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Abstract

Dissociation of proton-bound dimers containing diamines is often characterized by a substantial entropy difference between the two
competing reaction channels. Kinetic energy release distributions (KERDs) upon dissociation of diamine-containing dimers are utilized along
with Finite Heat Bath theory analysis to obtain relative proton affinities of monomeric species composing the dimer. When dissociation of a
proton-bound dimer is not associated with reverse activation barrier our method provides reliable relative energetics and dynamics. Results are
reported for 1,3-propanediamine–diisopropylamine, and 1,4-butanediamine–triethylamine dimers, for which the dynamics approach provided
accurate values of relative proton affinities and relative reaction entropies. We also show two examples, for which a substantial reverse
activation barrier is found using KER measurements. These examples point to potential problems with utilizing aromatic reference bases in
combination with bidentate molecules for thermochemical determinations using the kinetic method.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Studies of competitive dissociation of proton-bound
heterodimers via reactions 1 and 2 comprise the kinetic
method—one of the most popular methods for thermo-
chemical determinations in mass spectrometry[1,2].
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The relative abundance of ionic fragments formed via
reactions 1 and 2 is determined by their relative gas phase
basicity. The branching ratio of the two reaction products is
given by the following expression:
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where�(�S‡) = �S
‡
2 − �S

‡
1 corresponds to the differ-

ence in entropies of activation in reactions 1 and 2; PA(B1)
and PA(B2) are proton affinities of monomeric species B1
and B2, respectively; andTeff is the effective temperature. It
is commonly assumed that�(�S‡) can be closely approx-
imated by the difference in protonation entropies of B1 and
B2, i.e.,�(�S‡) ∼= �(�Sp) = �Sp(B2) − �Sp(B1).

In the kinetic method branching ratios of reaction prod-
ucts are examined as a function of the proton affinity of
the reference base, B2. The kinetic plot is obtained by plot-
ting ln(k1/k2) versus PA(B2) [2]. According toEq. (3) the
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slope of such a plot equals (−1/RTeff ) and therefore deter-
mines the effective temperature, while the intercept equals
PA(B1)/RTeff −�(�S‡)/R. It follows that PA(B1) can be de-
termined from a single kinetic plot if the entropy difference
for the two reaction channels is negligible. Alternatively, the
entropic term can be separated by carrying out experiments
at several effective temperatures using a set of structurally
similar reference bases to ensure that�(�S‡) is the same for
all reactions[3]. This can be done using collision-induced
dissociation (CID) of dimers at different collision energies.
A second plot of intercepts of the kinetic plots versus 1/RTeff
enables determination of the proton affinity of the unknown
from the slope and entropy difference from the intercept.
The experimental entropy difference extracted from kinetic
plots is commonly denoted as the apparent entropy differ-
ence,��Sapp, to recognize that internal energy distribution
of dissociating dimers is not necessarily close to thermal
distribution at any temperature.

Basic assumptions of the kinetic method have been a sub-
ject of continuing debate in the literature[4–9]. In particu-
lar, the meaning of the effective temperature has been exten-
sively discussed. Holmes and co-workers suggested that the
ensemble of ions undergoing competing dissociation should
be characterized by two different temperatures rather than
by a single “effective” temperature. Indeed, our analysis of
the kinetic method formalism using Finite Heat Bath Theory
(FHBT) [10,11] demonstrated that the reacting population
is described by two different transition state temperatures
[9]. However, the effective temperature can be closely ap-
proximated by the transition state temperature for reaction
2. This finding justifies the use of the effective temperature.

Kinetic energy release distributions (KERDs) provide
valuable information on the energetics and dynamics of
unimolecular fragmentation in the gas phase. In the last
decade many groups have contributed to this topic[12–19].
A comprehensive literature survey and a detailed discus-
sion of various experimental and theoretical approaches
for extracting thermochemical information from KERDs
have been presented in a recent review[20]. The sim-
plest theoretical approach based on FHBT developed by
Klots [10,11] has been extensively utilized to quantify
dissociation of cluster ions[13,14,18,19]. In particular,
these studies focused on extracting dissociation ener-
gies for clusters of different composition and size from
KERDs.

