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Branching ratios have been measured as a function of collision energy for the dissociation of
mass-selected chloride-bound salt cluster ions, [Rb-35Cl-Mi]

�, where Mi � Na, K, Cs. The
extended version of the kinetic method was used to determine the heterolytic bond dissocia-
tion energy (HBDE) of Rb-Cl. The measured value of 480.8� 8.5 kJ/mol, obtained under single
collision conditions, agrees with the HBDE value (482.0 � 8.0 kJ/mol), calculated from a
thermochemical cycle. The observed effective temperature of the collisionally activated salt
clusters increases with laboratory-frame collision energy under both single- and multiple-
collision conditions. Remarkably, the effective temperatures under multiple collision condi-
tions are lower than those recorded under single-collision conditions at the same collision
energy, a consequence of the inability of the triatomic ions to store significant amounts of
internal energy. Laboratory-frame kinetic energy to internal energy transfer (T3V) efficiencies
range from 3.8 to 13.5%. For a given cluster ion, the T3V efficiency decreases with increasing
collision energy. Many features of the experimental results are accounted for using MassKi-
netics modeling (Drahos and Vékey, J. Mass Spectrom. 2001, 36, 237). (J Am Soc Mass
Spectrom 2002, 13, 1388–1395) © 2002 American Society for Mass Spectrometry

Thermochemical information has played a pivotal
role in the development of ion/molecule chemis-
try [1]. Not only is this information useful in the

interpretation and prediction of ionic reactivities and
ion/molecule mechanisms, but the paucity of alterna-
tive sources of this information has made its acquisition
an important application of ion/molecule reactions [2,
3]. Methods for determining absolute values of thermo-
chemical quantities are rarely applicable, so relative
values are typically measured by kinetic and equilib-
rium measurements on gas-phase ions. Theoretical cal-
culations serve a special reference function [4]. Under
appropriate conditions, the kinetics of the dissociation
of molecular cluster ions can yield relative, but quanti-
tative, thermochemical information on the constituent
species [5]. The kinetic method, based on this concept,
has been widely used for estimating thermochemical
properties [5, 6]. Cluster ions bound via protons (eq 1),
as well as other atomic or polyatomic anions or cations

can be isolated and their dissociations followed in a
tandem mass spectrometry experiment [7].
In eq 1, k1 and k2 represent the rate constants for two

competitive dissociation channels of the proton-bound
dimer to yield B1H

� and B2H
�, respectively. The ratio

of rate constants, viz. the branching ratio of two frag-
ment ion abundances, is related logarithmically to the
gas-phase basicities of B1 and B2, in the standard form
of the kinetic method:

ln�k1
k2
� �

���G

RTeff
(2)

In eq 2, �(�G) is the difference in gas-phase basicities
of B1 and B2, R is the gas constant, and Teff is the
effective temperature (the parameter in the kinetic
method which connects the degree of fragmentation of
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isolated ions to their mean internal energy [8]). Theo-
retical treatments of the kinetic method have been given
[6]. Recently, various theoretical formulations of the
statistical reaction rate theory (RRK, quantum-RRK,
and RRKM), [9–11] as well as a finite heat bath theory
(FHBT) simulation [12] have been applied in attempts
to improve the theoretical basis of the kinetic method [8,
13, 14].
An important advance in the kinetic method, made

by Fenselau and co-workers [15] and further probed by
Wesdemiotis and his group [16, 17] was the recognition
that differences in entropic effects in the competitive
reactions need not cancel to allow thermochemical
measurements to be made. Not only can enthalpy and
free energy data be gleaned from this extended form of
the kinetic method, but reaction entropy differences
themselves can be estimated. While differences in the
activation entropy change between the two competitive
reactions need not be negligible in the Fenselau/Wes-
demiotis treatment, they should be constant for a series
of reference compounds. By acquiring abundance ratios
at several collision energies and therefore, several effec-
tive temperatures, the difference in entropy change
between the two dissociation channels can be measured
by a double plotting method [16–21]. An improvement
to this method that removes covariance of the slope and
the intercept was suggested by Armentrout [14], who
introduced appropriate statistical procedures and pro-
vided a simple means of analyzing the uncertainties in
the thermodynamic quantities. In the systems studied
so far, differences between Armentrout’s and earlier
data treatments do not lie in the quantitative results
themselves but in the magnitudes of the errors associ-
ated with these values. It must also be noted that the use
of the kinetic method for the estimation of relative
reaction entropies is not universally accepted [22] al-
though recent tests in which the extended form of the
kinetic method is compared with results of a new
entropy-corrected kinetic method [23] give encouraging
results. The relative entropy term in the extended
kinetic method has recently been discussed by Ervin in
the context of a microcanonical analysis [22]. This
author has argued that it may not be equal to the
thermodynamic entropy difference for the two dissoci-
ation channels.
The HBDE is a fundamental thermochemical prop-

