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The gas-phase acidities of aspartic, glutamic, and 2-aminoadipic acid have been determined by
the kinetic method in a triple-quadrupole instrument. Although aspartic acid behaves in the
conventional way and gives a �Hacid value of 1340 kJ mol

�1, glutamic and 2-aminoadipic acids
give kinetic method plots with two distinct slopes. This leads to �Hacid values of 1350 and 1366
kJ mol�1 for glutamic acid, and 1355 and 1369 kJ mol�1 for 2-aminoadipic acid. The value for
aspartic acid and the low collision energy value for glutamic acid are consistent with recent
measurements by Poutsma and co-workers in a quadrupole ion trap. The experiments are
supported by calculations at the G3(MP2) and OLYP/aug-cc-pVTZ levels. Computational
studies of model clusters of the amino acids with trifluoroacetate suggest there are distinct
preferences. Glutamic and 2-aminoadipic acid prefer clusters where the amino acid adopts a
zwitterion-like structure whereas aspartic acid prefers to adopt a conventional (canonic)
structure in its clusters. This result along with the computed stabilities of zwitterion-like
conformations of the deprotonated amino acids leads to the following explanation for the
presence of two slopes in the kinetic method plots. At low collision energies, the deprotonated
amino acid dissociates from the cluster, with rearrangement if necessary, to give its preferred
conformation, but at high collision energies, the deprotonated amino acid directly dissociates
in the conformation preferred in the cluster. For glutamic and 2-aminoadipic acids, this is a
zwitterion-like structure that is about 20 kJ mol-1 less stable than the global minimum. (J Am
Soc Mass Spectrom 2008, 19, 1887–1896) © 2008 Published by Elsevier Inc. on behalf of
American Society for Mass Spectrometry

The kinetic method has been used widely to mea-
sure neutral thermodynamic properties in the
gas-phase, but questions still remain about the

validity of some of its basic assumptions, which were
initially developed around the study of monofunctional
compounds and reference acids/bases whose structures
are closely related to the analyte [1–3]. A key assump-
tion is that in the dissociation transition-state, the com-
ponents of the heterodimer cluster used in the kinetic
method must have adopted structures that resemble
those of the ultimate, separated products (i.e., no re-
verse activation energy in the process). One must also
assume that the competitive decomposition pathways
of interest in the kinetic method are independent of the
initial structure of the dimeric cluster, which may
depend on how it was formed in the ionization process.

In addition, attempts to extract the relative standard
enthalpy and entropy variations of the products also
require that the ensemble of the competing transition
states provides a reasonable representation of the Boltz-
man distribution of the separated products [4]. Finally,
it is generally assumed that values from the kinetic
method are relevant to a process occurring at 298 K (i.e.,
the clusters dissociate to the preferred conformations of
the products at 298 K).
The general success of the kinetic method suggests

that these assumptions are valid enough to provide
reasonable accuracy in a variety of systems and that
some level of natural selection in the formation of the
charged heterodimer clusters limits them to fairly rep-
resentative structures. However, there clearly must be
many situations where the cluster components do not
adopt their preferred ensemble of structures in the
dissociation transition-state. In the present study, we
present a clear example of the breakdown of the kinetic
method in its application to multifunctional compounds
using reference acids/bases that differ significantly
from the structures of the analytes. In the amino acid
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systems employed in this study (aspartic, glutamic, and
2-aminoadipic acids), it will be shown that the forma-
tion of the heterodimer clusters can cause a deproto-
nated amino acid to adopt a zwitterionic form rather
than a canonic structure. It has been noted in the past
that solvation and metal complexation is capable of
shifting amino acids to zwitterionic structures [5–7].
Apparently under certain collision activation condi-
tions, the nature of the cluster (zwitterionic versus
canonic) can affect the observed branching ratios in the
dissociation processes and thereby alter the acidity
predicted by the kinetic method analysis.
The proton affinities of amino acids have been ex-

tensively investigated, [8–11] but there have been only
a few reports on their gas-phase acidities (GA, �G°acid)
and acid enthalpies (�H°acid) [12]. The acidic amino
acids, aspartic and glutamic acid, are interesting sys-
tems for gas-phase acidity measurements because they
can adopt a variety of ionic structures in their deproto-
nated forms (Scheme 1, Scheme 2). Until very recently,
no experimental gas-phase acidity values were avail-
able for them [13, 14]. However while we were complet-
ing this study, Poutsma and co-workers [15] reported
values for these amino acids from kinetic method experi-
ments in a quadrupole ion trap [�H°acid � (1345 � 14) kJ
mol�1 and (1348 � 21) kJ mol�1 for Asp and Glu,
respectively]. In addition, Cassady and co-workers [16]
have obtained gas-phase acidity values by bracketing
experiments in an ICR [�G0

