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A rigorous analysis of the kinetic method is carried out using Rice-Ramsperger-Kassel-
Marcus (RRKM) theory of microcanonical statistical unimolecular dissociation rates. The
model employs a kinetics treatment appropriate for metastable ion dissociation. Proton-
bound alkoxide dimer anions are used as model systems, with realistic vibrational and
rotational parameters calculated by ab initio methods for the cluster ion and transition
states leading to the competitive dissociation channels. The numerical simulations show
that the kinetic method plots of ln(I2/I1) versus ��H are nearly linear but can exhibit
significant curvature. The apparent entropy obtained in the extended kinetic method is not
approximately equal to the thermodynamic entropy difference for dissociation, ��S(T), or
for activation, ��S‡(T), either at the effective temperature or at any fixed equilibrium
temperature. Instead, the apparent entropy term can be related to the ratio of the
microcanonical sum of states of the dissociation transition states for the kinetically selected
internal energy of the dissociating ions. (J Am Soc Mass Spectrom 2002, 13, 435–452) ©
2002 American Society for Mass Spectrometry

The kinetic method is a popular mass spectrometry
technique for obtaining relative ion affinities. In
the kinetic method, originally developed by

Cooks and co-workers [1–4], the metastable or collision-
induced decomposition of a mass-selected cluster ion
that has two product channels is monitored in a tandem
mass spectrometer. An example of an application of the
kinetic method is shown in Figure 1, a schematic energy
diagram of the dissociation of a proton-bound alkox-
ide/alkanol anion as in reactions 1 and 2.

�R1O—H—OR2]
�3 R1O

� � R2OH��1H� (1)

3 R1OH� R2O
� ��2H� (2)

A correlation between the ratio of the intensities of the
two product ions and the thermochemical enthalpy
difference of the two product channels is made accord-
ing to eq 3,
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where Ij is the detected intensity of product ion RjO
�,

��H � �2H � �1H � �acidH(R2OH) � �acidH(R1OH),
��S � �2S � �1S,R is the gas constant, and the effective
temperature Teff is a kinetic correlation parameter that
is determined from a calibration plot of ln(I2/I1) versus
��H (slope � �1/RTeff). By measuring the product
intensity ratios for proton-bound dimers composed of
partners with known acidity, the slope of the correla-
tion is found and then the acidity of an unknown can be
measured versus a reference acid. Theoretical formula-
tions of varying levels of sophistication have been given
that justify the correlation given by eq 3 [1, 2, 5–12], but
its use and the meaning of the effective temperature
parameter are points of active discussion [4, 10, 11,
13–15].
In the “standard kinetic method” [4], the entropy

term in eq 3, ��S, is assumed to be zero. The “extended
kinetic method” [4] developed by Fenselau [16, 17],
Wesdemiotis [18–20] and their co-workers employs
different instrumental conditions to vary the effective
temperature, then treats the effective temperature pa-
rameter as a thermodynamic temperature to extract
apparent entropy differences, ��Sapp, between pairs of
cluster ions. Armentrout proposed an improved statis-
tical treatment of extended kinetic method data to

Published online March 26, 2002
Dedicated to Professor Peter B. Armentrout, who greatly appreciates
thermokinetic methods, in celebration of his many contributions to mass
spectrometry and ion chemistry as recognized by the 2001 Biemann Medal
and in thanks for his advice, support, and friendship over the years.

Address reprint requests to Dr. K. M. Ervin, Department of Chemistry,
University of Nevada/216, Reno, NV 89557-0020, USA. E-mail:
ervin@chem.unr.edu

© 2002 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received November 28, 2001
1044-0305/02/$20.00 Revised January 23, 2002
PII S1044-0305(02)00357-4 Accepted January 23, 2002



obtain enthalpy differences and the apparent entropies
with realistic uncertainties [21]. This “full entropy anal-
ysis” has been used for measurements of proton affin-
ities and electron affinities [22–26] by the extended
kinetic method. In their finite heat bath theory and
RRKM theory simulations, Laskin and Futrell [9] found
reasonable agreement between the apparent entropy
and the thermodynamic entropy difference. However,
there has been general conceptual criticism of using the
effective temperature as a thermodynamic quantity to
obtain entropy information [11, 13].
This work presents a rigorous analysis of the kinetic

method using the microcanonical RRKM [27] theory of
statistical unimolecular dissociation rates and a com-
plete kinetics analysis suitable for metastable ion disso-
ciation in a tandem mass spectrometer. Numerical
simulations are applied to a series of model systems
selected to elucidate aspects of the kinetic method that
are critical for evaluation of thermochemical results
from experiments including entropy effects. Simula-
tions allow one to define the “true” molecular and
energetic parameters exactly (without experimental un-
certainty), and then determine whether the kinetic
method measurements would yield back the same
energetics. In simulations, molecular parameters can be
varied artificially to gauge their effects. Proton-bound
alkoxide/alkanol anions are used here as model sys-
tems to generate physically reasonable parameters via
ab initio calculations and experimental data, but no
attempt is made to model any actual experiments or
real systems.

Canonical Formulation

The correlation of eq 3 was originally justified using
canonical transition state theory [1, 2]. This derivation is

repeated here in order to define terms and to discuss
approximations. It is first assumed that the ratio of the
ion intensities observed for the two channels is equal to
the ratio of the macroscopic rate coefficients, as given by
eq 4.
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According to canonical transition state theory [28, 29],
the reaction rate coefficients for the competing decom-
position channels, j � 1 and 2, are given by eq 5,

kj�T� �
kBT
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where T is temperature, h is Planck’s constant, kB is
Boltzmann’s constant, Qj

‡(T) is the partition function for
the transition state leading to channel j, Q0(T) is the
partition function for the cluster ion, and �jE0

‡ is the
energy difference between the cluster and the transition
state configuration at zero temperature. The rate coef-
ficient, k(T), strictly applies to a canonical ensemble of
reactant molecules, i.e., reactants in thermodynamic
equilibrium at temperature T.
Taking the logarithm of the ratio of the rate coeffi-

cients for the two channels, one obtains eq 6,
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which contains no additional approximations beyond
those of transition state theory [28, 29]. One combines
eqs 4 and 6 and further assumes (1) either that the
reverse activation energies are zero for both channels
[�jE0

‡ � �jE0] or at least that the reverse activation
energies are identical [��E0

‡ � ��E0], (2) that the
entropy differences between the two channels are zero
[��S‡(T) � R ln(Q2

‡/Q1
‡) � 0] in the standard kinetic

method or else that ��S‡(T) is constant for various
cluster ions in the extended kinetic method, and (3) that
the integrated heat capacity differences between inter-
nal energy at 0 K and the enthalpy at various temper-
atures are equal for the two channels [��E0 � �2E0 �
�1E0 � ��HT]. With these approximations, one obtains
eq 7,
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where the substitutions T3 Teff and ��S‡(T)3 ��Sapp
recognize that the clusters in an ion beam are isolated
species, not in thermodynamic equilibrium at any tem-
perature.
Fundamentally, the kinetic method and other ther-

mokinetic methods work well for determining reaction
energies or enthalpies because the rates in eqs 5 and 6

Figure 1. Schematic energy diagram of the dissociation of a
proton-bound alkoxide/alkanol dimer anion.
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depend exponentially on the activation energies, but
much more weakly on frequencies and molecular ge-
ometries as contained in the partition functions or
entropy terms. Conversely, thermokinetic experiments
are less sensitive to reaction entropies.
In this work, ��S(T) and ��S‡(T) represent the

thermodynamic entropy difference between the two
channels for isolated products and the dissociation
transition states, respectively. The “thermodynamic”
entropy refers here to the entropy for a canonical
ensemble, which is associated with an Boltzmann en-
ergy distribution for systems in equilibrium at the
temperature T. (Technically, other ensembles can be
described by thermodynamics also.) From statistical
mechanics, ��S‡(T) � R ln[Q2