erty, yet one that is relatively inaccessible for simple
diatomic molecules AC (A is an anion and C is a cation).
The HBDE value for a binary salt is to be contrasted
with the better-known thermochemical quantity, the
lattice energy. The kinetic method has been used to
estimate HBDE values in two previous experiments,
using fast-atom bombardment (FAB) [24] and electros-
pray ionization (ESI) [25] to generate the precursor
cluster ions.
In the former study on ionic salt clusters, remarkably

high effective temperature (Teff) values were observed
[24]. More recently, Cole and co-workers systematically
examined halide-bound clusters [M1-X-M2]

� (X � Cl, I)

and alkali-bound clusters [X1-Na-X2]
�. In both posi-

tively and negatively-charged clusters, high Teff values
were also recorded. The extended version of the kinetic
method was not used in these earlier investigations so
this further investigation of triatomic salt clusters by the
kinetic method in its extended form was undertaken in
order to better understand this unusual chemical sys-
tem. Special properties of triatomic salt clusters include:

1. The small number of degrees of freedom. This raises
interesting questions regarding the applicability of
statistical unimolecular kinetics.

2. The negligible kinetic shift. This means that all ions
are expected to fragment immediately upon being
activated to the dissociation threshold; the oscillator
frequencies should have only a small influence on
relative fragment ion abundances.

3. The strong ionic bonds. These are expected to make
it difficult to provide enough internal energy in the
activated ion to reach abundance ratios of the prod-
uct ions that approach unity, even at high collision
energy.

The goals of this study are (1) to extend our earlier
preliminary study to cover a range of collision energies
and pressures; (2) to further investigate the applicability
of the kinetic method to measure HBDE under various
conditions; (3) to estimate, if possible, reaction entropies
using the extended version of the kinetic method; (4) to
seek an understanding of energy partitioning (T3V;
collision energy to internal energy transfer efficiency) in
salt clusters; and (5) to use MassKinetics modeling to
elucidate the experimental findings and refine our
understanding of the dissociation of small salt cluster
ions.

Experimental

Experiments were performed using a Finnigan TSQ 700
triple quadrupole mass spectrometer (Thermo-Finnigan
MAT, San José, CA). The manifold and ion source
temperatures were held at 40 and 70 °C, respectively.
The FAB gun (Ion Tech, Teddington, UK) was operated
at 5kV and 3 mA emission current to generate fast Ar
atoms. The nominal manifold pressure was 6 � 10�7

torr.
All chloride salts (NaCl, KCl, RbCl, CsCl) were

purchased from Aldrich Chemical Co. (Milwaukee, WI)
and used without purification. In pairwise fashion, two
salts (RbCl and NaCl, KCl or CsCl, where RbCl is
treated as the compound with unknown HBDE) were
mixed with glycerol and placed on the stainless steel
probe tip and bombarded with energetic argon atoms.
The mixed cluster ion [M-35Cl-Mi]

� generated in the
ion source was mass-selected using the first quadrupole
mass filter. Collisional activation of the selected cluster
ion was achieved in the second rf-only quadrupole at
various collision energies (20, 30, and 50 eV, respec-
tively) under either single-collision conditions (i.e., pri-
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mary ion beam attenuated by less than 20%) or multi-
ple-collision condition (i.e., primary ion beam
attenuated by more than 80%) by varying the pressure
of the Ar collision gas [26]. The product ion mass
spectra were recorded by scanning the third quadru-
pole. All peak ratios were measured in triplicate and
displayed relative standard deviations of less than 10%.
Mass-to-charge ratios are reported using the Thomson
unit (1 Th � 1 m/z) [27].
Calculations were performed using the MassKinetics

