligand switching reactions will be observed for large (n " 3) hydrates

of F Õ and OH Õ . Indeed we have found this to be the case for F Õ as discussed below.

Two other studies of solvated chloride ions with methyl bromide have been made.

Bohme and Raksit [73] studied the reactions of Cl Õ (S)n with CH
$
Br, where S =

CH
$
OH, C

#
H

&
OH, CH

$
COCH

$
, HCOOH and CH

$
COOH. They found that the

reaction rate constants were too low for accurate measurement for n & 1 and did not

observe ligand switching. Giles and Grimsrud [108] found that solvation of Cl Õ by

CHCl
$

also inhibits the reaction with CH
$
Br and similarly did not ® nd evidence for

ligand switching. However, the experimental systems used in these studies produced

solvated clusters by adding solvent directly to the reaction mixture. Hence, any

Cl Õ (S)n
Õ "

CH
$
Br produced would be quickly converted back into Cl Õ (S)n by the high

levels of solvent in the ¯ ow since the ligand switching is exothermic in that direction

(analogous to reaction (25)).

Probably the most interesting aspect of this study was unexpected, namely the

ability to study the thermal dissociation of Cl Õ (CH
$
Br). We found that when the

complex is formed via Cl Õ (H
#
O) 1 CH

$
Br, it dissociates through the Br Õ channel with

a branching fraction greater than 90 %. This is because the endothermic process drops
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this into low-energy states of the complex, and the least exothermic dissociation

pathway is the formation of Br Õ . Several previous studies have also focused on the

Cl Õ (CH
$
Br) complex because of its role as the initial intermediate in the unsolvated

Cl Õ 1 CH
$
Br reaction. At a low pressure (0.4 torr) the Cl Õ 1 CH

$
Br reaction proceeds

at 1 % of the collision rate. Thus, 99 % of the Cl Õ (CH
$
Br) collision complexes

dissociate back into Cl Õ and CH
$
Br, while only 1 % of the complexes dissociate into

Br Õ and CH
$
Cl. At a high pressure (N

#
at 640 torr) the reaction proceeds at 3 % of the

collision rate, which corresponds to the dissociation of 97 % of the complexes to Cl Õ

and CH
$
Br. Increasing pressure means that collisions occur during the lifetime of the

complex and cool the ion leading to more Br Õ . Collision-induced dissociation

experiments [104] lead to roughly 50 % Br Õ , and metastable decay experiments [103,

110] of long-lived (approximately microsecond) complexes almost exclusively form

Br Õ .

Because the Cl Õ (CH
$
Br) is formed by ligand switching, it is formed quite cold, and

its dissociation in the bath gas could then be modelled by Rice ± Ramsperger±

Kassel ± M arcus (RRKM ) theory [40]. Since the barrier height is very critical to this

calculation and not accurately known, it was left as an adjustable parameter and

determined by the ® t that best matched the temperature dependence. The barrier

height that best matched the data was 22.5‰2.5 kJ mol Õ " . The RRKM calculations

showed that little Cl Õ forms, consistent with our estimates. The barrier height derived

this way is considerably less (about 15 kJ mol Õ " ) than the barrier found in ab initio

calculations [107] or derived from the bimolecular reaction from statistical modelling

[103, 110, 111]. Several factors may contribute to this discrepancy.

(1) Ab initio calculations involving atoms as heavy as bromine are often in error

especially for a transition state.

(2) The barrier derived from the bimolecular rate constant assumes statistical

behaviour, and both experiments and theory indicate that this reaction is not

statistical.

(3) Tunnelling may be occurring in the thermal dissociation reaction owing to the

long time scale involved.

The results do show that RRKM modelling can accurately predict the temperature

dependence using the 22.5 kJ mol Õ " barrier. This is in contrast with the statistical

calculation of the bimolecular rate constant between Cl Õ and CH
$
Br for which the

temperature dependence of the rate constant cannot be accurately predicted [111].