‡(T)/Q1
‡(T)] and ��S(T) �

R ln[Q2(T)/Q1(T)]. Fenselau and co-workers [16, 17] and
Wesdemiotis and co-workers [18–20] state that ��S(T)
� ��S‡(T) for cluster ions with zero reverse activation
energies for dissociation. Researchers using the full
entropy analysis method have equated the apparent
entropy term either with the entropy difference for
dissociation, ��S(T), [21–24], or with the entropy dif-
ference for activation, ��S‡(T) [26]. The assumption
��S(T)� ��S‡(T) is also implicit in implementations of
the kinetic method that calibrate against Gibbs energies
instead of enthalpies, i.e., ln(I2/I1) � ���G/RTeff in-
stead of eq 7.
To examine the ��S(T) � ��S‡(T) assumption in

detail, consider a barrierless dissociation process char-
acterized by a loose transition state where the vibra-
tional frequencies and internal rotational constants of
the transition states are identical to those of the prod-
ucts and where the transition state is located at the
centrifugal barrier for dissociation [30]. Then ��Svib(T) �
��Svib

‡ (T) is exactly true for the vibrational contributions
to the entropy differences because the vibrational frequen-
cies of the transitions states are the same as for the
products. The internal rotations of the two fragments in
the transition states are also the same as the product
rotations. However, the rotational constant for the overall
rotation of the transition state complex at the centrifugal
barrier depends on the angular momentum, which is
conserved between the energized molecule and the tran-
sition state. The treatment of Waage and Rabinovitch [30]
for this degree of freedom can be applied to the barrierless
ion–induced-dipole potential, as also discussed by Rod-
gers et al. [31]. Using eq 14 of reference [30] defining the
partition function for the overall rotation of the pseudodi-
atomic transition state complex, Qcent

‡ (T), and the ion–
induced-dipole potential, V(r) � �
q2/(4��0)

22r4, one
obtains the entropy difference for the rotation in eq 8,

��Srot
‡ �T� � ��Srot�T� � R ln
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‡ �T�

� R ln
m�R1OH)m�R2O

��
�R1OH�1/2

m�R2OH�m�R1O
��
�R2OH�1/2 �8�

where m is the mass of the corresponding species, 
 is
the polarizability of the neutral product, q is the ion
charge, �0 is the permittivity of vacuum, and r is the
distance between the ion and the neutral fragments.
Qualitatively, eq 8 accounts for how the “looseness”
of the transition state complex at the centrifugal
barrier depends on the strength of the long range
potential. The remaining contribution to the entropy
is from translational motion. Using the Sackur-Te-
trode equation for the translational entropy of an
ideal gas [32a],

��Str
‡ �T� � �3/2� R ln�m�R1OH��R2O

�)/ (9a)

m�R2OH��R1O
�)]� 0

��Str�T� � �3/2� R ln�m�R1OH�m�R2O
��/ (9b)

m�R2OH�m�R1O
��]  0.

Combining eqs 8–9 gives the total entropy differences
in eq 10,

��S‡�T� � ��S�T�

� �1/2� R ln
m�R2OH�m�R1O

�)
(R1OH�

m�R1OH�m�R2O
�)
(R2OH�

(10)

which is independent of temperature but requires that
reactants and products are at some equilibrium temper-
ature.
For the proton-bound alkoxide dimers modeled

here, the mass ratio in eq 10 is always close to unity,
but the polarizabilities depend on the sizes of the
alkanols. Using the polarizabilities given in Table 1,
the maximum difference is ��S‡(T) � ��S(T) � 5.7 J
mol�1 K�1, for the extreme case of R1OH� n-heptanol
and R2OH � methanol. Using �G � �H � T�S at room
temperature, that yields a Gibbs energy difference
��G‡(T)� ��G(T)� �1.7 kJ/mol, given that ��H‡(T)�
��H(T) because there is zero reverse activation energy.
Thus, the difference between the activation entropy and
the dissociation entropy is nonzero, but could be corrected
using eq 10 for barrierless dissociations on the ion–in-
duced-dipole potential. For systems with reverse activa-
tion barriers, where a tight transition state would be
appropriate, the vibrational and rotational contributions
to ��S(T) and ��S‡(T) would need to be considered
explicitly. This issue of the difference between ��S(T) and
��S‡(T) is independent, however, from the issue of the
relationship between the apparent entropy actually mea-
sured in kinetic method experiments, ��Sapp, and the
thermodynamic entropy of activation, ��S‡(T). The latter
more fundamental issue is investigated in this work.
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Classical RRK Microcanonical
Formulation

As described in previous work [10], an approximate
analytical estimate of the effective temperature can be
derived using the simple classical RRK model for the
unimolecular dissociation rates. The classical RRK ex-
pression for the microcanonical dissociation rate for
product channel j and internal energy E is given by eq
11 [28, 29, 33],

kj
RRK�E� � ��E � �jE0

E � s�1

(11)

where s identical harmonic oscillators of frequency �
comprise the dissociating molecule and �jE0 is the
energy barrier for dissociation. The RRK model can be
used to derive a relationship between the effective
temperature and the internal energy, Ed, of the dissoci-
ating cluster ion [7, 10], eq 12,

Teff �
Ed � �avgE

R�s � 1�
for Ed � �avgE����E (12)

where �avgE � (�1E � �2E)/2 is the average dissocia-
tion energy of the cluster ion. In words, eq 12 says that
the effective temperature is proportional to the excess
internal energy per degree of freedom, as stated by
Beauchamp and co-workers [7]. My previous work [10]
further derived an approximation for Ed for the case of
metastable ion dissociation in the limit of high ion
source temperature, yielding the approximate expres-
sion 13 for the effective temperature,

Teff �
�avgE

R�s � 1���2���1/�s�1� � 1�
(13)

where � is the characteristic instrumental time window
(time-of-flight between the ion source and the field-free
region where dissociation occurs). The effective temper-
ature has been conventionally defined as the character-

istic temperature of a Boltzmann distribution of the
energized molecules that would fragment to give the
same product ratio as observed in the experiment [4].
Eq 13 shows that the effective temperature is not a
thermodynamic quantity, but rather depends explicitly
on molecular and instrumental parameters—namely,
the well depth, the size of the ion, the pre-exponential
frequency factor, and the instrumental time window.
Similar conclusions have been drawn from other theo-
retical treatments of the kinetic method [6–9, 11]. De-
tailed numerical simulations [10] verified eq 13 (as an
approximation for the RRK model) for high ion source
temperatures, and also showed significant curvature in
kinetic method plots for species with shallow well
depths or small sizes. However, because the classical
RRK model is inadequate for calculating quantitative
dissociation rates, the extent to which these conclusions
apply to real systems may be questionable. Laskin and
Futrell [9] have suggested that the curvature in kinetic
method plots is strongly overestimated by RRK calcu-
lations.

Microcanonical RRKM Kinetic Model

This section describes the statistical rate theory for
obtaining microcanonical rate coefficients and outlines
the calculation of ion intensities and kinetic method
calibration plots using a kinetics model appropriate for
competitive dissociation in a tandem mass spectrome-
ter. The molecular parameters of the model alkoxide
dimer anions are presented. The model is briefly com-
pared with previous theoretical simulations of the ki-
netic method [6–11] and the limitations of the present
model are addressed.