We have proposed a similar approach to obtain relative
proton affinities of monomeric species composing proton-
bound dimers using KERD measurements for two competing
reaction channels 1 and 2[9]. We refer to this method as the
dynamics approach because KERD measurements are very
sensitive to details of the potential energy surface for sepa-
rating fragments. However, relative energetics for reactions
with no reverse activation barrier can be obtained using this
approach only if the excess internal energy is statistically
partitioned into fragment ions. We start by defining three
temperatures (seeFig. 1)—the temperature of the transition
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Fig. 1. Hypothetical potential energy surface for dissociation of a
proton-bound dimer.

state for each reaction channel,T‡
1 and T‡

2 , and the tem-
perature of the excited ion,T. The latter reflects the internal
energy of the activated proton-bound dimer,E, while tran-
sition state temperatures reflect the excess internal energy
above the reaction threshold for reactions 1 and 2, namely,
E − �E1 andE − �E2. FHBT is used to connect between
T‡ andT and to calculate differences between dissociation
energies and reaction entropies using the following proce-
dure.

Specifically, KERDs for reactions with no reverse activa-
tion barrier can be presented in the following form[21]:

P(ε) = εl exp

(
− ε

kBT‡

)
(4)

where ε is the kinetic energy of the fragment in the
center-of-mass (CM) frame,P(ε) is the probability of find-
ing fragment ion with a specific CM kinetic energy,l is a
parameter (0< l < 1); T‡ is the transition state temperature
for reaction;kB is Boltzmann’s constant. Fitting the experi-
mental KERD with the above function yields the transition
state temperature for the reaction. It follows that the two

transition state temperatures,T
‡
1 andT

‡
2 , can be determined

by modeling KERDs for reactions 1 and 2. The difference
in threshold energies for reactions 1 and 2 is given by:
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‡
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whereĒ‡(T‡) is the average energy of the transition state
evaluated at temperatureT‡. If reactions 1 and 2 have neg-
ligible reverse activation barrier the relative proton affinity
is then obtained fromEq. (6):

PA(B1) − PA(B2) = �H2 − �H1 = �E2 − �E1 (6)

The difference in reaction entropies can be obtained from
the measured branching ratio of the reaction products using
Eq. (7) [9]:
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where C is the heat capacity of the energized ion at the
temperature of the activated proton-bound dimer,T.

Recently we presented a study of dissociation of alcohol
dimers and ethylenediamine–pyrrolidine dimer as a test case
for the approach described above and demonstrated that it
enables accurate measurement of relative proton affinities
for a compound with unknown thermochemical properties
versus a single reference base[22]. It also allows distin-
guishing cases when dissociation of proton-bound dimers is
associated with a reverse activation barrier, for which both
our approach and the kinetic method are inapplicable.

Dissociation of proton-bound dimers containing bases that
di-coordinate the proton has been used to challenge the ki-
netic method. Protonation of bidentate molecules is char-
acterized by a very large entropy effect because of proton
solvation by the two basic sites of the molecule. Small di-
amines have been used by many groups[3,22–26]as model
systems to determine the applicability of the kinetic method
for determination of proton affinities of bidentate molecules.
Siu and co-workers demonstrated that the kinetic method
provides accurate PAs for small diamines[24], while other
groups[23,25,26]suggested that PAs of diamines are un-
derestimated by the kinetic method because of the pres-
ence of reverse activation barrier for dissociation. The latter
was estimated by Cao et al. to be approximately 20 kJ/mol
for 1,3-propanediamine and approximately 32 kJ/mol for
1,4-butanediamine[23]. Interestingly, no indication of the
reverse activation barrier was obtained from kinetic energy
release (KER) measurements[23]. The authors rationalized
this discrepancy assuming that only a negligibly small frac-
tion of the reverse activation energy was partitioned into
relative translation of products.

In this work we present new results on KERD measure-
ments for proton-bound dimers containing small diamines
demonstrating both success and failure of the dynamics ap-
proach described above. We also identify potential difficul-
ties associated with choice of reference bases for determi-
nation of proton affinities of bidentate molecules.

