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bstract

The equilibria involved in the formation of the proton-bound dimers of the three simplest amino acid methyl esters (glycine, alanine and valine
ethyl esters) were characterized by means of pulsed ionization high pressure mass spectrometry (PHPMS) experiments and density functional

heory (DFT) calculations. Our results would indicate that, within the temperature range employed in these experiments, the most stable proton-
ound dimer conformers are formed in the case of glycine and alanine whereas a more entropically favoured isomer would dominate in the
ase of valine. Various possible isomers of each of the proton-bound dimer species have been investigated computationally each exhibiting a

ombination of inter- and intramolecular hydrogen bonding. A system of nomenclature for these various species is proposed. The possibility
f structures exhibiting ’salt-bridge’ interactions have also been explored, recognizing that such structures would necessarily result from highly
nergetic structural rearrangements.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The study of biomolecules in the gas phase has become
f increasing interest in the past few years since the absence
f solvent allows for insights to be gained into the factors
nfluencing shapes, conformations, dynamics and functions of
iomolecules and their intermolecular interactions [1]. Such
tudies have been made possible by the development of new
onization methods, most notably electrospray ionisation (ESI)
2] and matrix assisted laser desoprtion ionization (MALDI) [3],
nd new instrumentation techniques in mass spectrometry [4].
he large variety of combined techniques has thus allowed a sig-
ificant amount of kinetic, thermochemical and structural data
or biologically relevant compounds to be obtained during the
ast decade.

Intermolecular interactions within biological systems have

een of particular interest. Two approaches for their investiga-
ion can be distinguished: (i) the ‘top-down’ approach, which
nvolves working directly on large biological macromolecules,
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uch as studies of protein–ligand interactions [5–7], for exam-
le; and (ii) the ‘bottom-up’ approach which involves the study
f the properties of small systems which constitute real biologi-
al species in such a way as to permit their thermochemical and
tructural properties to model the macromolecular systems of
hich they are constituents. Meot-Ner pioneered this area in the

arly 1970s [8] in his initial studies of solvation and clustering
eactions of protonated amino acids in the gas phase using the
igh pressure mass spectrometry technique in which he demon-
trated their relevance in understanding interactions in biological
ystems. In the 1980s, he studied further the thermochemistry of
ntermolecular hydrogen bonds for model compounds of biolog-
cal interest performing proton-transfer equilibria and clustering
eaction experiments, [9,10] the acidities of biological hydrogen
onors [11] and the solvation of ionic species in a protein-like
nvironment [12].

More generally, the ion-neutral interactions involving amino
cids have raised considerable interest. For example, the solva-
ion of metallic cations by amino acids has been studied by both

ualitative [13–17] and quantitative [18,19] collision induced
issociation experiments, as well as by accurate thermochemical
alculations [20–23]. The solvation of protonated amino acids
as also been studied by blackbody infrared radiative dissocia-
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ion (BIRD) experiments [24,25]. For example, this technique
as also been applied to the investigation of the dissociation of a
ew amino acid proton-bound dimers, [26–29] however no high
ressure mass spectrometry experiments have been performed
n these systems since the work of Meot-Ner; nor have any
xtensive theoretical studies been performed.

The pulsed high pressure mass spectrometry (PHPMS) tech-
ique has played an extremely important role in gas phase ion
hermochemistry in many ways. For example, it has contributed
ignificantly to the construction of thermochemical ladders such
s those used to obtain proton affinities and gas phase basici-
ies [30,31]. Moreover, it is also well known to be a powerful
ool to study ion-molecule association reactions, [30] providing
aluable insights into the thermochemistry of solvation of ionic
pecies [32–34] and allowing for thermochemical characteriza-
ion of proton-bound dimers of small organic molecules [30,35].
ery few studies involving amino acids have been carried out

o date by HPMS owing to their relatively low volatility [9,36].
n order to partially overcome this difficulty, methyl esters of
mino acids have been employed as model systems.

In the present study, thermochemical data obtained from high
ressure mass spectrometry equilibrium experiments for proton-
ound dimers of the methylesters of the three simplest amino
cids, glycine, alanine and valine, are presented. All experi-
ental data were complemented by calculations at the density

unctional theory (DFT) level of theory, which provide valuable
nsights into the structures of the adducts.