Assuming that the barrier is as calculated from the thermal dissociation

experiments, the following picture of the reaction emerges. For the bimolecular

reaction, the lifetime of the complex is short (approximately picoseconds), non-

statistical behaviour occurs, and most of the dissociation of the complex is back into

reactants, namely Cl Õ . As the energy of the complex decreases, the lifetime increases

until a lifetime of microseconds is found in metastable decay experiments. The RRKM

calculations show that, when the lifetime is long, the reaction behaves statistically,

possibly with an eŒective barrier set by tunnelling. The postulate that statistical

theories describe nucleophilic displacement reactions when the lifetime is long and do

not when the lifetime is short is both reasonable and what we have observed previously

in reactions were internal energy dependences have been examined [112].
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Figure 12. Rate constants for the reactions of F Õ (H
#
O)n plus CH

$
Br as a function of

temperature [113] : ( E ), n = 0 ; ( + ), n = 1 ; ( U ), n = 2 ; ( _ ), n = 3 ; ( y ), n = 4 ; ( - ),

n = 5.

3.3.3. F Õ (H
#
O)

!
±
&
1 CH

$
Br

We have also studied the reactions of CH
$
Br with F Õ (H

#
O)n , 0 % n % 5 [113]. All

features found in this series of reactions are similar to those found in either of the two

proceeding series and this discussion will therefore be relatively short. Figure 12 shows

rate constants measured in the SIFT for the reaction of CH
$
Br with F Õ (H

#
O)n , 0 %

n % 5, as functions of temperature. The addition of one water molecule to the bare

¯ uoride ion decreases the reaction rate by a factor of three. The addition of the second

water solvent decreases the rate by a factor of greater than 40, and the third water

molecule makes the rate immeasurably slow. This decrease in S
N

2 reactivity is similar

to that observed for CH
$
Br reaction with OH Õ (H

#
O)n ions. For the bare ¯ uoride ion,

a T Õ !
.
*

‰
!

.
" dependence was found when a power-law expression was ® tted to the data,

while the temperature dependence for the n = 1 ion is slightly more negative, T Õ "
.
"

‰
!

.
! & .

Rate constants were measured for both F Õ (H
#
O) and F Õ (D

#
O). Although the F Õ (D

#
O)

reaction is about 25 % faster than the F Õ (H
#
O) reaction, a similar temperature

dependence was observed. The reaction of CH
$
Br with n = 2 was so slow at

temperatures greater than room temperature that only an upper limit could be

determined for the rate constant, a value consistent with the upper limit reported by

Bohme and Raksit [73]. At lower temperatures the n = 2 rate constants are large

enough for measurement but remain a factor of 40 smaller than the n = 1 rate. For

n = 3, the reaction is so slow that only an upper limit could be placed on the rate.

Interestingly, the reactions of CH
$
Br with even larger reactant ions, n = 4 and n = 5,

are faster than the n = 3 reaction.

A previous study by Bohme and Raksit [73] reported the n = 1 rate to be a factor

of almost ten smaller than the n = 0 rate, a much greater reduction than found here.
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However, the measurements by Bohme and Raksit [73] were performed in a ¯ owing-

afterglow apparatus that had several F Õ hydrates present simultaneously. Presumably,

the n = 1 and n = 2 clusters were in equilibrium, and the n = 1 rate was in¯ uenced by

the presence of the extremely slow n = 2 reaction. M ore recently, O ’ Hair et al. [75]

found values about 20 % lower than our results but well within the combined error

limits.

For the reactions of CH
$
Br with F Õ (H

#
O)n , 0 % n % 3, we ® nd Br Õ to be the major

ion product with a smaller amount of Br Õ (H
#
O) also being formed (always less than

25 % and decreasing with increasing temperature). The only observed ionic product

for the n = 0 reaction was Br Õ , while two ionic products are observed for the F Õ (H
#
O)

reaction, Br Õ and Br Õ (H
#
O) :

F Õ (H
#
O) 1 CH

$
Br ! Br Õ 1 CH

$
F 1 H

#
O, D H ! =– 76 kJ mol Õ " ,

! Br Õ (H
#
O) 1 CH

$
F, D H ! =– 128 kJ mol Õ " . (26)

The percentage of Br Õ increases from about 80 % at low temperatures to essentially

100 % at 500 K, and slightly more Br Õ is found for F Õ (D
#
O) than for F Õ (H

#
O). W hile

the percentage of Br Õ formed is similar to that found in the reaction of OH Õ (H
#
O) with

CH
$
Br, the temperature dependence of the branching into Br Õ is not similar. The

former was temperature independent. The F Õ results are more intuitive in that less of

the cluster product is observed at higher temperatures. As the temperature is raised,

the dissociating complex has more energy and therefore one would expect less of the

cluster to be formed. No explanation for the diŒerence has been found to date.