2. Experimental

Experiments were performed on a triple sector (EBE)
Micromass ZabSpec (ZS017) mass spectrometer modified
for accurate measurement of KERDs as described pre-
viously [22]. Mass-analyzed ion kinetic energy spectra
(MIKEs) were obtained by scanning the second electric
sector. Experimental metastable peaks were smoothed using
a piecewise cubic spline smoothing routine. KERDs were
obtained by differentiating the smoothed metastable peaks
and converting the kinetic energy from the laboratory into
the center-of-mass frame using a standard expression[20].
The values of KER reported in this work were obtained
from the full widths of metastable peaks at 22% maximum
and correspond to the average center-of-mass (CM) kinetic
energy released into the relative translation of fragments.

Proton-bound dimers were generated in a CI source by
self-protonation. The ion source conditions were as fol-
lows: source temperature, 100◦C; filament emission current,
0.6–1.1 mA; electron energy, 20–50 eV; pressure, 4× 10−5

to 6 × 10−5 Torr, as monitored by the ionization gauge;
acceleration voltage, 6 kV. The temperature of the liquid
inlet system was optimized for the efficient formation of
proton-bound dimers. All chemicals were purchased from
Aldrich and used as received.

3. Modeling KERDs

3.1. Extracting transition state temperatures

Experimental metastable peaks were smoothed using a
piecewise cubic spline smoothing routine. KERDs were ob-
tained by differentiating the smoothed metastable peaks and
converting the kinetic energy from the laboratory into the
center-of-mass frame using a standard expression[20]. Ex-
perimental KERDs were fitted with the two-parameter func-
tion given inEq. (4)to yield transition state temperatures for
reactions 1 and 2. An example of a fit obtained for dissoci-
ation of the 1,3-propanediamine–diisopropylamine dimer is
shown inFig. 2.

3.2. Relative entropies

The difference in reaction entropies,�(�S‡), was cal-
culated from the experimental branching ratio and the two
transition state temperatures usingEq. (7). The dimension-
less heat capacity was calculated usingEq. (8).

C =
N∑

i=1

(hcνi/kBT)2exp(−hcνi/kBT)

[1 − exp(−hcνi/kBT)]2
(8)

whereνi are the vibrational frequencies,h is Planck’s con-
stant, kB is Boltzmann’s constant,T is the temperature,
and c is the velocity of light. Vibrational frequencies for
the 1,2-ethylenediamine–pyrrolidine dimer were adopted
from our previous work[22]. The vibrational frequencies
for protonated 1,3-propanediamine and 1,4-butanediamine
were provided by Chris Rodriquez and Michael Siu (pri-
vate communication). Vibrational frequencies for neutral
triethylamine were estimated using AM1 calculations. The
same set of frequencies was used for neutral diisopropy-
lamine. Common modes of protonated dimers in the range
100–300 cm−1 were added to the combined frequency sets
of the corresponding protonated and neutral species. Cal-
culated results were not very sensitive to the values of
vibrational frequencies. The uncertainties in the values of
�(�S‡) and �(�E) related to the uncertainties in vibra-
tional frequencies are much smaller than the experimental
error bars that have been assigned to the dissociation energy
and entropy differences.

The heat capacity inEq. (7) should be estimated at the
temperature of the activated complex,T, which was deter-
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Fig. 2. Experimental (open circles) and calculated (solid line) KERDs for dissociation of the 1,3-propanediamine–diisopropylamine dimer (m/z = 176);
left panel shows KERD extracted from the peak atm/z = 102 (protonated diisopropylamine), right panel shows KERD extracted from the peak at
m/z = 75 (protonated 1,3-propanediamine).

mined via reiterative calculations to solve simultaneousEqs.
(8) and (9):

T

T − T‡
∼= C

γ

(
1 + γ

2C
+ γ2

12C2

)
(9)

which represents the expression for the Carnot–Kelvin fac-
tor [21] with γ = 23.5—the Gspann parameter[21,27]. The
average temperature of the transition states for reactions 1
and 2 was used to estimate the left hand side ofEq. (9). The
uncertainty in the heat capacity associated with uncertainty
in the value of the Gspann parameter is less than 10% and
was taken into account when estimating the uncertainty in
the relative entropy for reactions 1 and 2. Energy and en-
tropy differences obtained in simulations utilizing individual
transition state temperatures rather than the average value of
T‡ in Eq. (9) are within the estimated uncertainties shown
in Table 2.