RRKM Theory

The microcanonical RRKM theory and kinetic model
used here is a more rigorous extension of my previous
model using the classical RRK theory [10]. Once an ion
leaves the ion source of a mass spectrometer or under-

Table 1. Gas-phase acidities and polarizabilities of model alkanols

Acid �acidH298K
a/kJ mol�1 �acidH0K

b/kJ mol�1 
/4��0 � 10�24 cm3

MeOH CH3OH 1592 1586.7 3.29c

EtOH CH3CH2OH 1579 1573.9 5.41c

nPrOH CH3(CH2)2OH 1573 1567.8 6.74c

nBuOH CH3(CH2)3OH 1571 1565.5 8.9c

iBuOH (CH3)2CH2CH2OH 1568 1562.8 8.9d

tBuOH (CH3)3COH 1567 1562.0 8.9d

sBuOH CH3CHOHCH2CH3 1565 1559.8 8.9d

nPnOH CH3(CH2)4OH 1565 1559.9 10.2d

nHxOH CH3(CH2)5OH 1565 1559.9 11.5d

nHpOH CH3(CH2)6OH 1567 1561.9 12.8d

aExperimental, Reference [45].
bThermal correction to 0 K using ab initio molecular constants.
cExperimental, Reference [44].
dEstimated (see text).
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goes its last collision, it is isolated and its total internal
energy, E, and angular momentum, J, are constant. The
decomposition is therefore properly described by the
microcanonical rate coefficient, k(E,J), rather than by the
canonical rate coefficient, k(T). The RRKM theory ex-
pression for the microcanonical rate coefficient for dis-
sociation to channel j is given by eq 14 [27, 28, 33, 34],

kj�E, J� �
sWj

‡�E � ER
‡ � J� � �jE0�

h�j�E � ER� J��
(14)

where s is the reaction degeneracy, W‡(E) is the sum of
states of the transition state, �(E) is the density of states
of the energized cluster ion, and ER( J)� hcBJ( J � 1) and
ER
‡ ( J) � hcB‡ J( J � 1) are the rotational energies of the
two-dimensional external rotation of the energized
cluster ion and the transition state, respectively. The
RRKM rate coefficient in eq 14 depends only on total
energy and on the angular momentum J for the two-
dimensional external rotation of the cluster ion with
energy ER( J) and degeneracy gJ � 2J � 1. This form of
RRKM theory accounts for the rotational energy that
is excluded from promotion of the dissociation pro-
cess because of the conservation of total angular
momentum, but it does not strictly conserve angular
momentum between reactants and products at the
state-to-state level [27, 34]. The RRKM calculations
are carried out as described previously for analysis of
competitive threshold collision-induced dissociation
experiments [31, 33, 35]. The details of the treatment
of rotational degrees of freedom in the RRKM model
are described by Rodgers, Ervin, and Armentrout
[31], and the statistical treatment of competitive dis-
sociation channels is described by Rodgers and Ar-
mentrout [35] and DeTuri and Ervin [36]. The calcu-
lations are performed using a Fortran program,
KMODEL, with RRKM code adapted from the
CRUNCH data analysis program [37].
A loose transition state model is appropriate for

barrierless dissociations of ion–molecule complexes
with no reverse activation energies, as assumed for the
model systems. The RRKM calculations here employ
loose transition states that are variationally located at
the top of the centrifugal barrier on the ion-induced
dipole potential [31]. The position of the centrifugal
barrier determines the pseudodiatomic rotational con-
stant B‡. The vibrational frequencies and internal rota-
tional constants of the transition state are equal to those
of the two product fragments. The sum and density of
states are calculated from harmonic oscillator frequen-
cies and rigid-rotor rotational constants using the
Beyer-Swinehart Stein-Rabinovitch direct count algo-
rithm [38–40].

Ion Dissociation Kinetics

In a metastable ion dissociation experiment in a tandem
mass spectrometer, the product ion is detected if the

metastable cluster dissociates after the flight time t1
from the ion source through the first mass-selection
region to the entrance of the field-free region but before
time t2, the flight time from the source to the exit of the
field-free region (entrance to the second mass analyzer).
Eqs 1 and 2 represent the elementary reaction steps for
the mechanism of irreversible dissociation from the
reactant ion cluster into two parallel product channels.
The differential rate laws are given by eq 15 [29],

dI0�t�
dt

� ��k1�E, J� � k2�E, J��I0�t� (15a)

dIj�t�
dt

� kj�E, J�Ij�t� (15b)

where I0(t) is the parent ion intensity as a function of the
time after it leaves the ion source and Ij(t) is the
intensity of product ion j. Upon integration of the rate
laws from t1 to t2, with initial condition Ij(t1) � 0
because product ions formed before the field free region
are eliminated in the first mass spectrometer, one ob-
tains the probability of dissociation to the RjO

� product
ion, Dj(E,J), given by eq 16 [6, 10],

Dj�E, J� �
kj�E, J�

ktot�E, J�
�e�ktot�E,J�t1 � e�ktot�E,J�t2� (16)

where ktot(E,J) � k1(E,J) � k2(E,J) and Ij(E,J). The total
intensity, Ij, observed at the detector for ion RjO

� is the
probability in eq 16 integrated over the internal energy
and angular momentum distribution, P0(E,J), of the ions
coming from the ion source, eq 17,

Ij � I0�0� �
E��jE0

E�� � �
J�0

J�Jmax

P0�E, J� Dj�E, J��dE (17)

where I0(0) is the parent ion source intensity at time t �
0 and Jmax is the maximum J that is energetically
accessible at total internal energy E, i.e., where E � ER
� hcBJmax(Jmax � 1). The distribution P0(E,J) is deter-
mined by the characteristics of the ion source. Here a
Boltzmann distribution is used, for which the probabil-
ities of internal energies and angular momenta of the
ions sampled from the ion source at temperature Ts are
given by eq 18.

P0�E, J�dE

�
gJ�vr�E � ER� J��e�E/kBTsdE

�
E�0

E�� �
J�0

J�Jmax

gJ�vr�E � ER� J��e�E/kBTsdE

(18)

The denominator of eq 18 is the rotational-vibrational
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partition function of the cluster ion at the source
temperature, Q0(Ts). As discussed previously [10], the
shape of the internal energy distribution does not
greatly affect the metastable ion kinetics as long as
the distribution is broad and some ions are hot
enough to dissociate during the experimental time
window. Regardless of the parent ion distribution, a
narrow slice of internal energies is kinetically se-
lected by the dissociation probability given by the
exponential terms in eq 16.
Combining eqs 16–18 yields the full expression for

the ion intensity of product channel j in eq 19.

Ij �
I0�0�

Q0�Ts�
�

E��fE0

E�� � �
J�0

Jmax

gJ�vr�E, J�e�E/kBTs

�
kj�E, J�

ktot�E, J�
�e�ktot�E,J�t1 � e�ktot�E,J�t2��dE (19)

The product ion intensities I1 and I2 are calculated by
numerical integration of eq 19. Kinetic method plots are
then simulated by plotting ln(I2/I1) versus ��H �
��E0 � �2E0 � �1E0. The dependence of the intensity
ratio on ��E0 is implicit in the calculation of the RRKM
rate coefficients, kj(E), which depend on �jE0. According
to eq 7, the effective temperature is calculated by
equating the slope of ln(I2/I1) versus ��H with (�1/
RTeff), or for individual measurements Teff � � ��H/R
ln(I2/I1) assuming ��Sapp � 0.

Internal Energy

The time window of the experiment kinetically selects a
subset of the metastable ions in the parent distribution
that have the correct amount of internal energy to
dissociate in the field free region of the mass spectrom-
eter. The mean internal energy of ions that undergo
dissociation to either channel within the experimental
time window is given by eq 20,

�Ed� �

�
E�0

E��

EP0�E��D1�E� � D2�E��dE

�
E�0

E��

P0�E��D1�E� � D2�E��dE

(20)

where the sums over rotational states have been sup-
pressed for notational convenience. The value of �Ed� is
always greater than the lowest dissociation energy,
�jE0. Eq 20 gives the joint average for both dissociation
channels—actually the ions dissociating into the two
channels have somewhat different energy distributions
for ��E � 0. Laskin and Futrell [9] characterize the two
distributions by different transition state temperatures
in the finite heat bath formalism. This effect gives rise to
the curvature in kinetic method plots.