For the n = 2 reaction, three product channels were observed :

F Õ (H
#
O)

#
1 CH

$
Br ! Br Õ 1 CH

$
F 1 2H

#
O, D H ! =– 6 kJ mol Õ "

! Br Õ (H
#
O) 1 CH

$
F 1 H

#
O, D H ! =– 59 kJ mol Õ " ,

! F Õ (H
#
O)

#
CH

$
Br, D H ! = ?. (27)

The branching percentages at low temperatures were 68 % Br Õ , 4 % Br Õ (H
#
O) and

28 % F Õ (H
#
O)

#
(CH

$
Br). The reaction of n = 3 is so slow that product branching

fractions could not be determined. For both n = 4 and n = 5, the only observed ionic

products were F Õ (H
#
O)n

Õ "
. This is due to a mechanism similar to that shown in

reactions (24) and (25). The rate-determining step is likely to be the ligand-switching

step which would be slightly endothermic, thereby resulting in the small rate constant.

The thermal decomposition step is fast enough to keep the concentration of

F Õ (H
#
O)n

Õ "
(CH

$
Br) at undetectable levels.

Summarizing, hydration changes the mechanism twice in the reaction of CH
$
Br

with F Õ (H
#
O)n . Nucleophilic displacement is the only mechanism for n = 0 and n =

1. The n = 2 reaction shows competition between nucleophilic displacement and

association. No measurable reaction occurs for n = 3, and the n = 4 and n = 5

reactions occur by ligand switching followed by thermal dissociation. It is somewhat

surprising that F Õ hydrates ligand switch with CH
$
Br while OH Õ hydrates do not. One

possible explanation is that ligand switching is more endothermic for the OH Õ case

because the hydration energies of OH Õ are greater than those of F Õ and } or because the

methyl bromide complexation energy of OH Õ is less than that of F Õ . Small energy

diŒerences, of the order of 5 kJ mol Õ " , would be su� cient to cause ligand switching to

be observed for F Õ and not for OH Õ . The existing experimental [109, 114] and

theoretical [115± 119] data, while indicating that the relevant energies for F Õ and OH Õ

are similar, are not su� ciently accurate to test this explanation.

All three series of reactions show that, as the nucleophilic displacement channel
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becomes ine� cient, association or endothermic ligand switching reaction channels can

become important. Neither of these channels had been observed previously. The

observation of ligand switching followed by thermal dissociation is in essence catalytic

decomposition of a ligand and would be hard to observe without the mass selectivity

of the present instrumentation.

3.4. Cluster reactivity as a probe of structure

The structures of relatively large ion ± molecule clusters have been calculated via ab

initio methods [115, 120± 123], molecular dynamics simulations [124± 129] and classical

electrostatic solvation models [130]. In the case of halide± water clusters X Õ (H
#
O)n

where X = F, Cl, Br or I, the diŒerent theoretical methods all reproduce the

stabilization energies that have been measured using high-pressure mass spectrometry

[114, 131, 132] and photoelectron spectroscopy [133, 134] ; however, the equilibrium

geometries generated by the various models are often in con¯ ict. The main diŒerence

is whether the halide ion is located on the surface or within the interior of the cluster.

Presumably, clusters which contain only a few solvent molecules cannot fully shield

the halide core ion and are, by default, surface state clusters. However, with increasing

solvation it becomes possible for the halide ion to reside within the cluster’ s interior,

surrounded by a shell of solvent molecules.

We have attempted to utilize size-dependent kinetic data to observe the transition

from surface to interior states in halide ± water clusters and in OH Õ (H
#
O)n clusters. If

the assumption is made that surface solvated states react much more rapidly than

internally solvated states, then the kinetic data should yield information about the

structure of these clusters. This is a reasonable assumption since a strong interaction

between a reactant molecule and the ion-molecule cluster is more likely if the reactant

molecule can readily access the core ion and become polarized.