3.3. Relative energies

The difference in the dissociation thresholds was obtained
using Eq. (5). The average energy was calculated using a
standard expression:

〈E〉 =
N∑

i=1

hcνi

exp(hcνi/kBT) − 1
(10)

Average energies of the two transition states (Eq. (5)) were
calculated using transition state temperaturesT‡

1 andT‡
2 . It

should be noted that̄E‡
1
(T‡

1 ) and Ē‡
2 (T‡

2 ) should be cal-
culated using vibrational frequencies of the corresponding
transition states for reactions 1 and 2. When entropy differ-
ence between the two reaction channels is small, the same
set of frequencies can be used for calculating average en-
ergies. However, for dissociation of dimers containing di-
amines the entropy difference for reactions 1 and 2 is large.
Consequently, vibrational frequencies for the two transition

states become quite different and the difference between the
average energies of the transition states may become quite
sensitive to the entropy effect[28,29]. In order to account
for these differences we generated a second set of transi-
tion state frequencies, in which 10 frequencies in the range
1000–1500 cm−1 were varied until the resulting entropy dif-
ference between the two sets of frequencies calculated using
Eqs. (11) and (12)matched the entropy difference calculated
usingEq. (7).
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whereQ‡ is the partition function of the transition state:

Q‡ =
N∑

i=1

1

1 − exp(−hcνi/kBT)
(12)

The entropy difference inEq. (11) was calculated at the
temperature of the excited dimer,T.

4. Results and discussion

Metastable peak shapes and branching ratios were mea-
sured for dissociation of the following proton-bound dimers:
1,2-ethylenediamine–3-Piccoline, 1,2-ethylenediamine–4-
Piccoline, 1,3-propanediamine–diisopropylamine, and 1,4-
butanediamine–triethylamine. The results for 1,2-ethylene-
diamine–pyrrolidine dimer were adopted from our previous
work [22] for comparison.

4.1. Kinetic energy releases (KERs) and branching ratios

Table 1 lists gas phase basicities and proton affinities
for all monomers obtained from NIST database[30] along
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Table 1
Proton affinities, average kinetic energy releases and branching ratios for
proton-bound dimers of different diamines

GB
(kcal/mol)a

PA
(kcal/mol)a

KER
(meV)

BRb

Ethylenediamine (B1) 218.1 227.4 32 0.085
Pyrrolidine (B2) 218.8 226.6 26

Ethylenediamine (B1) 218.1 227.4 81 1.11
3-Piccoline (B2) 217.9 225.5 28

Ethylenediamine (B1) 218.1 227.4 83 0.152
4-Piccoline (B2) 218.8 226.4 28

Propanediamine (B1) 224.7 235.9 32 1.95
Diisopropylamine (B2) 224.3 232.3 24

Butanediamine (B1) 228.1 240.3 30 41
Triethylamine (B2) 227.0 234.7 24

a Gas phase basicities and proton affinities of monomers from Ref.[30].
b Branching ratio, B1H+/B2H+.

with experimentally determined KERs and branching ratios
for dissociation of proton-bound dimers. The branching ra-
tios clearly indicate preferential formation of a monomer
with higher gas phase basicity during fragmentation of a
proton-bound dimer.