T � (1319 � 14) kJ mol�1

and (1331� 15) kJ mol�1 for Asp and Glu, respectively].
These values are in good accord with DFT and ab initio
calculations from the two research groups. Our kinetic
method studies differ from those completed by Pout-
sma and co-workers in that we have used a triple
quadrupole instrument and accessed much higher col-
lision energies. The data indicate that there are two

distinct modes of dissociation for glutamic acid, de-
pending on the magnitude of the collision energy. This
effect leads to two sets of acidity values for glutamic
acid. In contrast, aspartic acid behaves in a conventional
way in the kinetic method experiments. Here we will
show that the difference in behavior potentially can be
traced to the ionic structure of the cluster used in the
kinetic method experiments.

Experimental

All experiments were carried out on a triple quadrupole
(Quattro, Micromass, Manchester, UK) instrument
equipped with an electrospray source operated in the
negative ion mode. Argon was used as collision gas
with a pressure of 5 � 10�5 mbar. All the recorded
spectra were the average of 150 microscans to obtain a
good ion abundance statistics. All samples were pur-
chased from Sigma-Aldrich Chemicals (St. Louis, MO)
and used without further purification. The proton-
bound dimers were prepared by the direct infusion (400
�L h�1) of a 1:1 mixture of an amino acid and an acidic
reference (100 �M in MeOH). The cone voltage was set
to 30 V in order avoid in-source decomposition of the
dimeric species.

Kinetic Method

In this work, the extended kinetic method [17] was used
using the “statistical” approach as proposed by Armen-
trout [18]. All the experimental measurements were
provided following this approach. However, for an
easier discussion within the manuscript, the reported
curves corresponded to the “alternative” [18] treatment
that was almost as accurate as the “statistical” but was
more intuitive. In addition, in the case of glutamic acid,
the three methods (the original extended, alternative,
and statistical) were used for comparison. In practice,
both alternative and statistical approach gave the same
results although a better error estimation was obtained
with the latter. The different methods were described
extensively in their original papers and are only sum-
marized here.

Scheme 1

Scheme 2
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For each studied amino acid (A0) a series of refer-
ences (Ai) were chosen based on the consideration that
they were monofunctional and that the decompositions
of the corresponding dimer [A0�Ai-H]

� led to the
observation of both the expected competitive product
ions [A0-H]

� and [Ai-H]
�. For each amino acid at least

four references were used. These experiments were
repeated at various collision energies varying from 10
to 60 eV in the laboratory frame to change significantly
the effective temperature.
The alternative method was based on eq 1. A series

of curves ln(ki/k0) (that were considered to be equal to
the corresponding product ion abundance ratio) were
plotted as a function of the �H°acid values of the
references for each collisional activation condition.

ln
ki

k0
�

GATeff

app�A0�
RTeff

�
�Hacid

° �Ai�
RTeff

(1)

with

GATeff

app
(A0)� �Hacid

° (A0)� Teff��Sacid
° (Ai,A0) [19]. (2)

The x-intercept of these curves was the apparent gas-
phase acidity of the unknown, GATeff

app
�A0� and the slope

is �1/RTeff. From these data, a second curve GATeff

app
�A0�

as a function of Teff was plotted. From eq 2, it can be
observed that the y-intercept of this curve is �H°acid(A0)
and the slope is ���S°(A0,Ai).
For the “statistical” approach, the first plot is ln(ki/k0)

versus �H°acid(A0)-�H°acid(Ai)avg. From eq 3, it can be
seen that the slope corresponds to �1/RTeff and the
y-intercept is �GATeff

app
�A0� � �H°�Ai�avg� ⁄RTeff. From these

data, the curve �GATeff

app
�A0� � �H°�Ai�avg� ⁄RTeff as a func-

tion of 1/RTeff was plotted leading in principle to a
straight line. According to eq 4, the slope of this line
was �H°acid(A0)-�H°acid(Ai)avg and its y-intercept was
���S°/R.