We have measured size-dependent rate constants for the reactions of X Õ (H
#
O)n

(X = F, Cl, Br or I) with Cl
#

at 140 K ; the results are presented in ® gure 13 [135]. The

substantial decrease in the F Õ (H
#
O)n rate constants at n & 4 suggests that F Õ switches

from a surface to internally solvated state at that cluster size. This is in excellent

agreement with both the ab initio calculations and the molecular dynamics simulations

which predict that ¯ uoride clusters will be in surface states for n % 3 and in interior

states for n & 4. For the Cl Õ (H
#
O)n clusters, the kinetics results indicate that the

transition to an internally solvated state occurs at n = 6. This agrees well with the ab

initio calculations but not with the molecular dynamics simulations. Ab initio

calculations of Cl Õ (H
#
O)n clusters predict surface states will be favoured for n % 5 and

interior states will be favoured for n & 6, while the molecular dynamics simulations

predict surface states will be favoured up to at least n = 15. For Br Õ and I Õ solvated

clusters, the kinetics results show no change in the reaction rate constants even for the

largest clusters studied (n = 16 and n = 13 respectively), which suggests that there is no

obvious transition from surface to internal solvated states by those cluster sizes. This

result is in good agreement with the molecular dynamics simulations and classical

electrostatic solvation models, but in disagreement with the ab initio calculations.

Unlike the ab initio calculations, which predict the transition to occur by n = 6, the

molecular dynamics simulations predict surface states will be favoured up to at least

n = 15, and the classical electrostatic solvation models for I Õ clusters indicate that

surface states will be favoured for clusters containing as many as 60 solvent molecules.

Our conclusion that the hydration shells of F Õ and Cl Õ clusters close before those

of Br Õ and I Õ is quite plausible. For an interior state to be favoured, the halide± water
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Figure 13. Normalized rate constants for the reactions X Õ (D
#
O)n 1 Cl

#
! products at T =

140 K with H
#

as a carrier gas [135]. Experimentally obtained rate constants k
exp

are
divided by the Langevin collision rate constant k

c
. Error estimates are 25 % accuracy and

15 % precision when error bars are not shown. The Br Õ (D
#
O)n rate constants for n & 12

and the I Õ (D
#
O)n rate constants for n & 10 were not directly determined and have a factor

of two uncertainty represented by the error bars (the broken lines for n = 10 and n = 11

are error bars for I Õ only).

interactions must be stronger than the water± water interactions. As the size of the

halide ion increases, the electric ® eld that it produces weakens and hence the strength

of its electrostatic interaction with water weakens.

With regard to OH Õ (H
#
O)n clusters, ab initio calculations suggest that interior

solvation of the subion develops with four to six water molecules [121]. Size-dependent

kinetic data are available for OH Õ (H
#
O)n clusters reacting with CO

#
and with HBr.

Once again, observing the transition from surface solvated states to internally solvated

states is based upon the assumption that surface states react much more rapidly than

internal states. Yang and Castleman [35] studied the reactivity of OH Õ (H
#
O)n clusters

with CO
#

and found that the rate constants for 1 % n % 3 are at the collisional limit,

while the rate constants for n & 4 decreased substantially with increasing levels of

hydration. The apparent transition in the kinetic data from surface to internally

solvated states is in good agreement with the ab initio results. Rate constants for the

reactions of OH Õ (H
#
O)n , 0 % n % 11, with HBr at 100 K have been measured in our

laboratory, and the results are shown in ® gure 14 [136]. For n % 7, the reactions with

HBr proceed at the gas-phase collision limit. W ith further solvation, the e� ciency of

the reaction gradually decreases until it is only one third the collisional rate at n = 11.

The apparent transition between surface and internal states in this study occurs at

somewhat larger cluster sizes than was indicated by the ab initio results and the

previous kinetic study. W e believe that this is because HBr, unlike CO
#
, has a relatively

large permanent dipole, which allows it to interact more easily with a partially shielded

OH Õ ; that is the polar HBr reactant may burrow through a small number of water

molecules to ® nd the ionic core while the non-polar CO
#

could not.
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Figure 14. Rate constants for the reactions of OH Õ (H
#
O)n with HBr at 100 K, shown as a

function of cluster size for 0 % n % 11 [136] : ( Ð Ð ), collision rate constants. Error bars

re¯ ect relative error only.

4. Conclusions

The addition of a supersonic ion source to a variable-temperature SIFT has proven

to be an important addition to the arsenal of experiments employed to study reactions

of ionic clusters. The studies done to date have yielded important new data on a variety

of processes, some of which could not be studied in any other way at present. W hile

only negative-ion studies have been reported thus far, we are now in the process of

making the ® rst measurements with positive cluster ions, and it appears that we shall

be able to study an interesting variety of positive ions.

Thermal dissociation processes have proven to be important in a variety of ways.