. Experiment

All experiments were carried out on a pulsed ionization high
ressure mass spectrometer (PHPMS) built at the University
f Waterloo, which has been described in detail previously
37]. Gas mixtures were prepared in a temperature-controlled
L stainless steel reservoir using methane as the bath gas at
pressure of 800–1000 Torr with 0.1–1% of added reactive

pecies of interest. Sufficient mixing times were allowed to
ermit a homogeneous mixture to be obtained in thermal equi-
ibrium with the gas handling system. This gas mixture was the
led into the ion source through a heated inlet line to a pres-
ure of 5–6 Torr. Ionization was accomplished by a 10–500 �s
ulse of 2 keV electrons focused into the ion source through
200 �m aperture. Mass-selected ion temporal profiles were
onitored using a PC-based multichannel scaler data acqui-

ition system configured at 25–50 �s dwell time per channel,
epending upon the persistence of the ion temporal profiles. A
otal of 250 channels were acquired using a duty cycle 10 ms
onger than the residence time for the most persistent ion, which
revents pulse-to-pulse carry over in ion abundance. The results
f 1000–2000 electron gun pulses were accumulated, dependent
n the signal intensity. Such experiments are frequently partic-
larly problematic because, as previously noted by Meot-Ner
n his work on CH3CO–Ala–OCH3, [11] low volatility com-

ounds may become absorbed on the walls of the gas handling
ystem as well as the inlet to the ion source. In order to cir-
umvent this problem, gas mixtures were flowed for a minimum
f 1 h before data acquisition began in order to ensure that the
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ample concentrations in the ion source attained their nominal
alues.

The PHPMS technique permits the measurement of the equi-
ibrium constant Kexp for an ion-molecule reaction as a function
f temperature. This ion-molecule reaction might be, for exam-
le, either a proton exchange reaction, Eq. (1), or an association
eaction, Eq. (2). From a knowledge of the partial pressures of
he neutral species A and/or B, and the equilibrium ion intensity
atio, a Van’t Hoff plot of ln(Kexp) versus 1/T can be constructed
rom which the enthalpy and entropy changes may be determined
rom the slope and intercept, respectively, Eq. (3).

H+ + B � A + BH+ (1)

H+ + B � AHB+ (2)

n(Keq) = −�rH
0

RT
+ �rS

0

R
(3)

In the case of ion-molecule association reactions, the com-
arison of the experimental �rH0 and �rS0 values with those
btained from ab initio calculations can give interesting insights
nto the structures of the adducts [35]. This approach has
een employed to examine the equilibria of formation of
he proton-bound dimers of the amino acid methyl esters

2N–CH(R)–COOCH3 (AaMe) with R H (glycine (GlyMe)),
CH3 (alanine (AlaMe)) and R CH(CH3)2 (valine (ValMe)),

q. (4).

aMeH+ + AaMe � (AaMe)2H+ (4)

The methyl esters of the amino acids were obtained by base
reatment of the corresponding commercial hydrochloride salts
ollowed by extraction into methylene chloride and evaporation
o dryness.

. Calculations

All electronic structure calculations were performed using
he hybrid Hartree-Fock/DFT method B3LYP [38] implemented
n the Gaussian 98 series of programs [39]. At the outset of
hese calculations, it was noted that the computational data
etermined for the enthalpy changes for the formation of proton-
ound dimers of the amino acid esters were very sensitive to the
ize of basis set and level of calculation employed. In order
o determine what level of calculation, at the least computa-
ional cost, might best reproduce energetics for the formation
f proton-bound dimers of amine species, a series of test cal-
ulations was performed on the energetics of formation of the
roton-bound dimer of ammonia and one form of the proton-
ound dimer of the methyl ester of glycine. The results of those
alculations are summarized in Table 1 for both the key hydro-
en bond distances and the energetics of proton-bound dimer
ormation. As can be seen from these data, the strong hydro-
en bonds formed between a protonated amine and its neutral

ounterpart are not symmetric at any of the levels of theory
mployed. One of the N–H bond distances is consistently con-
iderably shorter than the other in the N H+· · ·N hydrogen bond
nd these distances do not change appreciably as the level of
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Table 1
Enthalpies and entropies of formation of the proton-bound dimers of ammonia (NH3)2H+ and glycine methyl ester (GlyMe)2H+ calculated using the structures
optimized at the B3LYP level of theory with three different basis sets

6-31G(d) 6-31G(d,p) 6-31 + G(d,p) 6-311 + G(2d,2p)//6-31 + G(d,p)