ln
ki

k0
�

GAT eff
app �A0� � �H°�Ai�avg

RTeff

�
�Hacid

° �Ai� � �H°�Ai�avg

RTeff

(3)

From Equation 2

GAT eff
app �A0� � �Hacid

° �Ai�avg

RTeff

�
�Hacid

° �Ai� � �H°�Ai�avg

RTeff

�
��S°�A0,Ai�

R
(4)

Experimental errors (standard deviations) were calcu-
lated from experimental deviations and taking into
account uncertainties of the reference acidity values
based on the Armentrout treatment [18]. More recently,

Armentrout considered that errors in the �H° values
are about �4 to �12 kJ mol�1 (�9 to �30 J mol�1 K�1

for activation entropy differences), whereas Drahos,
Vekey, and others have suggested an estimated error of
�5 kJ mol�1 [�10 J mol�1 K�1 for ��S°(A0,Ai)] [4, 20].

Computational

Each of the species in this study presented a difficult
problem in terms of computational method and confor-
mational space. Standard ab initio methods such as HF
and MP2 calculations typically gave poor results for the
absolute acidities of carboxylic acids. Common DFT
approaches such as B3LYP also had a difficult time with
the absolute acidities of these species. For this study, we
decided to use an alternative DFT approach, OLYP, to
survey the potential energy surface and identify the
lowest energy conformations of each species. It was
chosen because it gave good performance with carbox-
ylic acids. For example, OLYP/aug-cc-pVTZ//B3LYP/
6-31 � G(d,p) calculations gave a �Hacid value of 1453
kJ mol�1 for acetic acid (experimental � 1456 kJ mol�1).
In contrast, B3LYP and MP2 calculations gave values of
1448 and 1443 kJ mol�1 with the same basis set and
geometry. We have adopted multiple strategies for
identifying the best conformer of each species and
determining the absolute gas-phase acidities of the
amino acids. For all species, the conformational search
utility in Spartan02 was used to identify the 100 lowest
energy conformations at the PM3 semiempirical level.
Only conformations within 125 kJ mol�1 of the global
minimum were pursued. As a result, less than 100
conformations were considered for several of the spe-
cies. The best conformations from the PM3 searches
were subjected to single point calculations at the
OLYP/6-31 � G(d) level. The best 30 from these calcu-
lations were then subjected to optimizations and fre-
quency analysis at the OLYP/6-31 � G(d) level fol-
lowed by single points at the OLYP/aug-cc-pVTZ level.
The best conformations at this level (10–30 conforma-
tions) were subjected to G3(MP2) calculations. In some
cases, a second set of searches was included. This
involved identifying up to the best 250 conformations at
the PM3 level, selecting the best 50 of these at the
B3LYP/6-31 � G*//PM3 level, and subjecting those to
G3MP2 calculations. The acidities were reported at the
G3(MP2) level and included thermal enthalpy correc-
tions scaled by 0.9135. The best conformer was deter-
mined on the basis of the lowest computed free-energy
at 298 K so in a few cases, the species that was used in
the calculation did not have the lowest computed
enthalpy. The logic of this decision is that the experi-
mental mixture of conformers is determined on the
basis of free energies, not enthalpies. The clusters in the
study were too large for the G3(MP2) calculations and
their energies were reported at the OLYP/aug-cc-
pVTZ//OLYP/6-31 � G(d) level with unscaled ther-
mal enthalpy corrections. The PM3 surveys were com-
pleted with Spartan02 [21] and the other calculations
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with Gaussian03 [22]. Details of the calculations are
found in Supplementary Material, which is available in
the online version at doi:10.1016/j.jasms.2008.07.022.

Results

Aspartic Acid

The kinetic method plots for aspartic acid are given in
Figure 1. The plots span effective temperatures from
about 440 to 666 K. As reference acids, a series of simple
acids and phenols were used (Table 1). The final plot
(Figure 1b) is reasonably linear and indicates a �H°acid
value of 1340 kJ mol�1 with a proton transfer entropy
variation of ��S°acid � �27 J mol�1 K�1 related to the
acidic references (Table 2). It can be seen that all the
lines of the first plot cross nicely in a single point
(Figure 1a). This point has been called the pseudo-
isoequilibrium by Armentrout and the corresponding
abscissa gives the �H°acid [4]. These values are in good
accord with those obtained by Poutsma in a quadrupole
ion trap [�H°acid � (1345� 14) kJ mol�1 and ��S°acid �
(�14� 14) J mol�1 K�1] [15]. It should be noted that the