Kinetic energy releases also show a clear trend: higher
proton affinity is associated with larger KER. For exam-
ple, for ethylenediamine–pyrrolidine dimer larger KER
(32 meV) was observed for the monomer with larger proton
affinity (227.4 kcal/mol), while smaller KER (26 meV) is
observed for protonated pyrrolidine (PA= 226.6 kcal/mol).
This observation can be rationalized using a hypothetical
potential energy surface for dissociation of a dimer with
internal energyE shown inFig. 1. If the proton affinity of
B1 is higher than the proton affinity of the reference base,
the threshold energy for reaction 1 (�E1) is lower than
the threshold energy for reaction 2 (�E2). Consequently,
reaction 1 is characterized by higher excess internal energy
(E‡

1 ), higher transition state temperature (T‡
1 ), and larger

KER; i.e., the higher proton affinity is associated with larger
experimental KER.

4.2. Dissociation of dimers containing 1,2-ethylenediamine

Formation of protonated 1,2-ethylenediamine was exam-
ined using three reference bases shown inScheme 1. Re-
sults shown inTable 1indicate that formation of protonated

N
N

N
H

Pyrrolidine 3-Picoline 4-Picoline

Scheme 1.

1,2-ethylenediamine is associated with anomalously large
KER when 3-Picoline or 4-Picoline are used as reference
bases—81 and 83 meV, respectively. This should be com-
pared to only 32 meV obtained when pyrrolidine was used
as a reference base. KER data summarized inTable 1in-
dicate the presence of the reverse activation barrier for for-
mation of protonated 1,2-ethylenediamine from dimers con-
taining 3-Picoline and 4-Picoline. The position, shape and
width of KERD for reactions with reverse activation barrier
depends on the steepness of the potential energy surface be-
yond the transition state and the degree of coupling of var-
ious vibrational modes during separation of the ionic and
neutral fragment. As shown inFig. 3, the shape of KERDs
extracted from the corresponding metastable peaks is very
similar to KERDs obtained for other dissociation channels
and is not shifted from zero. This indicates that the re-
verse activation energy is only partially released into the
relative translation of the products. This results from cou-
pling of the reaction coordinate with other vibrational modes
in the dimer after the passage over the dissociation barrier
[20]. The transition state temperatures extracted from these
KERDs are close to 650 K. This implies a relative proton
affinity of more than 25 kcal/mol, which is not a reasonable
value. This confirms that neither the dynamics approach nor
the kinetic method can be used for determination of rela-
tive proton affinities from characterizing the dissociation of
1,2-ethylenediamine–picoline dimers.

Our observation of the presence of a reverse activa-
tion barrier for dissociation of dimers containing 1,2-
ethylenediamine and 3- or 4-Picoline suggests that forma-
tion of protonated 1,2-ethylenediamine from these dimers
requires substantial rearrangement. In contrast, there is no
reverse activation barrier for formation of protonated 3-
Picoline and 4-Picoline bases from these dimers. These re-
sults indicate that in the transition state 1,2-ethylenediamine
has to first open up and then re-close when it is leaving as a
protonated species, while neutral 1,2-ethylenediamine does
not undergo any additional rearrangement. We infer that
in the protonated dimer of 1,2-ethylenediamine with pico-
line diamine interacts with the aromatic ring, while in the
1,2-ethylenediamine–pyrrolidine dimer the two monomers
are coordinated to the nitrogen of the five-membered ring.
In the former case 1,2-ethylenediamine most probably has
an elongated structure while it is coordinated to the ref-
erence base. Theoretical calculation on the structure of
1,2-ethylenediamine–picoline dimers is presently underway
in our laboratory to test this hypothesis.

Because of the reverse activation barrier fragmentation
of 1,2-ethylenediamine–picoline dimers cannot be treated
using the kinetic method. However, KERD measurements
are usually not performed in the kinetic method studies.
Without a prior knowledge of potential problems associated
with the choice of reference bases for 1,2-ethylenediamine
one could try to determine the relative proton affinity using
branching ratios fromTable 1. Fig. 4 shows a kinetic plot
for dimers containing 1,2-ethylenediamine. Interestingly, a
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Fig. 3. Experimental (open circles) and calculated (solid line) KERDs for dissociation of the 1,2-ethylenediamine–3-Picoline dimer (m/z = 154); left panel
shows KERD extracted from the peak atm/z = 94 (protonated 3-Picoline), right panel shows KERD extracted from the peak atm/z = 61 (protonated
1,2-ethylenediamine).