(NH3)2H+ (GlyMe)2H+) (NH3)2H+ (GlyMe)2H+) (NH3)2H+ (GlyMe)2H+) (NH3)2H+ (GlyMe)2H+)

N–H+ (Å) 1.15 1.08 1.19 1.09 1.15 1.09
H–N (Å) 1.52 1.70 1.46 1.67 1.51 1.68
� 0 −1 5
� 0
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The thermochemical data obtained in this work for the asso-
ciation reactions leading to protonated dimer formation are near
the expected order of magnitude for formation of proton-bound
H (kcal mol ) −33.1 −31.4 −33.8 −31.
S0 (cal mol−1 K−1) 30.4 −39.9 −29.2 −40.

he isomer DiGly3 was used for the calibration of (GlyMe2)H+.

alculation is changed. For example, these two unequal bond
istances are found to be 1.15 Å versus 1.51 Å in (NH3)2H+ and
.09 Å versus 1.68 Å for (GlyMe)2H+ in the geometries opti-
ized at the 6-31+G(d,p) basis set level. As can be seen from

he data in Table 1, these distances do not change appreciably
s the level of calculation is changed but it is noteworthy that
or (NH3)2H+, as p polarization orbitals are added, the two N–H
istances become less different, even though the computational
hermochemical values are essentially unaffected. However, as
iffuse functions are added the distances revert effectively to
he 6-31G(d) values. In contrast, the enthalpy changes associ-
ted with formation of the intermolecular, strong hydrogen bond
ary significantly with the level of theory with the best agree-
ent between computation and experiment [46] being obtained

or the ammonia proton-bound dimer with single point energy
alculations using the 6-311 + G(2d,2p) basis set on geometries
ptimized with a 6-31 + G(d,p) basis set. Accordingly, all equi-
ibrium geometries were optimized at the B3LYP level of theory
sing the 6-31 + G(d,p) basis set. Frequency calculations based
n the harmonic oscillator approximation were computed at the
3LYP/6-31 + G(d,p) level using these B3LYP/6-31 + G(d,p)
ptimized geometries. Single point calculations at the B3LYP/6-
11 + G(2d,2p) level using the B3LYP/6-31 + G(d,p) optimized
eometries were then carried out to obtain improved accuracy
or thermochemical quantities.

. Results and discussion

The experimental Van’t Hoff plots for the association reac-
ions of AaMeH+ with AaMe (Aa Gly, Ala and Val) are
eported in Fig. 1. The thermochemical data derived from

hose Van’t Hoff plots are summarized in Table 2. The
nthalpy changes for formation of the protonated dimers range
rom −27.1 kcal mol−1 for Gly to −20.8 kcal mol−1 for Val.

hile these values fall within the range of what might nor-

able 2
nthalpy and entropy changes of the association reactions AaMeH+ + AaMe �

AaMe)2H+ obtained from PHPMS experiments for Aa Gly, Ala and Val

a AaMe + AaMeH+ � (AaMe)2H+

�H0 (kcal mol−1) �S0 (cal mol−1 K−1)

ly −27.1 −33.0
la −25.7 −31.4
al −20.8 −23.4

F
a
g
A
r

−28.9 −28.0 −26.8 −26.2
−29.4 −38.2

ally be expected for typical intermolecular bond strengths
easured for proton-bound homodimers of simple amines

�H0 ≈ −23 kcal mol−1), [40] it is unusual that there should be
uch a large difference in binding energetics between molecules
ithin a homologous series. For these three amino acid esters

he intermolecular bond strength decreases as the size of the
lkyl side chain increases with a decrease of 1.2 kcal mol−1 from
ly to Ala, and a further drop of 4.9 kcal mol−1 from Ala to
al. Simultaneously the measured entropy changes range from
33.0 cal mol−1 K−1 for Gly to −23.4 cal mol−1 K−1 for Val.
he entropy change observed for Ala of −31.4 cal mol−1 K−1

s similar to that found for Gly however. The more favorable
ntropy change of 10 cal mol−1 K−1 observed for Val relative to
ly, combined with the 6.1 kcal mol−1 less favorable enthalpy

hange for formation of the larger protonated homodimer, thus
trongly suggest that two different structural motifs might be
xhibited in these species. In particular, the data for Val would
ndicate that a more loosely bound but entropically less restricted
imer may be formed.
ig. 1. Van’t Hoff plots for the association reactions of protonated amino
cid esters (AaMeH+) with the corresponding neutral molecules (AaMe) to
ive proton-bound dimers ((AaMe)2H+). The experimental points (circles for
a Gly, triangles for Aa Ala and squares for Aa Val) are fitted by linear