proton transfer entropy values cannot be directly com-
pared because different references were used in the
experiments; this is also true for the other amino acids
in this study. It is more difficult to make comparisons to
the free-energies reported by Cassady and co-workers
[16]; however both datasets indicate that the gas-phase
acidity of aspartic acid is close to that of trifluoroacetic
acid.
Using the structures in Figure 2a and b, we have

computed a �H°acid value of 1347 kJ mol
�1 for aspartic

acid. This value is reasonably close to the experimental
values and those computed by Poutsma [15] as well as
Cassady et al. [16]. It should be noted that our struc-
tures are significantly different. DFT approaches used
by the other groups to identify the most stable con-
former tend to favor canonic amino acid structures
where the �-carboxylic acid forms a hydrogen-bond
with the amino group. In contrast, G3MP2 generally
favors carboxyl groups with internal hydrogen bonds
(syn conformations). The effect on the computed ener-
gies is not large and leads to differences of 1–4 kJ mol�1

in the acidities. We also computed a �H°acid value for
the formation of a zwitterionic-like species, Figure 2c. It
is not a true zwitterion in that the nitrogen has only a
strong hydrogen-bonding interaction with a third pro-
ton rather than a full bond, but it exhibits the heavy
atom topology of a zwitterion. No true zwitterionic
species were found with the computational methods
used in this study, indicating a small or nonexistent

Figure 1. Kinetic method plots for aspartic acid (a) ln(ki/k0) versus �H°(Ai) (b) GA
app(A0) versus Teff

(alternative treatment).

Table 1. Acidic references

Ai

�H°acid(Ai)
kJ.mol�1

Corresponding
unknown (A0)

CH3SO3H 1343 � 9.2a Asp
Pentafluorobenzoic acid 1354 � 8.8a Asp, Aaac

CF3COOH 1355 � 12.0a Asp, Glu
COOH-COOH 1356 � 8.0b Glu
4-Nitrophenol 1372 � 8.8a Asp, Glu, Aaac

4-Nitrobenzoic acid 1373 � 9.2a Glu, Aaac

3-Methyl-4-nitrophenol 1380 � 8.8a Aaac

3-Nitrophenol 1399 � 8.8a AspOMe
3-Cyanophenol 1405 � 8.8a AspOMe
4-Trifluoromethylphenol 1410 � 8.8a AspOMe
2,6-Dimethylbenzoic acid 1416 � 8.8a GluOMe
2,3-Dimethylbenzoic acid 1419 � 8.8a AspOMe, GluOMe
4-Methoxybenzoic acid 1426 � 8.8a AspOMe, GluOMe
4-Methylbenzoic acid 1427 � 8.8a AspOMe, GluOMe
3-Chlorophenol 1433 � 21a GluOMe
4-Chlorophenol 1436 � 8.8a GluOMe

aFrom NIST webbook [27].
bFrom reference [23].
c2-Aminoadipic acid.

Table 2. Experimental results using the extended kinetic
method following the “statistic” approacha

Ai CE (eV)
Teff range

(K)
�H°acid(Ai)
kJ mol�1

��S° J
mol K�1

Glu 10–35 319–413 1350 � 6 �42 � 4
35–60 413–550 1366 � 5 �4 � 2

Asp 10–60 440–666 1340 � 5 �27 � 1
Aaab 10–40 534–922 1355 � 5 �21 � 1

40–60 922–1011 1368 � 6 �6 � 2
GluOMe 10–45 406–599 1420 � 4 �14 � 1
AspOMe 10–60 708–3767 1413 � 4 0 � 1

aThe uncertainties are derived from the kinetic method plots. The
absolute uncertainties in �H° are much larger because the uncertainties
of the reference compounds in Table 1 must be incorporated.
b2-Aminoadipic acid.
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barrier to shuttling the proton between the amino and
carboxylic acid groups. The zwitterion-like structure in
Figure 2c is disfavored by 23 kJ mol�1 and yields a
�H°acid value of 1370 kJ mol

�1. Also, the cyclic, inter-
nally hydrogen-bonded structure in Figure 2b is much
more stable (�60 kJ mol�1) than any acyclic (unfolded)
structures lacking an internal hydrogen bond to the
un-ionized carboxylic acid. These kinetic method data
suggest that throughout the energy regime, dissociation
leads to deprotonated aspartic acid in a structure close
to that shown in Figure 2b.