Model Systems

The chosen model systems are alkyl alcohols ranging in
size from methanol to heptanol with various alkyl
group structures. Geometries are obtained at the HF/
6-31G* level using Gaussian [41]. Because the present
goal is merely to obtain physically reasonable parame-
ters for model calculations, a single conformation has
been chosen for each species. For the n-alkanols and
n-alkoxides, stretched conformations are used (neglect-
ing intramolecular interactions between the alkyl chain
and the oxygen so that the reverse activation energies
due to those interactions in the actual alkanols [42] are
excluded in the model). Vibrational frequencies are
calculated at the HF/6-31G* level and are scaled by a
factor of 0.89 [43]. For the rotational constant of the
two-dimensional external rotations, the geometric mean
is taken of the two most similar rotational constants, i.e.,
B � (BC)1/2 or (AB)1/2. The reaction degeneracies are
unity (s � 1) for all systems described here except those
with methoxide (CH3O

�) or tert-butoxide [(CH3)3CO
�]

as a product, for which s � �/�‡ � 1/3 to account for
rotational symmetries (119) that are not included in the
sums and densities of states [27, 36]. The polarizabilities
of the alkanol products (Table 1), required for calcula-
tion of the position of the centrifugal barrier on the
ion–induced- dipole potential, are taken from experi-
ments where available [44]. For larger alkanols, the
polarizabilities are estimated from the values of smaller
alkanols with 
/4��0 � 1.3 � 10�24 cm3 added per CH2
group. Experimental gas phase acidities [45], �acidH298,
are listed in Table 1 and are corrected there to 0 K using
the calculated molecular parameters. These are taken as
the true values in the simulations. Table 1 gives abbre-
viations for the alkanol species.

Relationship to Previous Work

Brauman and co-workers [8] reported the first full
RRKM theory treatment of the kinetic method. The
primary difference between their model and the present
simulation is that they ignored the exponential kinetic
terms in eq 16 (effectively using t1 � 0 and t2 � �) and
instead replaced P0(E) with a displaced Boltzmann
distribution (internal energies shifted up by an arbitrary
amount) as an ad hoc method of selecting the internal
energy distribution for the dissociating ions. The
present work, as well as two previous simulations using
classical RRK theory by Bojesen and Breindahl [6] and
by Ervin [10] and the RRKM treatment by Drahos and
Vékey [11, 12], properly uses the kinetic expression in
eq 16 to select the energy distribution that would be
observed in an experiment. In the RRKM and finite heat
bath theory treatments of Laskin and Futrell [9], the
integration over the distribution of the internal energies
of the dissociating ions represented by eq 17 is replaced
by evaluation at the single most-probable value of the
internal energy. Laskin and Futrell [9] used a fixed
transition state model. The loose, variational transition
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state at the centrifugal barrier used here is appropriate
for electrostatically or hydrogen-bound complexes with
a barrierless dissociation potential. The present work
and Brauman’s study [8] treat angular momentum
effects in a fairly rigorous manner, while the other
treatments cited above are apparently for zero angular
momentum.
Bojeson and Breindahl [6] modeled proton-bound

amine dimers, and investigated the effect of variation of
the RRK model parameters in eq 11 on effective tem-
perature and internal energy distributions. Brauman
and co-workers [8] systematically varied the average
dissociation energy and the size of the cluster ion for
fixed internal energy distributions. Drahos and Vékey
[11] randomly varied the time window (t1, t2) and the
source temperature for a single propylamine/buty-
almine proton-bound dimer. Laskin and Futrell [9]
varied the number of vibrational degrees of freedom of
model peptide clusters, changed the frequencies in the
transition states to vary the entropy of activation, and
used three time windows. In this work, the effect of
various molecular and instrumental parameters are
considered systematically for systems with no entropy
effects, and kinetic method plots for realistic sets of
molecular species with entropy differences are simu-
lated.

Limitations of the Present Model

The present treatment is subject to the approximations
of RRKM theory, but this form of statistical unimolecu-
lar rate theory has proven accurate in many studies of
ion dissociation processes [28]. The present kinetics
model applies strictly to metastable ion dissociation
experiments. Collision-induced dissociation experi-
ments differ in two ways: The initial internal energy
distribution of the cluster ion is determined by the
collision conditions and the time window is from t1 � 0
at the moment of the collision to t2 when the ions enter
the mass spectrometer detector. Both effects tend to
create a broader and higher internal energy distribution
of dissociating ions than in metastable ion dissociation,
but the distribution is still non-Boltzmann. The quanti-
tative results of the simulations reported here may be
influenced by the size, well-depth, and frequency dis-
tributions of the alkoxide/alkanol model systems, cho-
sen because of our studies of these systems [36, 46] and
past applications of the kinetic method to similar sys-
tems [2, 14, 47–49]. The ab initio calculations provide a
physically realistic, self-consistent set of frequencies
across the series of alcohols, but the use of a single
conformation and the harmonic oscillator approxima-
tion for vibrations neglects anharmonicity effects on the
density of states in real systems. Although some of the
low-frequency vibrational modes would be better
treated as free or hindered rotors, the vibrational sums
and densities of states largely cancel in the RRKM
calculations and more sophisticated treatments or a

higher level of ab initio theory are unnecessary for
model calculations.

Symmetric Cluster Ions

This section investigates the behavior of kinetic method
plots for symmetric ion clusters, R1OH � R2OH, which
can only be studied theoretically. For symmetric disso-
ciation reactions, the entropy term is identically zero,
��S � ��S‡ � 0, while ��E can be varied artificially.
Also, for symmetric systems ��E � ��H � ��G at all
temperatures, bypassing questions about the use of
enthalpies versus Gibbs energies in the kinetic method.
The behavior of the ln(I2/I1) versus ��H curves is
considered for variation of the ion source temperature,
the well-depth, size, vibrational frequencies, molecular
structure, and the instrumental time window in Figures
2 to 7, respectively. For the simulations, the parameters
in Table 2 are chosen as typical values for a metastable
ion dissociation experiment. These apply to all simula-
tions except as noted. The well-depth of �avgE � 115
kJ/mol is used as a typical value based on complexation
energies of proton-bound alkoxide dimers found in the
NIST ion thermochemistry database [50]. In Figures 2 to
7, ��E is varied over the range 
15 kJ mol�1 and ion
intensity ratios of approximately 1000:1 to 1:1000 are
plotted. The condition ��S � 0 for the symmetric
cluster ions ensures that the plots of ln(I2/I1) versus
��E are exactly symmetric with respect to inversion
about the origin, where ��E � 0 and ln(I2/I1) � 0. The
figures also show Teff and �Ed� calculated for ��E � 0.

Source Temperature Dependence

Figure 2 shows the dependence of the kinetic method
plots and effective temperatures on ion source temper-
atures for tert-butoxide/tert-butanol clusters. Eq 13
indicates that the effective temperature is independent
of the actual ion source temperature, but that applies
only in the high-temperature limit, as discussed previ-
ously [9–11]. If Ts is smaller than the effective temper-
ature in the high-temperature limit, then the slopes of
the kinetic plots will instead be determined by the
source temperature (Teff � Ts) and not the parameters
given by eq 13 [10]. As expected, the effective temper-
atures in Figure 2b are relatively insensitive to the
source temperature for high parent ion temperatures,
but are limited by the source temperature at low Ts. For
ion source temperatures below room temperature, the
parent cluster ions are stable and the number of disso-
ciation products would actually be undetectably small

Table 2. Baseline parameters for model calculations

t1�2 � 10�5 s
t2�4 � 10�5 s

Ts � 1000 K
�avgE0�(�2E0 � �1E0)/2 � 115 kJ/mol

��E0��2E0 � �1E0 � 0
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for a 10�5 s time window. For most subsequent simu-
lations presented here, a source temperature of 1000 K
is chosen to ensure that the high-temperature limit is
maintained while other parameters are varied over
reasonable ranges.