Scientific (Ver. 1.2), which is a more powerful version of
Masskinetics Demo (the latter available at http://www.
chemres.hu/ms/masskinetics). MassKinetics is a collec-
tion of methods for modeling mass spectrometric pro-
cesses, discussed in detail recently [28]. It combines
modeling of unimolecular reaction rates with consider-
ation of energy exchange processes to calculate product
ion abundances as the ions move through various parts
of a mass spectrometer. In MassKinetics ions are char-
acterized by their internal and kinetic energies. Essen-
tial features of the MassKinetics model are the use of
internal (and, as necessary, kinetic) energy distributions
and the use of probabilities to describe transitions
between different states. Reaction rates are calculated
based on transition state theory (TST) in its Rice-
Ramsperger-Kassel-Marcus (RRKM) formulation [29–
31]. The kinetic and/or internal energies of ions in the
gas phase may change due to (1) acceleration in elec-
tromagnetic fields, (2) radiative energy exchange (pho-
ton absorption and emission), (3) collisional energy
exchange, and (4) energy partitioning during dissocia-
tion, each of which is taken into account. Amongst these
factors, collisional energy exchange may be described
using different collision models. Energy exchange pro-
cesses and fragmentation take place in the same time-
frame, and both are taken into account simultaneously
using master-equation models [32]. While the mathe-
matical description of these physical processes is quite
complex, MassKinetics has the advantage that ion
abundances can be calculated accurately using very few
empirical (adjustable) parameters [8, 33]. The MassKi-
netics algorithm has been used to develop a (similarly
named) PC-based software program. Calculations pre-
sented in this communication can be downloaded from
the MassKinetics site, allowing further tests on this
system to be performed by the interested reader. In
MassKinetics calculations, vibrational frequencies of the
reactant and product ions and of the transition states
are required. The critical energies for the dissociations

are also needed. To provide this information, quantum
chemical calculations were performed using the Gauss-
ian 98 package [34]. Because the relativistic effects in
these heavy atoms (Rb, Cs) are large [35], effective core
potentials were used for the calculations. The structures
of the molecular ions and of the fragments ions were
fully optimized at the DFT(B3LYP) [36–38] level of
theory with the SDD basis set [39]. The calculated
frequencies were scaled using the value suggested
before (0.9806) [40, 41]. Vibrational frequencies were
specified with an accuracy of 1 cm�1.
The unimolecular dissociations of these salt clusters

are believed to go through loose transition states, with
no substantial energy barrier [30]. In order to be able to
find the exact geometries of the transitional states,
Variational Transition State Theory (VTST) [42, 43] was
applied to these systems. The vibrational frequencies
were calculated along the reaction coordinates, using
the same level of theory as above. The sum of states was
calculated from the frequencies by direct state counting
[44]. The transition state was located at a reaction
coordinate that corresponds to the minimum in the sum
of states. The detailed results of the VTST calculations
are soon to be published (Sztáray, J.; Drahos, L.; Vékey,
K., unpublished). The critical energies of the dissocia-
tions were obtained from the total energies of the
optimized species. An average collision cross section of
90 Å2 was used for all ions, an approximation based on
calculated radii of the ions and justified by the fact that
the number of collisions is controlled by the pressure in
these experiments.

Results and Discussion

Applicability of the Kinetic Method to
Thermochemical Determinations Using Small Ion-
Bound Salt Clusters

The difference in the heterolytic bond dissociation en-
ergy (HBDE) for NaCl and CsCl is calculated from
literature thermochemical cycles (Table 1) as 84.5 kJ/
mol (0.86 eV). In order to directly measure relative
HBDE values, branching ratios were measured for the
dissociations of the cluster ions generated by mixing
RbCl (chosen as the compound with unknown HBDE)
and either NaCl, KCl, or CsCl. Competitive dissocia-
tions of the triatomic cluster ions [Rb-35Cl-Mi]� where
Mi is either Na, K, or Cs, were examined in pairwise
fashion.