Glutamic Acid

The kinetic plots for glutamic acid (Figure 3) present a
different picture and two distinct slopes are seen. The
first spans the effective temperature region from 319 to
413 K and the second from 413 to 550 K (Figure 3b). The
plots lead to two sets of estimated thermochemical
values with �H°acid values of 1350 kJ mol

�1 and 1366 kJ
mol�1, and relative proton transfer standard entropies
of �42 J mol�1 K�1 and �4 J mol�1 K�1 (Table 2).
Interestingly, these two slopes are observed in both
alternative (Figure 3b) and statistic (Figure 3c) method
plots but not in the conventional extended method plot
(Figure 3d). This is an excellent example of how the
conventional extended plot method can hide rather
large deviations from linearity in the kinetic method
analysis and can give flawed data with no warning. It
should be noted that in the higher effective temperature
range, dissociation of the clusters gives data that indi-

cate that glutamic acid is less acidic (i.e., higher
�H°acid). In contrast, Poutsma found a single slope in
their kinetic plot corresponding to a �H°acid value of
1348 � 21 kJ mol�1 with a relative proton transfer
entropy variation of �20 � 41 J mol�1 K�1 in the ion
trap using other reference compounds [15]. For compar-
ison, effective temperatures in the ion trap dissociations
are expected to be in the range 300 to 400 K. This
corresponds to the effective temperature range of the
first slope 319–413 of our study. Taking into account
the uncertainties of the measurements, there is good
overlap between our low effective temperature values
and those obtained by Poutsma [15]. The bracketing
experiments by Cassady et al. [16] also suggest a
�H°acid value in this general range.
We have computed a �H°acid value of 1346 kJ mol

�1

for glutamic acid based on the structures in Figure 2d
and e. Again, this value is close to the computational
values reported by Poutsma group and the Cassady
group despite some differences in the structures used
for the calculation. Although there is some scatter in the
kinetic method data from the two laboratories, the
results suggest that at low collision energies, deproto-
nated glutamic acid is expelled from the cluster in a
cyclic form similar to that shown in Figure 2e. The key
question is what is happening at the higher collision
energies. The more favorable entropy and higher
�H°acid value associated with the second slope could
suggest that an acyclic form of the deprotonated glu-
tamic acid is being formed. Calculations on a model,
linear structure discount this explanation. Its computed

1.022 Å
1.664 Å

1.462 Å

(a)

(b)

(c)

1.057 Å

1.033 Å
1.632 Å

1.048 Å

1.510 Å

(d)

(e)

(f)
1.044 Å 1.587 Å

1.614Å

(g)

(h)

(i)

1.018 Å

2.219 Å 1.830 Å

Aspartic Acid Glutamic Acid 2-Aminoadipic Acid

Figure 2. Low-energy structures of (a) aspartic acid, and (b) deprotonated aspartic acid, (c)
zwitterion-like deprotonated aspartic acid, (d) glutamic acid, (e) deprotonated glutamic acid, (f)
zwitterion-like deprotonated glutamic acid, (g) 2-aminoadipic acid, (h) deprotonated 2-aminoadipic
acid, and (i) zwitterion-like deprotonated 2-aminoadipic acid. Calculations at the MP2/6-31 � G(d)
level.
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�H°acid is nearly 1412 kJ mol
�1, far higher than the

value suggested by the second slope. A second option
would be the formation of deprotonated glutamic acid
in its zwitterionic form. Again, we could not locate a
true zwitterion on the potential surface, but the best
structure with a zwitterion-like topology is shown in
Figure 2f. This species yields a �H°acid value of 1365 kJ
mol�1. It is 20 kJ mol�1 less stable than the structure in
Figure 2e. This difference in stability is close to the
difference in kineticmethod plot slopes, which yields 16 kJ
mol�1. This situation offers the intriguing possibility that
the zwitterionic-like form is being produced in the high-
energy fragmentations. To further investigate this possi-
bility, experiments were also completed on the next larger
species in this homologous series, 2-aminoadipic acid.