very good-quality plot is obtained for these systems. The ef-
fective temperature extracted from the slope of this plot is
very close to the transition state temperatures obtained for
1,2-ethylenediamine–pyrrolidine dimer (seeTable 2). How-
ever, only one data point on this plot (indicated by an ar-
row) can be used for kinetic measurements. These results
demonstrate that because measurements of branching ratios
are not sensitive to the presence of reverse activation bar-
rier for reaction great care should be taken while choosing
reference bases for kinetic measurements. In addition KER
measurements are very important for validating the choice
and applicability of reference bases for each particular case.

4.3. Dissociation of other diamine-containing dimers

According to Table 1 dissociation of 1,2-ethylenedia-
mine–pyrrolidine, 1,3-propanediamine–diisopropylamine,
and 1,4-butanediamine–triethylamine dimers is not associ-
ated with reverse activation barriers; i.e., these systems are
good candidates for testing the dynamics approach. A sum-

Table 2
Transition state temperatures, relative dissociation energies and entropies obtained from KERDs

B1 · · · H+ · · · B2 Bra T
‡
1

(K)
T

‡
2

(K)
�E1 − �E2

b PA2 − PA1
c �(�S‡)d �(�Sp)e Ē‡

1
(T

‡
1 )

(eV)
Ē

‡
2 (T

‡
2 )

(eV)
��Sapp

f

Ethylenediamine (m/z = 61)–
pyrrolidine (m/z = 72)

0.085 212 200 −0.7 ± 0.3 −0.80 −8.3 ± 3.0 −5.0 0.116 0.086 −3.3

Propanediamine (m/z = 75)–
diisopropylamine (m/z = 102)

1.95 230 190 −2.0 ± 0.7 −3.60 −12.0 ± 3.5 −10.7 0.177 0.093 −9.2

Butanediamine (m/z = 89)–
triethylamine (m/z = 102)

41 265 190 −4.7 ± 1.0 −5.64 −18.3 ± 4.0 −15.1 0.308 0.104 −22.1

a Branching ratio, B1H+/B2H+.
b The difference in threshold energies for reactions 1 and 2 in kcal/mol.
c The difference in proton affinities of B2 and B1 in kcal/mol [30].
d The difference in reaction entropies for reactions 1 and 2 in cal/mol K.
e The difference in protonation entropies from Ref.[30] in cal/mol K.
f The apparent entropy difference calculated usingEq. (13).
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Fig. 4. Kinetic plot for dissociation of proton-bound dimers of
1,2-ethylenediamine with different bases.



J.J. Hache et al. / International Journal of Mass Spectrometry 233 (2004) 223–231 229

Table 3
Energetic and entropic contributions to branching ratios

B1 · · · H+ · · · B2 Ca T (K)b ln(k1/k2) C ln(T
‡
1 /T

‡
2 ) �(�S‡)/Rc

Ethylenediamine (m/z = 61)–pyrrolidine (m/z = 72) 29.18 461 −2.47 1.70 −4.17
Propanediamine (m/z = 75)–diisopropylamine (m/z = 102) 34.97 411 0.67 6.68 −6.01
Butanediamine (m/z = 89)–triethylamine (m/z = 102) 38.81 417 3.71 12.91 −9.20

a Dimensionless heat capacity.
b The temperature of the activated complex.
c ��S = �S1 − �S2.

mary of relative energies and entropies obtained for these
systems is given inTable 2. The relative energies obtained
from KERD measurements are in excellent agreement with
literature data. The absolute values of the relative reaction
entropies are fairly close to but systematically larger than
the differences in protonation entropies,�(�Sp). This sys-
tematic deviation between the experimentally determined
values of�(�S‡) and the differences in protonation en-
tropies of monomeric species results from differences in
temperatures. Specifically,�(�Sp) are reported for 298 K,
while the values of�(�S‡) correspond to temperatures
in excess of 400 K (seeTable 3). The corresponding en-
tropy differences,�(�S‡), scaled to 298 K are−4.8,−7.3
and −12.6 cal/mol K for the ethylenediamine–pyrrolidine,
propanediamine–diisopropylamine, and butanediamine–tri-
ethylamine, respectively. It follows that for dissociation of
proton-bound dimers examined in this study the differences
between the activation entropies determined using the dy-
namic approach and the relative protonation entropies are
the same within the experimental uncertainty.