egressions represented by solid lines.
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imers of alkyl amines and might also seem to present a log-
cal evolution with the size of the alky side chain. That is, as
he alkyl group size increases, possible steric hindrance and
estrictions of internal rotations of the alkyl groups lead to
weakening, and lengthening, of the intermolecular bond to

elieve these effects. However, previous studies of clustering
eactions of protonated amino acids by PHPMS were carried
ut by Meot-Ner in the early 1980s [36] and the enthalpy
nd entropy changes of the association reactions leading to
he proton-bound dimers of glycine and proline yielded values
f �H0 of −31 and −29 ± 2 kcal mol−1 and of �S0 of −33
nd −32 ± 5 cal mol−1 K−1 [36]. Surprisingly, only small dif-
erences were observed between these two amino acid systems,
ven though proline has a rigid cyclic side chain which binds
lso to the amine nitrogen giving rise to a secondary amine.

Binding energies for the proton-bound dimers of glycine
nd alanine were also deduced from blackbody infrared radia-
ive dissociation experiments with the aid of master equa-
ion modeling by Williams and co-workers [29]. A value of
.15 ± 0.05 eV (26.5 ± 1.2 kcal mol−1) was obtained for each
f these amino acids. In a separate BIRD study, these authors
lso determined that the binding energy for the proton-bound
imer of the methyl ester of glycine was similar to that for
he proton-bound dimer of glycine itself (1.10–1.15 ± 0.05 eV
25.3–26.5 ± 1.2 kcal mol−1)) [28]. From the similarity of the
ata for glycine and glycine methyl ester the authors concluded
hat salt-bridge structures were not formed in these association
eactions.

Most recently, the association reaction of protonated glycine
ith glycine has been examined in our own laboratory
sing PHPMS experiments [41] and values of �H0 of
27.7 ± 1 kcal mol−1 and of �S0 of −33 ± 5 cal mol−1 K−1

ere obtained. These data are in excellent agreement with those
btained by Williams and co-workers using the BIRD technique
29]. Similarly, the data reported in the present study for glycine
ethyl ester can be seen to be in excellent accord with the BIRD

ata [28]. Also significantly, the values obtained are much closer
o those expected for proton-bound dimers of alkyl amines.

It is of interest to note that, in agreement with the BIRD exper-
ments, the two PHPMS experiments from our laboratory lead
o an only slightly lower value for the enthalpy change for for-
ation of the proton-bound dimer of the methylester of glycine

−1
−27.1 kcal mol ) relative to that obtained for formation of the
roton-bound dimer of glycine itself (−27.7 kcal mol−1). This
light difference will be discussed below in light of the compu-
ational data.

t
b
t
m

able 3
nthalpy and entropy changes of the association reactions AaMeH+ + AaMe � (Aa

dduct Theoretical

�H0 (kcal mol−1) �S0 (cal mol−1 K−

iGly1 −28.2 (−26.7) −32.6
iAla1 −27.5 (−25.9) −36.3
iVal1 −26.5 (−25.2) −34.8

ingle point calculations were performed at the B3LYP/6-311 + G(2d,2p)//B3LYP
xperimental values are reported in the last two columns for comparison.
Mass Spectrometry 255–256 (2006) 301–311

Although a considerable amount of theoretical work has been
onducted over the last 30 years to improve the description
f intermolecular hydrogen bonds, [43] relatively fewer efforts
ave been directed toward the study of cationic hydrogen bonds
42,44]. In particular, relatively few attempts have been made
o elucidate the bonding in adducts involving protonated amino
cids and their derivatives. An important exception to this has
een the work of Williams and co-workers who carried out
computational analysis of proton-bound dimer structures of

mino acids as an aid to the interpretation of the results of their
IRD experiments [45].

In order to probe the energetics of interaction in the amino
cid methyl ester proton-bound dimers computationally, it is
ecessary to obtain the energetics of the individual neutral
AaMe), protonated monomer ((AaMe)H+) and proton-bound
imer ((AaMe)2)H+) species. The calculated energetics are
ased, in the first instance, on the most stable structures found
or each species. All geometry optimizations were performed at
he B3LYP/6-31 + G(d,p) level of theory. The final geometries
f the most stable conformers for the neutral amino acid esters
GlyMe, AlaMe and ValMe), protonated monomers (GlyMeH+,
laMeH+ and ValMeH+), and proton-bound dimers (DiGly1,
iAla1 and DiVal1), are reported in Fig. 2. The calculated

nthalpy and entropy changes for the association reactions
nvolving the most stable forms of the neutral and protonated
mino acid esters to give these most stable protonated dimers
re summarized in Table 3. The thermochemical data obtained
rom the PHPMS experiments are also given in this Table for
omparison purposes.