Table 1. Calculated heterolytic bond dissociation energies for NaCl, KCl and CsCl using a thermochemical cyclea

Salt MiCl HBDE (kJ/mol)
Average HBDE (HBDEav) for
(NaCl � KC1 � CsCl) (kJ/mol)

HBDE(Mi)-HBDEav
(kJ/mol)

Mi � Na 559.0 512.1 46.9
Mi � K 502.9 512.1 �9.20
Mi � Cs 474.5 512.1 �37.6

aData from the literature [55].
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Figure 1 shows a typical product ion mass spectrum,
that of the mixed ionic cluster [Rb-35Cl-Cs]�. The frag-
ments at 85 and 133 Thomson correspond to the cations
of Rb� and Cs�, respectively. Simple inspection of the
ratios of fragment ion abundances (Figure 1) suggests
that RbCl has a greater heterolytic bond dissociation
energy (HBDE) than CsCl. The same order was ob-
served under both single (Figure 1a) and multiple
(Figure 1b) collision conditions. This trend is consistent
with the data obtained from independent thermochemi-
cal calculations, as shown in Table 1. In order to obtain
quantitative information, it is necessary to consider the
entropy requirements of the two competitive dissocia-
tions.
Relative reaction entropies of the two competitive

fragmentations can arguably be equated to relative
reaction entropies for heterolytic bond dissociation, i.e.,
for reactions of the type RbCl3Rb� � Cl�. To access
these relative fragmentation entropies, branching ratios
for dissociation of the triatomic clusters were recorded
at different collision energies, corresponding to differ-
ent effective temperatures (the mean internal energy of
fragmenting ions, as recently suggested by Drahos and
Vékey using MassKinetics modeling [8] and by Laskin
and Futrell using finite heat bath theory [12]). Figure 2a
shows that linear correlations exist when applying the
kinetic method at 20, 30, 50 eV collision energies under
single collision conditions. Under different conditions
(various collision energies and multiple collision condi-
tions), similar kinetic plots were obtained (not shown).
From these data, effective temperatures, shown in Ta-
bles 2 and 3, can be extracted. In the extended form of
the kinetic method the intercepts obtained from the
energy-dependent kinetic plots are replotted versus the
corresponding slopes to give straight lines. In these new

plots, typified by Figure 2b, the slopes and intercepts
correspond to the HBDE for RbCl and the difference in
entropy change for the two competing dissociation
channels of the salt clusters (Table 4). The experimen-
tally measured HBDE for RbCl is 480.8 � 8.5 kJ/mol, as
measured under single-collision conditions and evalu-
ated by the Armentrout plotting procedure. This value
is consistent with the HBDE value of 482.0� 8.0 kJ/mol
calculated from the thermochemical cycle. The HBDE
value obtained under multiple collision conditions is in
agreement, within the experimental uncertainties (Table
4). The uncertainties in both the measured ion abun-
dance ratios and the calculated values for HBDEs of the
reference compounds lead to a combined estimated
uncertainty of approximate 8.5 kJ/mol, indicating that
the extended kinetic method provides HBDE values
with a smaller estimated error than the simple kinetic
method (�12 kJ/mol). The fact that entropy contribu-
tions are not negligible (Table 4) means that the use of
the simple version of the kinetic method is not the best
method in this case.
In the unimolecular-reaction based kinetic method as

just implemented, the two competitive reaction rates
depend on the thermochemical properties and on the
(electronic, vibrational, and rotational) states of a mass-
selected ion. The internal energy of such an isolated ion

Figure 1. Product ion MS/MS spectrum of the mass-selected
cluster ion [Rb-35Cl-Cs]�. Activation was achieved at 20 eV lab
collision energy under (a) single collision conditions and (b)
multiple collision conditions.

Figure 2. (a) Armentrout procedure for the determination of the
Rb-Cl heterolytic bond dissociation energy (HBDE) by plotting
ln([Rb�]/[Mi

�]) versus (HBDE(Mi) � HBDEav) where Mi � Na, K,
Cs. Three collision energies were used, 20 eV (filled circle, r2 �
0.9900), 30 eV (filled diamond, r2 � 0.9975), and 50 eV (filled
triangle, r2 � 0.9988), under single collision conditions. The
branching ratio corresponding to each point is the average value
of triplicate measurements. (b) Double plotting procedure of
Armentrout for the determination of HBDE; plot of y intercept
obtained from (a) versus 1/RTeff. Correlation coefficient (r

2) �
0.9982.
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is statistically distributed amongst vibrations and inter-
nal rotations. It is obvious that small salt clusters (with
only three atoms) are not ideally suitable to statistical
treatment. However, in spite of this non-ideality, the
kinetic method gives useful results that are consistent
with those available by other means.