Thermal dissociation sets the upper temperature limit at which any particular ion

could be studied. Product ions thermally decompose at temperatures where the

primary ions are stable. A determination that thermal dissociation is occurring can

usually only be made by varying the temperature. W e have used the observation of

thermal dissociation to get at processes that are otherwise di� cult to determine. For

instance, we have made determinations of the adiabatic electron a� nities of hydrated

electrons. Production of Cl Õ (CH
$
Br) by ligand switching allowed one to study the

dissociation of this ion for a well controlled energy distribution for the ® rst time. This

resulted in new insights into a reaction that had already been thoroughly studied. For

Cl Õ (H
#
O)n and F Õ (H

#
O)n reacting with CH

$
Br, we found that a H

#
O ligand could be

catalytically decomposed in a two-step process of ligand switching followed by

thermal dissociation of the CH
$
Br ligand.

One of the prime motivations for incorporating the supersonic ion source to the

SIFT was to study reactions important for chemical ionization detection of trace

neutrals. These studies have also proved interesting. The reactions of CO Õ
$
(H

#
O)n ions

with SO
#

showed that the rate constants varied substantially with cluster size and that

one must be careful when using rate constants measured for a limited number of

clusters. W hile the results of the study of CO Õ
$
(H

#
O)n ions reacting with H

#
SO

%
showed
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no surprises, it was an important advance in that the study showed that any strongly

bonded cluster ion (greater than about 10± 12 kcal mol Õ " ) can be studied with most

neutrals of interest. A particular challenge for atmospheric trace neutral detection will

be the ability to study mixed clusters of the type H+(X) (H
#
O)n (where X are species

such as acetone, acetonitrile or methanol) reacting with H
#
O. The important question

is whether the H
#
O reactant can switch the X solvent molecule out of the cluster. This

will have signi® cant eŒects on the concentration of X derived from chemical ionization

measurements. The SIFT with a supersonic ion source is an ideal apparatus to study

these processes.

We have been able to show that measurements of rate constants with the source of

the cluster ions in the ¯ ow tube often lead to erroneous results. The present method

does not suŒer from the fact that the ions are in equilibrium with the source gas. This

eŒect has led to large errors in the past. Although some of the techniques described in

the introduction can also get around this problem, they do not have the capability also

to measure product distributions.

Our studies of hydration eŒects on nucleophilic displacement reactions have

revealed new channels besides the expected channels. In particular, association and

ligand switching were shown to replace nucleophilic displacement for larger cluster

sizes. The versatility of the technique was demonstrated by showing that the Br Õ signal

coming from the reaction of Cl Õ (H
#
O) with CH

$
Br was not due to nucleophilic

displacement but to ligand switching followed by thermal dissociation. Errors in

previous measurements due to equilibrium in the ¯ ow tube appeared to be common in

the nucleophilic displacement studies.

A completely unexpected aspect of the studies reviewed here is the indication that

reactivity studies may reveal structural information about ions that cannot be derived

from other measurements, that is whether ions are internally or externally solvated

within a cluster. Our results seem to show that the switch from external to internal

solvation occurs for larger hydration numbers as the size of the core ion increases.

Also, it appears that polar reactant molecules may not be as good a probe of structural

details as non-polar reactants because polar molecules can `burrow ’ through the outer

solvation layer. The results that we have found on this subject are intriguing but not

de® nitive, and much more work needs to be done to validate this technique.

While many of the features of the studies presented here can be easily explained,

there are several important unanswered questions that can bene® t from theoretical

studies and } or further experimental studies. The isotope eŒect in the reaction of

OH Õ (H
#
O) with CH

$
Br is particularly intriguing. Although we have presented these

results at numerous meetings and discussions, no satisfactory explanation of this

isotope eŒect has arisen. The postulate that tunnelling is important in the thermal

dissociation of Cl Õ (CH
$
Br) is currently being examined. The diŒerence in the

temperature dependences of the fraction of Br Õ produced in the reactions of F Õ (H
#
O)

and OH Õ (H
#
O) with CH

$
Br is puzzling as is the quantitative diŒerence between the

helium and H
#

buŒers in the reaction of OH Õ (H
#
O)

#
with CH

$
Br. Validation of the

switch from external to internal solvation of ions is also important.

In conclusion, the addition of a supersonic ion source to a variable-temperature

SIFT has resulted in numerous discoveries in the ® rst years of use. Key to the success

of this instrument is the use of a heated neutral inlet and the ability to vary the

temperature. W hile the ® rst studies have centred on negative-ion reactions, the

instrument is equally capable of studying positive-ion reactions, and the ® rst studies of

positive ions are now under way.
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