It should be noted that�(�S‡) derived from experimen-
tal data usingEq. (7)is very sensitive to transition state tem-
peratures. This sensitivity is determined by the value of the
heat capacity,C, that effectively amplifies the small differ-
ences in transition state temperatures. Small uncertainties in
the transition state temperatures are translated into a large
error in determination of the relative reaction entropy. How-
ever, this sensitivity to transition state temperatures should
not be confused with the general temperature dependence
of the reaction entropy, which is very slow. The uncertain-
ties in�(�S‡) listed inTable 2are typical for experimental
determination of reaction entropies.

In our previous study we demonstrated good corre-
spondence between the relative entropies obtained from
kinetic plots and relative reaction entropies calculated us-
ing Eqs. (11) and (12) [9]. However, entropy differences
examined in that study did not exceed 3 cal/mol K as com-
pared to 5–20 cal/mol K derived in this study. Recently,
Erwin presented a detailed simulation of kinetic method
experiments using the phase space limit (PSL) calculations
of microcanonical rate constants[31]. Apparent entropy
factors derived from kinetic plots did not agree well with
thermodynamic entropy differences calculated at several
temperatures. Erwin concluded that the relative entropies
extracted from kinetic plots do not reflect thermodynamic
entropy differences but rather correspond to the ratio of the

microcanonical sum of states for the two transition states
evaluated at the mean internal energy of dissociating ions.

We have calculated the entropy differences using the ap-
proach suggested by Erwin. Namely, we used the following
expression:

��Sapp = R
W

‡
2 (Ē

‡
2 (T

‡
2 ))

W
‡
1 (Ē

‡
1 (T

‡
1 ))

(13)

whereW
‡
1 (Ē

‡
1 (T

‡
1 )) and W

‡
2 (Ē

‡
2 (T

‡
2 )) represent sums of

states of the two transition states at the corresponding aver-
age energy determined from KERDs as described earlier and
R is the molar gas constant. Sums of states were calculated
using Beyer-Swinehart direct count algorithm[32]. The re-
sults of these calculations are shown inTable 2. Because of
the uncertainties in the transition state temperatures��Sapp
have similar error bars to�(�S‡). It can be seen that there
is reasonable correspondence between the calculated val-
ues of��Sapp and�(�Sp). However, unlike the values of
�(�S‡) that are systematically larger than�(�Sp), appar-
ent entropy differences determined usingEq. (13)show both
positive and negative deviation from�(�Sp). These devia-
tions mainly result from uncertainties in transition state tem-
peratures and are particularly important when the average
energy of the transition state is small.

Good correspondence between entropy terms obtained
using Eqs. (7) and (13)is not surprising. Although the
internal energy distribution of the ensemble of ions that un-
dergoes fragmentation in a mass spectrometer is not close
to Boltzmann distribution, evaluation of the “microcanon-
ical entropy” using theaverage energy of the fragmenting
molecules equates the canonical and microcanonical ap-
proaches because it neglects differences in the shapes of
internal energy distributions. We are unable to rationalize
why Erwin’s calculations demonstrated a significant differ-
ence between the thermodynamic entropy and the entropy
calculated usingEq. (13).

A final comment relates to experimental determination of
entropy differences for reactions using the kinetic method.
We have shown earlier that careful choice of reference
bases is an important prerequisite for success of the kinetic
method. This is particularly important for entropy measure-
ments. In most cases differences in proton affinities between
monomers composing the dimer do not exceed 5 kcal/mol,
which sets a corresponding upper limit for error in deter-
mination of the proton affinity. In marked contrast, entropy
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differences between the two competing reactions can be
very significant. Entropy differences can be obtained using
the extended version of the kinetic method, in which disso-
ciation of dimers is examined at different collision energies
[3]. Dissociation of proton-bound dimers with some of the
reference bases may be associated with a reverse activation
barrier. If such bases are present in the set chosen for kinetic
measurements, the behavior of the kinetic plot as a function
of collision energy cannot be predicted on an a priori basis.