Well-Depth Dependence

To investigate the dependence of the kinetic method
correlations on the depth of the well of the ion–mol-
ecule complex, �avgE is artificially varied for the sym-
metric tert-butoxide/tert-butanol complex. The kinetic
plots are shown in Figure 3a. The cluster ions with
shallower wells show both smaller effective tempera-

tures (steeper negative slopes) and greater curvature.
The effective temperatures are plotted versus �avgE in
Figure 3b. Over a broad range of �avgE (from 60 to 240
kJ/mol for this system), the effective temperature varies
linearly with the well depth as suggested by eq 13
although the intercept is not zero. For deeper wells,
which would represent covalently bound complexes,
the effective temperature stops increasing simply be-
cause it cannot exceed the ion source temperature as
discussed above. For very shallow wells, the effective
temperature goes to zero (infinite slope). This region
corresponds to rapidly dissociating systems where most
parent ions dissociate before reaching the field free
region.
Although a series of cluster ions with the same type

Figure 2. (a) Numerical simulation of the kinetic method for
model t-butoxide/t-butanol complexes at various ion source tem-
peratures with other parameters given in Table 2. (b) The depen-
dence of the effective temperature Teff and the mean excess
internal energy �Ed� on ion source temperature Ts. Numerical
simulations (points); upper limit of Teff � Ts (line).

Figure 3. (a) Numerical simulation of the kinetic method for
model t-butoxide/t-butanol complexes at various well-depths
�Eavg of the cluster ion with other parameters given in Table 2. (b)
Dependence of the effective temperature and mean excess internal
energy on the well-depth.
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of ion–molecule interaction (e.g., hydrogen bonding for
the alkoxide/alkanol complexes) are likely to have
similar well depths, a variation of 10 to 15% is common.
According to the NIST ion thermochemistry database
[50], experimental complexation energies for various
alkoxide/alkanol complexes range from 107 to 121
kJ/mol. Based on the data in Figure 3b, that would
yield effective temperatures ranging from 281 K to 344
K or up to a 20% variation of individual Teff values. For
��E � 10 kJ/mol, that would yield a variation of up to
2 kJ/mol from the expected values of ��E for com-
plexes with different well depths. However, this varia-
tion is not random because both the well depths and the
acidities may be correlated with the sizes of the al-
kanols.

Size Dependence

Figure 4a presents simulated kinetic method plots for
symmetric RO�(ROH) complexes with various alkyl
chain lengths. The variation in slopes shows the strong
dependence of the effective temperature on the size of
the cluster ion. Figure 4b shows the dependence of the
effective temperature on the number of vibrational
degrees of freedom of the cluster ion. As approximated
by eq 13, Teff is proportional to �avgE/R(s � 1), the
average dissociation energy per degree of freedom at
the threshold energy, and is inversely proportional to
[(2��)

1/(s � 1)
� 1], which expresses the dependence of the

kinetic selection of the energies of the dissociating ions
on the characteristic frequency factor, time window,
and number of vibrational oscillators [10]. The size
dependence due to the 1/[(2��)1/(s � 1) � 1] factor is
more important than the �avgE/R(s � 1) factor, and
therefore effective temperature increases with size—
larger cluster ions dissociate more slowly so a higher
internal energy is required for dissociation within a
fixed experimental time window. However, eq 13 can-
not quantitatively reproduce the effective temperature
unless � and s are empirically adjusted. This is due to
the quantitative limitations of the classical RRK model.
The size dependence of the effective temperature is

dramatic, from Teff � 24 K for MeO�(MeOH) to Teff �
394 K for nHpO�(nHpOH). Dimer anions the size of the
MeO�(MeOH) and EtO�(EtOH) probably dissociate too
rapidly for practical metastable ion dissociation mea-
surements, but cluster ions the size of the propoxide/
propanol dimer (Teff � 62 K) or propoxide/ethanol
have been used experimentally in kinetic method cali-
brations along with larger species [14, 47, 49]. Laskin
and Futrell [9] investigated much larger species, up to
500 degrees of freedom, and their work shows that the
effective temperatures plateau for very large species,
which act as their own thermal heat bath.

Vibrational Frequency Dependence

Figure 5 shows kinetic plots where the frequencies of all
vibrational modes in the cluster ions and transition

states have been scaled by 70 to 130% from the original
values. As predicted by eq 13, lower frequencies (�)
produce higher effective temperatures. Species with
lower frequencies have higher densities of state. This
affects the density of states of the energized molecule
(denominator of eq 14) more than the sum of states of
the transition state (numerator) because of the higher
internal energy of the energized molecule. Therefore,
the cluster ions with lower frequencies have slower
dissociation rates, requiring a higher effective temper-
ature or internal energy to dissociate within the exper-
imental time window. However, the effect of vibra-
tional frequencies on the effective temperatures is not as
strong as that of size, for physically reasonable varia-

Figure 4. (a) Numerical simulation of the kinetic method for
various symmetric alkoxide/alkanol complexes of different sizes
with other parameters as given in Table 2. (b) Dependence of the
effective temperature and the mean excess internal energy on the
well-depth on the number of vibrational degrees of freedom of the
cluster ion, 3N–6, where N is the number of atoms.
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tions. Anharmonicity effects tend to mimic lower fre-
quencies [51].

Structure Dependence

Molecular structure effects can be probed by examining
a series of symmetric alkanol–alkoxide complexes of the
same size but different alkyl group structures. Figure 6
presents simulated kinetic method correlation plots for
RO�(ROH) cluster ions where R � tert-butyl, iso-butyl,
sec-butyl, and n-butyl. It is apparent that the effective
temperatures are quite similar for all four alkyl struc-
tures, with some deviations in curvature at the largest

��E values. In the present simulation, the only differ-
ences among these butoxide and butanol species are the
distribution of vibrational frequencies and the rota-
tional constants. The system parameters in Figure 6 are
chosen to give no variation in Teff due to size and well
depth, but nevertheless the different curvature for the
various species would yield variation of up to 15% in
��E, as quantified by the horizontal spread of the
curves for a given value of ln(I2/I1). For the acidity
differences of 2–6 kJ/mol between the isomeric bu-
tanols (Table 1), this represents an absolute deviation of
up to 0.3–0.9 kJ/mol. Use of different conformational
structures for the alkanols would have a similar effect
as the structural isomers in Figure 6, but the anharmo-
nicity effects on the densities of states from dynamic
exchange between conformations would need to be
considered separately.

Time Window Dependence

Eq 13 also predicts a dependence of the effective tem-
peratures on the instrumental time window. Figure 7
shows simulated kinetic method plots and effective
temperatures for a range of time windows, with the
arbitrary constraint t2 � 2t1. The effective temperatures
decrease for longer (later) time windows. Early time
windows select higher-energy ions from the internal
energy distribution from the source, while late time
windows select ions with internal energies nearer
threshold. The time window is usually the same for a
given instrument or set of experiments, and thus is not
usually a variable parameter. Qualitatively, mass spec-
trometers with shorter time windows such as time-of-
flight or high-voltage sector instruments will exhibit

Figure 5. (a) Numerical simulation of he kinetic method for
model t-butoxide/t-butanol complexes with vibrational frequen-
cies of all modes in the cluster ion and transition states scaled by
the given percentages, with other parameters as given in Table 2.
(b) Dependence of the effective temperature and mean excess
internal energy on the percentage scaling of vibrational frequen-
cies.

Figure 6. Numerical simulation of the kinetic method for sym-
metric butoxide/butanol complexes with different butyl group
structures: tert-butyl (tBu), 2-butyl (sBu), iso-butyl (iBu), and
n-butyl (nBu). Other parameters are given in Table 2.
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higher effective temperatures than those with longer
time windows such as triple quadrupoles or ICRs.