2-Aminoadipic Acid

The kinetic method and structural plots for 2-aminoadipic
acid (Aaa) are presented in Figure 4a. Again, two slopes
are seen in the kinetic method plot. They lead to �H°acid
values of 1355 kJ mol�1 and 1368 kJ mol�1 with relative
proton transfer entropy variations of �21 J mol�1 K�1

and �6 J mol�1 K�1. In this case, the computed value
for 2-aminoadipic acid, 1362 kJ mol�1 (folded form,
Figure 2h), is between the experimental values for the
low and high effective temperature ranges (Table 3). An
unfolded conformation of the anion was also calculated
and its formation would lead to a �H°acid value of 1424
kJ mol�1, far higher than either of the experimental
values (Table 2). The zwitterionic-like form of this ion is
calculated to be 21 kJ mol�1 less stable than the form

shown in Figure 2h and would lead to a �H°acid value of
1383 kJ mol�1. Again, this difference in stability (21 kJ
mol�1) is fairly close to the difference observed in the
slopes (i.e., 13 kJ mol�1) from the kinetic method plot
(although the absolute values differ significantly). The
discrepancy here may in part be driven by the fact that
the second slope for 2-aminoadipic acid could only be
observed over a fairly narrow range of effective tem-
peratures and therefore has a significant uncertainty in
the value.

Methyl Esters of Aspartic and Glutamic Acid

To confirm that the side-chain carboxylic acids were
involved in the observed behavior, the kinetic method
was applied to the acidities of the side-chain methyl
esters of aspartic and glutamic acid. The kinetic method
plots give a single slope in each case and point to
�H°acid values of 1413 kJ mol

�1 for AspOMe (Figure 4b)
and 1420 kJ mol�1 for GluOMe (Figure 4c), respectively.
The computed values are 1413 and 1424 kJ mol�1,
respectively (Table 3). These results confirm that hydro-
gen bonding to the side-chain carboxylic acid groups
plays an important role in determining the experimen-
tal acidities and suggest that the difference in behavior
between aspartic and glutamic acid in the kinetic
method experiments is related to this hydrogen bond-
ing. Interestingly, the effective temperatures obtained
for AspOMe rise to very high values (3800 K). Such very
high Teff is rarely observed, and usually has been
obtained for the dissociation of covalently bound aro-
matic compounds or of inorganic salts.

Figure 3. Kinetic method plots for glutamic acid (a) ln(ki/k0) versus �H°(Ai) (b) GA
app(A0) versus

Teff) (alternative treatment) (c) [GAapp(A0)-�H°avg]/RTeff versus 1/RTeff (statistical treatment)
(d) GAapp(A0)/RTeff versus 1/RTeff (original extended method).
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Discussion

The results point to a sharp difference in behavior in
kinetic method acidities for aspartic and glutamic acid.
This is surprising given the similarity of their struc-
tures. The same unusual behavior noted for glutamic
acid (i.e., two slopes in the kinetic plot) is also apparent
for 2-aminoadipic acid. The key to understanding the
variation in the behavior has to be related to structural/

energetic differences in these highly related systems. A
number of potential factors are easily eliminated.
First, the �H°acid values are very similar for all three

studied compounds and in fact, are almost identical for
aspartic and glutamic acid. This result limits some of
the potential for experimental errors because the same
reference acids were used for both the aspartic and
glutamic acids. Second, all of the acids adopt similar,
preferred conformations for their anions. Third, the
production of an acyclic conformation of the anion is
almost equally unfavorable enthalpically for the three
amino acids. It is true that formation of acyclic confor-
mations will be more favorable entropically for the
larger systems, but as noted above, the large gap
between the calculated stability of the unfolded forms
of the anions and the observed differences in the kinetic
method slopes make the formation of acyclic anions
unlikely. Fourth, each of the deprotonated amino acids
can adopt a zwitterionic-like form. There is some vari-
ation in the relative stabilities of the zwitterionic-like
forms, but it spans only 2 kJ mol�1 from deprotonated
aspartic acid (disfavored by 23 kJ mol�1) to deproto-
nated aminoadipic acid (disfavored by 21 kJ mol�1).
Based on these factors, it is difficult to rationalize why
there would be a large difference in the behavior of
these amino acids in kinetic method acidity measure-
ments. It should be noted that Kumar et al. [23] did not
see this behavior in a kinetic method study of simple
dicarboxylic acids, but they did not use high collision
energies so a direct comparison is not possible.
In an effort to gain more information about the

dissociation processes these compounds undergo dur-
ing the kinetic method experiments, we have computa-
tionally modeled a sample cluster of each of the amino
acids with trifluoroacetate. The same procedure that
was used to identify low-energy conformations of the
neutral and deprotonated amino acids was applied to
the clusters. A survey of the low-energy cluster confor-
mations pointed to two distinct types of structures. In
the first, the amino acid component of the cluster
adopts a conformation where the alpha and side-chain
carboxylic acid groups interact directly (hydrogen-

Figure 4. Curves GAapp(A0) versus Teff) (alternative treatment)
for (a) Aaa, (b) AspOMe and (c) GluOMe.