4.4. Factors that contribute to the branching ratio

It is interesting to examine the relative contribution of
the energetics and dynamics of dissociation to the branch-
ing ratio of the reaction products. This can be done using
Eq. (7), in which the first term on the right hand side,
represents the entropy contribution, while the second term,
C ln(T‡

1 /T‡
2 ), represents the contribution that originates

from the differences in dissociation energies.Table 3shows
the values of the different terms inEq. (7) along with
the dimensionless heat capacities,C, and the temperatures
of excited dimers,T. Clearly, when the transition state
temperatures for the two reactions are similar (as for the
1,2-ethylenediamine–pyrrolidine dimer) the entropic term
is dominant. However, because of a substantially larger dif-
ference in transition state temperatures the relative contri-
bution of the entropy term decreases for dimers containing
1,3-propanediamine and 1,4-butanediamine. It should be
noted that contribution of the heat capacity in the energy
term, C ln(T‡

1 /T‡
2 ), to the branching ratio is expected to

increase with increase in the size of the dimer. It should be
noted that these findings are in a qualitative agreement with
the standard kinetic method expression (Eq. (3)), which
predicts a similar interplay between the entropy and the en-
ergy term. However, our approach provides a simple means
of independent measurement of entropy and energy effects
in competitive dissociation of dimers.

5. Conclusions

This work has extended our previous study on determi-
nation of relative proton affinities of monomers containing
proton-bound dimers based on KERD measurements. The
relative energetics of the two competing reactions is deter-
mined using transition state temperatures for each reaction
channel extracted from the corresponding KERD. In con-
trast with the kinetic method approach proton affinity de-
termination is not coupled to measurement of the branching
ratio. However, the relative entropy for dissociation of the
dimer into two charged monomers is determined by com-
bining the branching ratio with the transition state temper-
atures. We have demonstrated that the entropy contribution
to the branching ratio is dominant when the transition state
temperatures are similar. However, for significantly differ-
ent transition state temperatures the energetic term becomes

quite large. Our results suggest that the relative contribu-
tion of the energetic term is expected to increase for larger
dimers.

When dissociation of a proton-bound dimer is not associ-
ated with reverse activation barrier the dynamics approach
provides reliable relative energetics and dynamics. The dif-
ferences between the values of�(�S‡) determined from
experimental data and the literature values of�(�Sp) result
from differences in temperatures used to evaluate these en-
tropy terms. When properly scaled to 298 K the differences
between the activation entropies determined using the dy-
namic approach and the relative protonation entropies are
the same within the experimental uncertainty. Comparison
between the thermodynamic entropy difference and the en-
tropy difference obtained from the number of states in the
transition state for each reaction channel demonstrates that
both approaches provide similar values of relative entropies
for competing reactions.

We have further demonstrated that careful choice of
reference bases for the kinetic method studies is not a triv-
ial task. KERs upon dissociation of 1,2-ethylenediamine
with two aromatic molecules used as reference bases (3-
Picoline and 4-Picoline) indicated the presence of the
reverse activation barrier, while dissociation of the 1,2-
ethylenediamine–pyrrolidine dimer did not show any rear-
rangement. We suggested that in the former case ethylene-
diamine has an elongated structure in the dimer and un-
dergoes a substantial rearrangement following fragmen-
tation of the dimer by closing the ring when it carries
the proton. Despite the presence of the reverse activation
barrier for dissociation of two of three ethylenediamine
dimers examined in this study a good-quality kinetic plot
was obtained for 1,2-ethylenediamine. This indicates that
results obtained using branching ratios alone can be mis-
leading. We conclude that KER measurements are very
important to test the applicability of different reference
bases for thermochemical determinations using the kinetic
method.
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