Curvature of Kinetic Method Plots

Some of the kinetic plots in Figures 2 to 7 exhibit
significant curvature. The curvature is most pro-
nounced for rapidly dissociating ions, including cluster
ions with shallow wells or small sizes, and experiments
with long time windows, as previously predicted by the
RRK model calculations [10]. The curvature is less
important for the largest cluster ions and for small
values of ��E. Contrary to the suggestion of Laskin and
Futrell [9], the curvature is not an artifact of the level of
the rate calculation (RRK versus RRKM) or the sophis-
tication of the determination of the density of states, but

rather the curvature results from the intrinsic kinetic
behavior of the rapidly dissociating small systems. The
form of the statistical rate theory will affect curvature
only to the extent that the magnitudes of the predicted
rate constants are different. Laskin and Futrell [9]
modeled large peptide ions for which the curvature is
not expected to be as large.

Effective Temperature versus Internal Energy

As shown by eq 13 and Figures 2–7, the value of the
effective temperature depends in a complicated way on
molecular and instrumental parameters. It is also re-
lated to the internal energy of the dissociating ions, as
discussed previously [4, 6–11]. In the classical RRK
approximation, eq 12 indicates that Teff is proportional
to the excess internal energy (energy above the average
dissociation energy) per vibrational degree for freedom.
For comparison, the average excess internal energies of
the dissociating cluster ions, �Ed� from eq 20 minus the
average dissociation energy �Eavg, are plotted along
with the effective temperatures in Figures 2b to 5b and
7b. (The value of �Eavg is 115 kJ/mol except in Figure 3b
where it is varied.) As expected from eq 12, the general
trends of Teff and �Ed� � �Eavg are the similar in each
plot. However, the ratios between the two vary signif-
icantly as other kinetic and molecular parameters are
changed. Therefore, the approximation of eq 12 from
classical RRK theory should only be used qualitatively.

Asymmetric Cluster Ions

To examine the behavior of systemswhere��S � 0 and to
simulate more realistic experiments, the dissociation of
asymmetric alkoxide/alkanol complexes R1O

�(R2OH) are
modeled, where R1 and R2 are different straight-chain
alkyl groups from ethyl to n-heptyl. Figure 8a and Figure
9a show simulated kinetic method plots with ��E0 artifi-
cially varied over the range�15 to�15 kJ/mol. The other
parameters are as given in Table 2; note that the well
depths are all set to the single value of �Eavg � 115
kJ/mol, eliminating the additional source of variation in
Teff from different complexation energies. Because ��S �
0, the plots no longer pass exactly through the origin.
According to eq 7, the y-intercept of these plots is equal to
��Sapp/R yielding the apparent entropy, designated here
as ��Sapp

(y) to denote the apparent entropy obtained from
the y-intercept of a simulated kinetic method plot. Because
the two product channels in the model alkoxide/alkanol
cluster ions nearly meet the isentropic criterion, the devi-
ations of ��Sapp

(y) from zero are small.

Standard Kinetic Method

Figure 8 shows a simulation of a common implementa-
tion of the standard form of the kinetic method [4], in
which the calibration curve is created from measure-
ments of multiple proton-bound alkoxide dimer pairs.
The experimental enthalpies of deprotonation, �acidH0,

Figure 7. (a) Numerical simulation of the kinetic method for
various time windows with t2 � 2t1 and other parameters as given
in Table 2. (b) Dependence of the effective temperature and the
mean excess internal energy on t1.
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compiled in Table 1 are taken as the true values. In
Figure 8a, the circles denote the values of ln(I2/I1) that
would be observed for the various proton-bound
dimers at ��E0 � �acidH0(R2OH) � �acidH0(R1OH). The
effective temperatures calculated the for individual
points are 178 K for R1/R2 � n-propyl/ethyl, 263 K for
n-butyl/n-propyl, 450 K for n-pentyl/n-butyl, and 411
K for n-heptyl/n-hexyl. The effective temperature for
n-hexyl/n-pentyl is nominally 0 K because coinciden-
tally ��H � 0 from the experimental data Table 1, but

ln(I2/I1) � 0.05 from the simulation rather than zero. In
Figure 8b, the individual values are all referenced
relative to R2OH � n-butanol and plotted against
��H298. For example, the ratio I2/I1 for nBuO

�(EtOH)
in Figure 8b is calculated by multiplying the ratios for
nBuO�(nPrOH) and nPrO�(EtOH) from Figure 8a. In
this format, the individual effective temperatures are
194 K for ethyl/n-butyl, 263 K for n-propyl/n-butyl, 450
K for n-pentyl/n-butyl, 436 K for n-hexyl/n-butyl, and

Figure 8. (a) Numerical simulation of kinetic method plots for
various asymmetric alkoxide/alkanol complex ions. The lines
show the simulations and the solid circles show the value that
would be obtained for the experimental acidities given in Table 1.
(b) Simulation of a standard kinetic method calibration plot using
the data from part (a) as described in the text. The solid line is a
linear regression and the dashed line is a quadratic fit.

Figure 9. (a) Numerical simulation of kinetic method plots for
various asymmetric alkoxide/alkanol complex ions. The lines
show the simulations and the solid circles show the ln(I2/I1) value
that would be obtained for the experimental acidities given in
Table 1. (b) Simulation of a single-reference isentropic kinetic
method calibration plot using the data from part (a) for a source
temperature of 1000 K, and additional simulations for source
temperatures of 300 and 600 K.
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451 K for n-heptyl/n-butyl. The linear regression of the
points in Figure 8b yields an average effective temper-
ature of 269 K for the overall calibration. The effective
temperatures for individual proton-bound dimers thus
differ by �28% to �68% from the average. Figure 8b
shows that the calibration curve does not pass through
the origin as assumed in the standard kinetic method.
The horizontal distances of the points from the calibra-
tion line represent the errors that would occur for
hypothetical unknowns identical to the corresponding
species, �1.6 kJ/mol for ethanol, �1.5 kJ/mol for
n-propanol,�1.6 kJ/mol for n-butanol,�0.8 kJ/mol for
n-pentanol, �0.7 for n-hexanol, and �0.02 kJ/mol for
n-heptanol. The distribution of these errors may be
described statistically by the standard deviation, s � 1.3
kJ/mol, or the 90% confidence interval, t90s � 
2.8
kJ/mol. However, these are systematic errors and not
random errors that could be reduced by replicate mea-
surements—in particular, there is no expectation that a
new unknown should fall randomly within the same
distribution of deviations. Indeed, based on the trends
one could safely predict that methanol would have a
larger error than n-octanol (the smaller species would
exhibit a low Teff and high curvature in the kinetic plot).
Figure 8b also shows a quadratic curve (dashed line); it
reproduces the curvature well, but quadratic fits to
experimental data might not be justified because of
random uncertainty in I2/I1 and ��H.

Single-Reference Isentropic Kinetic Method

In the single-reference form of the isentropic kinetic
method [4, 52], all of the calibration compounds are
paired with a single reference compound. In this
scheme, one assumes as an approximation that ��S‡(T)
is the same for all of the dissociating cluster ions, rather
than the more severe assumption of the standard kinetic
method that ��S‡(T) � 0. Figure 9a shows a simulation
where n-butanol is employed as the single reference
acid. Figure 9b shows the resulting calibration plot for
the Ts � 1000 K data in Figure 9a, and in addition shows
the calibrations obtained in simulations using ion
source temperatures of 300 and 600 K. For the Ts � 1000
K simulations, the average effective temperature from
the linear regression is 306 K and the effective temper-
atures of the individual cluster ions range from 20%
lower than the average for ethyl/n-butyl to 55 % higher
for n-hexyl/n-butyl. The deviations between the ��H
values from the calibration plots in Figure 9b and the
true values are characterized by s � 1.0 kJ/mol (t90s �

2.1 kJ/mol) for Ts � 300 K, s � 0.9 kJ/mol (t90s � 
2.0
kJ/mol) for Ts � 600 K, and s � 0.8 kJ/mol (t90s � 
1.8
kJ/mol) for Ts � 1000 K. The errors are slightly larger
for the lower source temperatures because the effective
temperatures are somewhat lower (compare Figure 2),
and therefore the mean internal energies are lower and
closer to threshold, resulting in greater curvature in the
plots. The slightly larger errors of the standard kinetic
method in Figure 8b relative to the single-reference

kinetic method in Figure 9b are mainly due to the fact
that the chosen calibration species have a more extreme
range of cluster ion sizes for the former and therefore a
larger range of effective temperatures.