Entropy Requirements of the Two Competitive
Fragmenting Reactions of Salt Clusters

In the kinetic method, the difference in entropy change
in the two competitive reactions, rather than their
absolute values are of interest [7]. If it is assumed that
the dissociation of an ion-bound salt cluster ion has a
loose dissociation transition state [45], the differences in
the entropies of the two dissociation channels are
mainly due to the vibrational entropy contributions.
This is reasonable, since there are large differences in
the frequencies of the dissociating bonds in these acti-
vated clusters. The measured average difference in the
entropy change on dissociation of salt clusters is small
(2.3 J/mol�K as shown in Table 4), as expected if simple
bond cleavages are involved, but not zero. Much larger
entropy contributions are found in the dissociation of
proton-bound peptide dimers, due to the intramolecu-
lar hydrogen bonding in these systems [15].

Kinetic to Internal Energy Transfer (T3V)
Efficiency

Collisional processes depend on two main factors: The
probability of a collision and the outcome of a single

collision. The outcome of multiple collisions is deter-
mined by the combination of these two parameters. The
probability of collision depends on the pressure of a
collision gas, and the velocity-dependent collision
cross-section. Kinetic (translational, T) to internal en-
ergy (vibrational, V) transfer controls the internal en-
ergy of the collision partners and determines the out-
come of a collision event. The most important
parameter influencing energy transfer in a collision
event is the center-of-mass (com) collision energy, the
maximum amount of kinetic energy that may be con-
verted into internal energy in a collision in the course of
completely inelastic scattering [46]. The greater the
collision energy transfer, the higher the internal energy
of the activated system, as indicated for example by the
effective temperature measured from its unimolecular
dissociation behavior.
These features are clearly illustrated in Figure 3

which shows results of MassKinetics modeling for the
salt cluster [Na-35Cl-Rb]�. Note that the increase of
effective temperature is nearly linear with the T3V
conversion efficiency (Figure 3b) and the experimen-
tally observed very high effective temperatures (
1000
K) which can be explained by the MassKinetics calcu-
lation. The greater the excess internal energy of the ions
(above the critical energy), the more likely they are to
dissociate, and hence the lower the survival yields, as
shown in Figure 3a. Deactivation is not explicitly dis-
cussed here but is considered in MassKinetics and other
treatments of low energy, multiple-collision CID [47].
Note also that the T3V energy transfer is not indepen-
dently calculated in the MassKinetics program: the

Table 2. Fragment ion abundance and kinetic method data under single-collision conditionsa as a function of lab collision energy

CID
eV

ln ([Rb�]/[Mi
�]) (survival yieldb)

Kinetic method plot using Fenselauc or Armentroutd

procedure

Na K Cs
Slopec,d

(1/RTeff) y interceptc y interceptd Teff
c,d (K)

20 6.18 (0.922) 1.95 (0.920) -1.17 (0.916) 0.0854 -41.936 2.317 1408 � 125
30 5.92 (0.919) 1.63 (0.914) -1.01 (0.912) 0.0812 -39.423 2.147 1481 � 139
50 5.02 (0.916) 1.29 (0.912) -0.870 (0.898) 0.0693 -33.554 1.751 1736 � 158

aIndicated CID collision gas argon pressure of 0.18 m Torr.
bDefined as the ratio of parent abundance to the total ion abundances after CID.
cKinetic method plot of natural logarithm of the abundance ratio of the two monomeric fragments (ln[Rb�]/[Mi

�]) versus HBDE(Mi).
dKinetic method plot of natural logarithm of the abundance ratio of the two monomeric fragments (ln[Rb�]/[Mi

�]) versus (HBDE(Mi) � HBDEav).