Table 3. Computed and literature �H°acid values
a

Acid
Global

minimum Zwitterion “Linear”b Experimental

Asp 1347 1370 1411 1345d

Glu 1346 1365 1412 1348d

Aaac 1362 1383 1424 —
AspOMe 1413 —
GluOMe 1424 —
Gly 1435 1434d

Acetic acid 1458 1456e

aValues in kJ mol�1 for forming anion in designated structure. Compu-
tations at G3(MP2) level. See text for details.
bStretched conformation with no internal hydrogen bonding interac-
tions.
c2-Aminoadipic acid.
dData from Poutsma and co-workers [15].
eData from NIST web book [27].
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bonded) or are in close proximity to each other (both
hydrogen-bonding to the trifluoroacetate). In Figure 5,
the most stable examples of this mode (Type 1) are
shown for each of the amino acids (two distinct, but
energetically similar varieties are shown for aspartic
acid). It is interesting to note that in both of the
low-energy aspartic acid clusters (Figure 5a and b), the
amino acid component is already in a conformation
similar to that preferred by the bare anion. Moreover,

the proton is almost equally shared in the structure in
Figure 5b, as one would expect given that aspartic and
trifluoroacetic acid have similar gas-phase acidities. For
glutamic acid and aminoadipic acid, such structures are
not preferred and clusters where both carboxylic acids
interact with the trifluoroacetate are more stable. None-
theless, direct dissociation of any of these structures (Fig-
ure 5) to the deprotonated amino acid should lead to
conformations like the preferred, internally hydrogen-
bonded structures shown in Figure 2b, e, and h for the
deprotonated amino acids. In the second type of cluster
(Type 2), the alpha and side-chain carboxylic acid
groups do not interact with each other and are sepa-
rated by the amino group. The most stable examples for
the three amino acids are shown in Figure 6. In each, the
trifluoroacetate component interacts strongly with one

(c)

(b)

(a)

1.584 Å

2.061 Å

1.672 Å

1.605 Å

2.040 Å

1.571 Å

1.751 Å

1.591 Å

2.060 Å

Figure 6. Low-energy, type 2 clusters of trifluoroacetate with (a)
aspartic acid, (b) glutamic acid, and (c) 2-aminoadipic acid.
Calculations at the OLYP/6-31 � G(d) level.

(d)

(c)

(b)

(a)

1.445 Å

1.057 Å

1.493 Å

1.040 Å

1.255 Å

1.176 Å

1.519 Å

1.797 Å

1.687 Å

1.616 Å

1.674 Å

Figure 5. Low-energy, type 1 clusters of trifluoroacetate with (a)
aspartic acid (solvated ZW/salt bridge), (b) aspartic acid (solvated
canonic form), (c) glutamic acid (solvated canonic form), and (d)
2-aminoadipic acid (solvated canonic form). Calculations at the
OLYP/6-31 � G(d) level.
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of the amino acid’s carboxyl groups and weakly with its
amine. With aspartic acid, the �-carboxylic acid group
forms an internal hydrogen bond with the amino group,
whereas the other amino acids prefer to use their
side-chain carboxylic acid group to form this hydrogen
bond. Direct dissociation of the clusters shown in Fig-
ure 6 should initially lead to structures suitable for
forming the zwitterionic-like forms of the deprotonated
amino acids (Figure 2c, f, and i). The interesting aspect
of this survey of the clusters is that aspartic acid exhibits
a clear preference for clusters of Type 1 (Figure 5)
whereas glutamic and aminoadipic acids prefer Type 2
clusters (Figure 6). The binding energies of the best
clusters of each type are shown in Table 3. The change
in the binding preferences is significant and amounts to
a swing of 14.2 kJ mol�1 when comparing aspartic acid
to glutamic acid. The former prefers a Type 1 structure
by 5.8 kJ mol�1 and the latter a Type 2 structure by 8.4
kJ mol�1 (Table 4). This difference must in part be
rooted in the greater stability of zwitterion-like struc-
tures for deprotonated glutamic acid and aminoadipic
acid. In any case, this difference offers a handle for
rationalizing the differing behavior of the amino acids
in the kinetic method experiments.
The data suggest the following scenario. At low