Apparent Entropy

Because the dissociation entropies of the alkoxide/
alkanol model systems are fairly well matched (by
design), those systems do not show strong entropy
effects. For simulation purposes, ��S‡ can be varied
systematically by scaling the frequencies of one disso-
ciation channel. Figure 10a shows simulated kinetic
method plots for tert-butoxide/tert-butanol complexes
where the vibrational frequencies for channel 2 have
been scaled by 80 to 120% from the original values. The
variation of the y-intercepts, ��Sapp

(y) , is qualitatively
consistent with the expected entropy changes. When
channel 2 has lower vibrational frequencies and there-
fore a higher density of states, ��S‡ is greater than zero
and channel 2 is entropically favored leading to I2/I1 �
1 when ��E0 � 0.
Figure 10b compares the apparent entropies ob-

tained from the y-intercepts, ��Sapp
(y) , with thermody-

namic entropies of the transition states, ��S‡(T), calcu-
lated by statistical mechanics from the ab initio
molecular constants (in the harmonic oscillator rigid-
rotor approximation, the same as used for calculation of
the sums and densities of states in the RRKM model).
According to eq 10, ��S‡(T) � ��S(T) for these model
systems because the masses and polarizabilities for the
two channels are identical. Because the entropies vary
with temperature, one must choose a temperature for
comparison. Three plots of ��S‡(T) are shown in Figure
10b, calculated for T � 300 K, T � 600 K, and T � Teff.
The effective temperatures are calculated from the
slopes of the plots in Figure 10a and range from 267 K
for the 70 % scaling of vibrational frequencies to 391 K
for the 130 % scaling. None of these statistical mechan-
ical entropies of activation match the apparent entropy
changes taken from the intercepts. Matching the appar-
ent entropies from the intercepts would require temper-
atures ranging from 115 K for the 70% scaling to 170 K
for the 130% scaling, i.e., no single temperature is
adequate. The thermodynamic entropies calculated for
T � Teff follow the roughly the same trend as the
apparent entropies from the simulations, but are a
factor of 2.4 to 2.8 times higher for the 70 to 130%
vibrational scaling, respectively. Test calculations on
clusters of different sizes using the 90% scaling of
vibrational frequencies show that the constant of pro-
portionality varies from system to system: ��S‡(T �
Teff)/��Sapp

(y) � 7.1 for EtOH(EtO�), 2.4 for
nPrOH(nPrO�), and 2.1 for nHpOH(nHpO�). Thus, the
apparent entropy term from the correlation given by eq
7 does not equal the thermodynamic entropy of activa-
tion, either at the effective temperature or for any fixed
temperature.
If the apparent entropy is not a thermodynamic
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entropy of activation difference at some defined tem-
perature, then what is it? It certainly is related to the
relative entropic factors controlling the kinetic dissoci-
ation rates for the two channels, i.e., it is related to the
pre-exponential frequency factors. However, under the
conditions of metastable ion dissociation in a mass
spectrometer, the energy distribution is not character-

ized by the Boltzmann distribution, as would be appro-
priate for a macrocanonical ensemble of ions in equilib-
rium at a temperature T, but instead is closer to a
microcanonical ensemble at fixed internal energy. The
Boltzmann equation defines the absolute molar entropy
of a microcanonical ensemble by eq 21 [32b],

S�E� � R ln W�E� (21)

where W(E) is the number of microstates accessible at
energy E. For a microcanonical ensemble of dissociating
complexes with fixed internal energy E, the entropy
term would be given by eq 22,

��S‡�E� � R ln
W2
‡�E � �2E0�

W1
‡�E � �1E0�

(22)

whereW‡(E) is is the statistical sum of states from eq 14.
For the metastable ion kinetic method experiment, the
number of states should be integrated over the energy
distribution of dissociating ions to yield the apparent
entropy ��Sapp in eq 23.

��Sapp � R ln	��2E0

�

P0��� D2���W2
‡�� � �2E0�d�

�
�1E0

�

P0��� D1���W1
‡�� � �1E0�d�


(23)

Evaluating the sum of states at the mean energy of the
dissociating ions from eq 20 gives the approximation of
eq 24,

��Sapp � ��S‡��Ed�� � R ln
W2
‡��Ed� � �2E0�

W1
‡��Ed� � �1E0�

(24)

which dispenses with the integration in eq 23. That
approximation is reasonable for metastable ion dissoci-
ation because a relatively narrow slice of ion energies is
kinetically selected by the experimental time window.
Figure 10b shows that ��S‡(�Ed�) from eq 24, for which
the sums of states are calculated by the Beyer-Swinehart
direct count algorithm, nicely matches values of ��Sapp

(y)

obtained from the numerical simulations. Thus, the
measured apparent entropy ��Sapp

(y) can be identified as
the entropy difference of the two channels for a micro-
canonical ensemble of transition state species specified
by the mean internal energy of the dissociating ions.
The mean energy of dissociating ions, �Ed�, is related to
Teff as discussed above and previously [6, 10, 11], but
the relationship is non-linear (see section on “Effective
Temperature versus Internal Energy” or Figure 3a in
Drahos and Vékey [11]) and the magnitudes of Teff and

Figure 10. (a) Numerical simulation of kinetic method plots for
model tert-butoxide/tert-butanol complexes with the vibrational
frequencies of the second dissociation channel scaled by various
percentage in order to change the entropy difference. (b) Depen-
dence of the apparent entropies (solid circles) obtained from the
y-intercepts in part (a). Thermodynamic entropy differences cal-
culated by statistical mechanics at various temperatures, T � 300
K (light dotted line), T � 600 K (dashed line), and at T � Teff (solid
line). The heavy dotted line is the microcanonical entropy differ-
ence, ��S‡(�Ed�), calculated by eq 24.
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�Ed� depend on the molecular and instrumental param-
eters of the system (well-depth, size, frequencies, and
time window). Therefore, the relationship between
��Sapp

(y) and Teff is not meaningful in a thermodynamic
sense.
In real experiments, one cannot make measurements

of ln(I2/I1) at exactly ��E0 � 0 to find the intercepts and
obtain ��Sapp

(y) . The simulation in Figure 9b shows that
the apparent entropy obtained from the y-intercept
from the linear regression, ��Sapp � �3.3 J mol�1 K�1

for Ts � 1000 K, overestimates the actual y-intercepts for
the heterodimers in Figure 9a when ��E0 is artificially
set to zero, for which ��Sapp

(y) � �3.7 to �2.1 J mol�1

K�1 in the individual simulations. This deviation is a
result of the variation of the slope and curvature for
different cluster ions, and is another reason for caution
in interpreting the apparent entropies. On the other
hand, all of the ��Sapp terms are small for that simula-
tion.