Table 3. Fragment ion abundance and kinetic method data under multiple-collision conditionsa as a function of lab collision energy

CID
eV

ln ([Rb�]/[Mi
�]) (survival yieldb)

Kinetic method Plot using Fenselauc or Armentroutd

procedure

Na K Cs
Slopec,d

(1/RTeff) y interceptc y interceptd Teff
c,d (K)

20 5.43 (0.682) 1.65 (0.646) �0.991 (0.466) 0.107 �51.964 3.053 1120 � 118
30 5.01 (0.671) 1.45 (0.637) �0.961 (0.433) 0.103 �49.797 2.883 1169 � 113
50 4.26 (0.658) 1.24 (0.630) �0.831 (0.414) 0.0997 �48.295 2.784 1205 � 121

aIndicated CID collision gas argon pressure of 1.7 m Torr.
bDefined as the ratio of parent abundance to the total ion abundances after CID.
cKinetic method plot of natural logarithm of the abundance ratio of the two monomeric fragments (ln[Rb�]/[Mi

�]) versus HBDE (Mi).
dKinetic method plot of natural logarithm of the abundance ratio of the two monomeric fragments (ln[Rb�]/[Mi

�]) versus (HBDE (Mi) � HBDEav).
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values are obtained by fitting the experimental and
calculated dissociation behavior using a partially inelas-
tic model that assumes the internal energy uptake to
depend on the kinetic energy and the T3V efficiency,
but not on the initial internal energy.
The T3V conversion efficiency varies for different

systems [48]. In the alkali halide salt clusters, lab
collision energy to internal energy transfer (T3V) effi-
ciencies under single collision conditions range from 3.8
to 13.5% (Table 5). It was found that at the same
collision energy, the lab T3V transfer efficiency in-
creases with decreasing critical energy for the dissocia-
tion of activated cluster ions from [Na-35Cl-Rb]� to
[K-35Cl-Rb]� to [Cs-35Cl-Rb]�. For the same cluster ion,
the T3V transfer efficiency decreases as the laboratory
frame collision energy increases (i.e., at higher lab
collision energies, a smaller fraction of collision energy
is converted into internal energy), this result is similar
to that of earlier studies of collision energy transfer at
high energy (keV) [49], although in several low collision
energy studies, partitioning is constant with increasing
internal energy [10, 49–52].
The magnitude of the energy partitioning is not yet

understood in detail and is probably dependent on the
mechanism of collisional activation [10, 49–52]. For
example, the energy partitioning observed in this sys-
tem is much smaller than the average 41% com conver-
sion efficiency for nitrogen colliding with protonated

bradykinin (a peptide with 444 internal degrees of
freedom). On the other hand, the energy partitioning is
much smaller in pentapeptide dimers [53] and much
more similar to the values seen in this study in the
proton-bound dimers of small molecules [54].

Effective Temperature Decrease Under Multiple
Collision Conditions

The effective temperature measures the mean excess
internal energy of the fragmenting activated complex,
i.e., of the cluster ion. Three facts, (1) the strong ionic
bonds (high binding energy), (2) the small number of
oscillators, (3) the energy transfer probabilities combine
to cause salt clusters to have extremely high effective
temperatures. Some of these values are shown in Tables
2 and 3. As expected, the survival yield, which is
defined as the ratio of the parent ion abundance before
CID and after CID, decreases rapidly under multiple
collision conditions (compare Figure 1a and b). This
means that the more highly activated ions, with internal
energy well above the dissociation threshold, fragment
more readily under multiple collision conditions.
By contrast to expectation based on the behavior of

ions with large number of degrees of freedom [52], the
experimentally measured effective temperature Teff un-
der multiple collision conditions (Table 3) is lower than
that obtained under single collision conditions (Table
2). Normally, more collisions should result in ions
acquiring more internal energy, resulting in the higher
effective temperatures [52], although collisional relax-
ation effects under multiple collision conditions [47]
complicate this picture. In the simple salt clusters under
study, however, the kinetic shift is negligible (only four
vibrators), so internal energy can be stored in the ions
only up to the critical energy, above which the ion
dissociates very rapidly. This removes the cluster ion
and causes single collisions to give rise to higher
internal energies than multiple collisions (compare the
fragment ion abundance ratios in Figure 1). Based on
this argument, the effective temperature is observed to
decrease with increasing collision gas pressure. It is also
interesting to point out that the effective temperatures
increases more slowly with increasing collision energies
(from 20, 30, to 50 eV) under multiple collision condi-
tions (Table 3) than under single collision conditions