The enthalpy changes calculated for the association reac-
ions leading to protonated dimer formation at the B3LYP/6-
11 + G(2d,2p)//B3LYP/6-31 + G(d,p) level are in excellent
greement with the experimental data in the cases of glycine
nd alanine (Table 3). The enthalpy change for the proto-
ated dimer of the methyl ester of glycine was taken to be
26.7 kcal mol−1 based on the formation of the most stable

rotonated dimer conformer (DiGly1) is in excellent agree-
ent with the experimental value of −27.1 kcal mol−1 from the
HPMS data, with a difference between theory and experiment
f only 0.4 kcal mol−1. The comparison between the values of
he enthalpies at the B3LYP/6-31 + G(d,p) and at the B3LYP/6-
11 + G(2d,2p)//B3LYP/6-31 + G(d,p) levels of theory shows

hat increasing the basis set size decreases the enthalpy change
y 1.3–1.6 kcal mol−1 (Table 3), leading to an improvement in
he match between experimental and theoretical results. This

irrors the behavior described above for calculations of the

Me)2H+ calculated at the B3LYP/6-31 + G(d,p) level of theory

Experimental

1) �H0 (kcal mol−1) �S0 (mol−1 K−1)

−27.1 −33.0
−25.7 −31.4
−20.8 −23.4

/6-31 + G(d,p) to improve the energetics (given in bold). The corresponding
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ig. 2. Most stable conformers for the monomers, protonated monomers and p
lanine (AlaMe, AlaMeH+ and DiAla1), valine (ValMe, ValMeH+ and DiVal1)

nergetics of proton-bound dimer formation in NH3 which led
o the choice of basis set and level of theory for this work. The
ffects of the basis set on the energetics will be discussed below.
he agreement between the calculated and experimental entropy
hanges was found to be very good also with a difference of
nly 0.4 cal mol−1 K−1 in the case of the proton-bound dimer of
lycine where a value of −32.6 cal mol−1 K−1 at the B3LYP/6-
1 + G(d,p) level of theory is found versus −33.0 cal mol−1 K−1

rom PHPMS experiments. In the case of the methylester of
lanine however, a difference of 4.9 cal mol−1 K−1 was found
etween calculated and experimental entropy change values
−36.3 and −31.4 cal mol−1 K−1, respectively). The increase
f the discrepancy between the experimental and calculated
ntropy values when the alkyl side chain increases in size
rom H (glycine) to CH3 (alanine) might be explained by the

nvolvement of a hindered rotation of the CH3 group in the lat-
er case since it is well known that ab initio calculations do
ot adequately consider restrictions of internal rotations due
o the harmonic approximation and the assumption that vibra-

o
c
c
n

bound dimers of the methylesters of glycine (GlyMe, GlyMeH+ and DiGly1),
ized at the B3LYP/6-31 + G(d,p) level of theory.

ional and rotational modes are not coupled [35]. Although
he comparison between the calculated and experimental ther-

odynamic values indicate that the most stable proton-bound
imer conformers of glycine and alanine methyl esters would
orm, this does not seem to be the case for the methylester
f valine (Table 3). The formation of the most stable proton-
ound dimer conformer DiVal1 was found to be exothermic by
25.2 kcal mol−1 with respect to the reactants ValMeH+ and
alMe at the B3LYP/6-311 + G(2d,2p)//B3LYP/6-31 + G(d,p)

evel of theory while the enthalpy change for this associa-
ion reaction obtained from the PHPMS experiments was con-
iderably less favorable at −20.8 kcal mol−1 (Table 3). Simi-
arly, the entropy change calculated at the B3LYP/6-31 + G(d,p)
evel of theory of −34.8 cal mol−1 K−1 was not in good agree-

ent with the value obtained from the PHPMS experiments

f −23.4 cal mol−1 K−1. Such pronounced differences between
alculations and experiments are not expected and this led to the
onjecture that the enthalpically most favorable isomer might
ot necessarily be the only form of the proton-bound dimer of
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aline methyl ester present in the temperature range employed.
s shown previously, at high ion source temperatures, the for-
ation of less strongly bound, but entropically more favorable,