collision energies, the negatively charged clusters are
able to rearrange during the dissociation process and
produce the more stable structure of the deprotonated
amino acid. The structure of the cluster itself has little
impact on the observed ratios. At higher collision
energies, two factors may work against the rearrange-
ments for glutamic and 2-aminoadipic acids. First, the
negative activation entropy associated with the rear-
rangement may make the process unfavorable at higher
effective temperatures, forcing the direct dissociation to
the zwitterion-like structure to be more favorable in
terms of activation free-energy. This is the situation
assumed in the thermodynamic analysis of the kinetic
plots with two slopes. Second, the dissociation may
occur promptly at higher energies without a statistical
reorganization of the internal energy. In other words,
dissociation goes directly to structures like those pre-
ferred in the cluster despite the potential of a lower
energy, rearrangement pathway on the surface. The
present data do not allow one to distinguish between
these two possibilities, but do indicate that one must be
careful in the analysis of kinetic method dissociations at
higher collision energies. This issue is not new and
other authors have noticed problems in the kinetic

method when a range of higher energy collisions are
employed. The 1,�-diaminoalkanes provide a good
example [24, 25].
The key problem that this study suggests is that

kinetic shifts may play a role in studies using the kinetic
method to evaluate thermochemistry. If the preferred
structure/conformation of the analyte changes mark-
edly in the dissociation of the kinetic method cluster,
there is the definite possibility of a barrier, entropic or
enthalpic, on the path to the dissociation products.
Whether such a barrier affects the measurements would
depend on the nature of the dissociation process. The
process could involve two steps: (1) separation to give a
loose orbiting complex with a reasonable lifetime fol-
lowed by (2) complete separation. In this case, the
kinetic barrier associated with rearrangement would
likely be involved in step 1. Under low-energy, multi-
collision dissociation conditions, the first step can rep-
resent a rapid, pseudo-equilibrium process and it there-
fore would be unaffected by the rearrangement barrier.
On the other hand, if dissociation proceeds directly
from the tight complex to the separated products, the
kinetic barrier to rearrangement must play a role in the
observed product ratio. This would be most likely
under conditions where dissociation is initiated by few,
high-energy collisions. This description is closely related
to the transition-state switching mechanism presented by
Wesdemiotis [26], except that here we propose that there
is a true barrier (saddle-point) separating the tight com-
plex from the loose complex. As noted above, we do
not have appropriate data to elucidate the details of
the dissociation process in these systems, but our
results and the above discussion highlight the com-
plications of extending the kinetic method approach
to systems with a high degree of conformational
freedom and multiple stable ionic structures.

Conclusions

Whenmoderately high collision energies are used in the
kinetic method, the assumption that the components
can rearrange during the dissociation to their most
stable conformation at 298 K may not be valid. In the
present study, the presence of two slopes in the kinetic
method plots involving glutamic and 2-aminoadipic
acid suggest two different dissociation processes. The
difference in acidity indicated by the two slopes is not
consistent with the formation of the deprotonated
amino acids in entropically favorable, linear conforma-
tions at higher effective temperatures. Instead, it corre-
lates with the formation of the deprotonated amino acid
in a zwitterion-like conformation. This conformation is
preferred in clusters of glutamic and 2-aminoadipic
acid with trifluoroacetate. These results suggest that
at higher collision energies, deprotonated glutamic
and 2-aminoadipic acid do not rearrange to their pre-
ferred conformations during the dissociation process
and therefore the observed values correspond to the
zwitterion-like conformation preferred in the cluster.

Table 4. Complexation energies with trifluoroacetatea

Amino acid Type 1 Type 2

Asp �99.1 �93.3
Glu �96.2 �104.6
Aaab �105.8 �110.0

aCalculated at OLYP/aug-cc-pVTZ//OLYP/6-31�G(d) level. Values in kJ
mol�1.
b2-Aminoadipic acid.
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Overall, this work indicates that care must be taken in the
interpretation of kinetic method data for species with high
conformational freedom and the ability to form distinct
ionic structures with barriers to rearrangement.
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