Table 4. Summary of HBDE and �(�S) for Rb-Cl measured using the kinetic method

CID
collision

HBDE (Rb-Cl) (kJ/mol) �(�S) (JK/mol)a

Fenselau
Procedureb

Armentrout
Procedurec

Fenselau
Procedureb

Armentrout
Procedurec

Single 481.7 � 8.6 480.8 � 8.5 2.3 � 1.9 3.0 � 2.2
Multiple 476.8 � 8.7 477.0 � 8.4 6.2 � 3.6 6.0 � 3.7

aValue reflects entropy difference for the two competitive dissociation reactions during CID.
bKinetic method plot of natural logarithm of the abundance ratio of the two monomeric fragments (ln[Rb�]/[Mi

�]) versus HBDE(Mi). %
dKinetic

method plot of natural logarithm of the abundance ratio of the two monomeric fragments (ln[Rb�]/[Mi
�]) versus (HBDE(Mi) � HBDEav).

Figure 3. MassKinetics modeling for the salt cluster [Na-35Cl-
Rb]�, showing (a) large decrease in survival yield and (b) large
increase in the effective temperature Teff with increasing energy
transfer under single collision conditions.
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(Table 2), which might be due to the greater kinetic
energy loss during multiple collisions.
This qualitative argument is supported by MassKi-

netics calculations as illustrated in Figure 4. The sur-
vival yield (Figure 4a) decreases significantly with
increasing collision gas (Ar) pressures from 0.18 mTorr
(ca. 1.05 collisions, single collision conditions) to 1.7
mTorr (ca. 10 collisions, multiple collision conditions).
The effective temperatures also decrease modestly (Fig-
ure 4b), which is consistent with the experimental
results. These results lead to the prediction that within
the statistical framework, higher collision gas pressures
should result in lower effective temperatures in systems
with very few degrees of freedom.

Conclusions

This study provides further insights into the applicabil-
ity of the kinetic method to the estimation of thermo-
chemical quantities and the applicability of the derived
effective temperature value in studies of energy parti-
tioning. The high effective temperatures of these sys-
tems are confirmed by both experimental results and

theoretical calculations, and are readily explained as a
result of the small number of degrees of freedom into
which a given amount of excess energy can be distrib-
uted. The effective temperature decreases with increas-
ing numbers of collisions due to the increasingly rapid
dissociation of the more highly excited ions. The lack of
delayed dissociation means that multiple collisions do
not build up internal energy in the activated ion as
occurs in systems with larger numbers of degrees of
freedom. This result, which contrasts strongly with that
seen in most organic ions, was first predicted by the
MassKinetics calculations and then shown experimen-
tally. By combining the kinetic method results for
effective temperature with MassKinetics calculations,
one can derive internal energies of the activated cluster
ions and hence laboratory frame kinetic energy to
internal energy transfer (T3V) efficiency could be
estimated. These data show that for a given cluster ion,
the T3V efficiency decreases with increasing collision
energy. This behavior is similar to that seen in the case
of high energy (keV) collisions, but contrasts with the
available data on low energy collisions. Differences in
the sizes of the systems make any further analysis
difficult and suggest that the behavior of larger salt
clusters should be studied. In spite of non-ideality of
salt clusters based on the statistical application, good
agreement between in the HBDE values obtained from
the experimental measurement and from the thermo-
chemical cycle calculations suggest that the kinetic
method is useful to estimate HBDEs in these cases.
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50. Vékey, K.; Brenton, A. G.; Beynon, J. H. Int. J. Mass Spectrom.

Ion Processes 1986, 70, 277–300.
51. Lee, S. H.; Kim, M. S.; Beynon, J. H. Int. J. Mass Spectrom. Ion

Processes 1987, 75, 83–89.
52. McLuckey, S. A.; Cooks, R. G.; Fulford, J. E. Int. J. Mass

Spectrom. 1983, 52, 165–174.
53. Marzluff, E. M.; Campbell, S.; Rodgers, M. T.; Beauchamp, J. L.

J. Am. Chem. Soc. 1994, 116, 6947–6948.
54. Augusti, R.; Zheng, X.; Noll, R. J.; Cooks, R. G. J. Phys. Chem.

A, to be published.
55. Lide, D. R. CRC Handbook of Chemistry and Physics; 75th ed. CRC

ress: Ann Arbor, 1995.

1395J Am Soc Mass Spectrom 2002, 13, 1388–1395 ALKALI CHLORIDE CLUSTER ION DISSOCIATION