Extended Kinetic Method

In the extended kinetic method [4, 16–20], the measure-
ments are carried out under several different conditions
to change the effective temperature and then an appar-
ent entropy change is determined by treating the effec-
tive temperature as a thermodynamic temperature. Var-
ious techniques have been used to vary the effective
temperatures including comparing metastable dissoci-
ation with collision-induced dissociation (CID), CID
with different target gases, changing the scattering
detection angle in high-energy CID, or using different
instruments. Within the present model, the effective
temperature can be conveniently changed by using
different instrumental time windows (analogous to
using different instruments for metastable ion experi-
ments). Figure 11a shows simulated kinetic plots for the
tBuO�(tBuOH) complex for various time windows with
the vibrational frequencies of channel 2 scaled by 90%.
Figure 11b compares the apparent entropies, ��Sapp

(y) ,
with the statistical mechanical entropies ��S‡(T � Teff).
The thermodynamic entropy of activation difference
��S‡(T) is about 2.5 times higher than the apparent
entropies from the simulations, ��Sapp

(y) .
Figure 11c reproduces the full entropy analysis of the

extended kinetic method as prescribed by Armentrout
[21]. Figure 11c is a plot of ��Sapp

(y) � ��Gapp/RTeff, the
y-intercepts in Figure 11a, versus 1/RTeff, which is the
negative of the slopes calculated as the tangents at
��E � 0. The average ion affinity of the reference
compounds as defined in reference [21] corresponds
to ��H � 0 here. The intercept of this plot is
��Sapp

(�) /R, defining the apparent entropy difference,
and the slope is ���H. Results of simulations with
source temperatures 300 and 600 K in addition to
1000 K are shown in Figure 11c; these represent a
different way of changing the effective temperature
(over smaller ranges) besides varying the time win-
dow. A technical advantage of the full entropy anal-

ysis is that it eliminates the dependence of ��Sapp
(y) on

the effective temperature by extrapolating to 1/RTeff
� 0 or Teff 3 �, hence the designation ��Sapp

(�) .
However, there are several difficulties with the inter-
pretation of this extrapolated apparent entropy: (1)
The procedure conceptually treats the effective tem-
perature as a thermodynamic temperature, which it is
not. (2) The values of ��Sapp

(y) are not approximately
equal to the thermodynamic entropy of activation
differences, ��S‡(T), as shown above. (3) The plot in
Figure 11c shows obvious curvature, so that ��Sapp

(�)

depends on the range of time windows in the simu-
lated experiments. This is also shown by the different
lines obtained for the three source temperatures. (4)
In Figure 11c, the extrapolated value of ��Sapp

(�) � 16.5
J mol�1 K�1 for Ts � 1000 K matches ��S‡(T) at T �
279 K, but that temperature has no obvious signifi-
cance. The corresponding temperatures for the Ts �
300 and 600 K simulations are 239 and 270 K, respec-
tively. The extrapolated value of ��Sapp

(�) must equal
��S‡(T) at some temperature, simply because
��S‡(T) varies with temperature. (5) The slope of the
plot should equal zero because in the simulation the
average gas phase acidity is taken as equal to the
unknown. The actual slope in Figure 11c gives an
apparent error of 2.7 kJ/mol for Ts � 1000 K, but this
also will depend on the range of Teff used in the
simulations (the corresponding errors are 2.0 kJ/mol
and 2.5 kJ/mol for the 300 K and 600 K source
temperatures). On the basis of these observations, I
conclude that the extrapolated apparent entropies
obtained by the full entropy analysis of the extended
kinetic method are of dubious physical significance.
Furthermore, it is not obvious that the full entropy
analysis provides an improvement in measured ion
affinities over the isentropic kinetic method analysis,
but that issue would require additional investigation.
Using RRKM theory and finite heat bath theory,

Laskin and Futrell [9] obtained better agreement be-
tween ��Sapp

(�) and the statistical mechanics entropy of
activation ��S‡ for their model reactions (although it is
unclear what temperature they use for ��S‡). The
different conclusions could be due to the differences in
the statistical theory and kinetic model (see section on
“Relationship to Previous Work”), or due to a coinci-
dence from their choice of time windows or tempera-
ture for evaluation of ��S‡. It also appears that the
larger of the cluster ions studied by Laskin and Futrell
(up to 500 degrees of freedom) behave more like equi-
librium systems than do small species.

Conclusions

Kinetic method experiments using metastable ion dis-
sociation have been simulated using rigorous RRKM
statistical rate theory. The simulations largely confirm
the qualitative, relative dependence of the effective
temperature on molecular and instrumental parameters
(well-depth, size, and time window) as found by pre-
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vious treatments [6–9, 11] and given by the approxi-
mate analytical expression, eq 13, derived previously
using the classical RRK model [10]. Kinetic method
plots of ln(I2/I1) versus ��H are nearly linear, but can
exhibit significant curvature. The curvature is most
pronounced for cluster ions that dissociate rapidly—
due to shallow wells or small sizes—relative to the
instrumental time window. For these systems, the ki-
netically selected internal energies are near the dissoci-
ation thresholds. The effect of the variation effective
temperature and curvature effects can lead to system-
atic errors in ��Hmeasurements by the kinetic method.
The simulations imply that the accuracy of the thermo-
chemical results may be limited by a 
20 to 
50%
variation in Teff for individual ��H determinations. The
actual variation will depend on the systems of interest,
but cannot necessarily be predicted without detailed
modeling. Because of the ease of use, broad applicabil-
ity, high sensitivity to small thermochemical differences
(typically as small as 0.4 kJ/mol [2]), and high precision
of the kinetic method, systematic deviations of that
order of magnitude may be quite acceptable as long as
they are recognized. As pointed out by Cooks et al. [4],
because kinetic method experiments measure small
differences in thermochemical affinities, large relative
variation in Teff may still lead to small absolute errors in
ion affinities compared with other thermokinetic meth-
ods. For example, with the typical value Teff � 320 K for
the model systems in this work and a measured inten-
sity ratio of I2/I1 � 10, a 20 –50% error in Teff results in
an absolute error of 1.2–3.1 kJ/mol. Calibrations involv-
ing multiple reference compounds might reduce the
errors, or might not, depending on correlations between
ion affinities and size or well-depth.
The apparent entropy term in kinetic method mea-

surements is not approximately equal to the thermody-
namic entropy of activation difference in general, either
at the effective temperature or at any fixed temperature.
Its magnitude relative to the thermodynamic entropy
difference varies according to kinetic and system-de-
pendent parameters. For metastable ion dissociation, a
narrow slice of the ion energies is kinetically selected by
the narrow time window of the experiment, so the
distribution of internal energies of dissociating ions is
closer to a single internal energy (microcanonical en-
semble at energy Ed) than to a Boltzmann distribution
(macrocanonical ensemble at a thermodynamic temper-
ature T). The apparent entropy is approximately related
to the ratio of the microcanonical sum of states for the
two dissociation transition states evaluated at the mean
internal energy of dissociating ions as given by eq 24.
The mean internal energy is in turn related non-linearly
to the effective temperature.
The present results apply to metastable ion dissoci-

ation experiments. For collision-induced dissociation,
the internal energy distribution of dissociating ions is
broader, but it is still non-Boltzmann. Energy-resolved
competitive threshold collision-induced dissociation ex-
periments have demonstrated that precise and accurate

Figure 11. (a) Numerical simulation of kinetic method plots for
model tert-butoxide/tert-butanol complexes with the vibrational
frequencies of the second dissociation channel scaled by 90 %.
Various time windows are used to change the effective tempera-
tures. In sequence, the times are t1 � 1 � 10�6 s, 2 � 10�6 s, 5 �
10�6 s, 1 � 10�5 s, 2 � 10�5 s, 5 � 10�5 s, 1 � 10�4 s, 2 � 10�4 s,
and 5 � 10�4 s, with t2 � 2t1. The ion source temperature is 1000
K. (b) Comparisons of the apparent entropies (solid circles)
obtained from the y-intercepts in part (a) with the thermodynamic
entropy difference (line) calculated using statistical mechanics at a
temperature equal to the effective temperature. (c) Full entropy
analysis plots for source temperatures of 300, 600, and 1000 K (see
text).
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thermochemical results are best obtained with a full
RRKM statistical rate model to account and correct for
entropic effects as a function of energy [13, 35, 36]. The
choice of the model systems also influence the quanti-
tative results reported here, which therefore apply to
species with similar sizes and frequency distributions as
the model alkanols.
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