somers can be favored.
As noted above, the calculated energetics presented in Table 3

re based upon the most stable structures for each of the AaMe,
aMeH+ and (AaMe)2H+ species shown in Fig. 2. These were,
y no means, the only possible stable structures found for these
pecies. For the monomers, a conformational search was con-
ucted in which rotation about the C�′ -C� axis was performed.
n the case of the protonated monomers, each of the most stable
tructures presents a similar intramolecular N H+· · ·O C sta-
ilizing interaction involving the carbonyl oxygen, resulting in
lengthening of the N–H bond by 0.02 Å (1.04 Å versus 1.02 Å

n the neutral). Similarly, all of the most stable proton-bound
imers DiGly1, DiAla1 and DiVal1 were found by a system-
tic search considering all different possible conformers with
ither N H+· · ·N or N H+· · ·O C as the dominant interac-
ion. In addition, a variety of associated secondary hydrogen
ond interactions were considered. As expected, all of the most
table dimer structures found exhibit analogous conformations
n which the N H+· · ·N hydrogen bond is the primary inter-
ction, linking an acidic ammonium ion proton to the most
asic, amine, site of the neutral moiety. All possible secondary

H· · ·O C intra- and intermolecular interactions have also
een considered and these are depicted in Scheme 1. Depend-
ng upon the nature of these interactions, the various conformers
re denoted inter–inter, intra–inter, inter–intra or intra–intra as
hown in Scheme 1.

The first ‘Inter-’ or ‘Intra-’ of each pair indicates whether
he interaction between the carbonyl oxygen of the protonated
onomer takes place with a hydrogen of either the protonated
mino group (intra-) or a hydrogen of amino group of the neu-
ral monomer moiety (inter-). The second ‘-Inter’ or ‘-Intra’ of
ach pair designates whether the interaction between the car-

Scheme 1. Conformations investigated and proposed nomenclature.
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onyl oxygen of the neutral monomer takes place with either a
ydrogen of the amino group of the monomer moiety (-intra)
r a hydrogen located on the protonated amino group (-inter).
hus, each of the most stable proton-bound dimers, DiGly1,
iAla1 and DiVal1, exhibits an interaction of the intra–inter

ype with three hydrogen bonds evident involving the ammo-
ium ion protons. In order of increasing strength of interac-
ion, one of these interacts with the amine nitrogen lone air
f the neutral moiety, another with the carbonyl oxygen lone
air of the neutral moiety while the third maintains an, albeit
eaker, stabilizing intramolecular N H+· · ·O interaction with

he carbonyl oxygen lone pair of the protonated moiety. The
rimary hydrogen bonding interaction is the N H+· · ·N bond
ith intermolecular bond distances of 1.78 Å in both DG1 and
Ala1 and 1.74 Å in DVal1. As noted above in the discus-

ion of choice of a computational method, it is noteworthy that
ven though these species are homodimers, they are not sym-
etric [42] with covalent N–H+ bond lengths of 1.06 Å for
iGly1 and 1.07 Å for both DiAla1 and DiVal1. Within this

eries, the intermolecular N H+· · ·O interaction exhibits some-
hat of an increase from 2.03 Å for DiGly1 to 2.14 Å for both
iAla1 and DiVal1. This is similarly the case for the intramolec-
lar N H+· · ·O interaction where the distances are 1.98, 2.02,
nd 2.13 Å for the proton-bound dimers of glycine, alanine and
aline methylesters, respectively. These interactions, designated
y Meot-Ner as ‘secondary interactions’, have been shown to
lay an important role in the additional stabilization of proton-
ound dimers when the monomer presents more than one basic
ite [9]. In the cases of DiGly1, DiAla1 and DiVal1, the length-
ning of this intermolecular hydrogen bond distance reflects a
eakening of the secondary interaction, which is consistent with
possible increase in steric hindrance, leading to the slightly

ecreasing dimer bond strengths within this homologous series
f esters (Table 3).

While the computational thermochemical data above pertain
o the most stable structures obtained for both reactants and prod-
cts, it is, however, to be expected that, even for such small size
iological systems, there may be a large number of conformers
f relatively low lying energy, especially in the case of the dimer
pecies. This was confirmed during the series of calculations
hat were performed to search for the most stable conform-
rs of the proton-bound dimers of the methylesters of glycine,
lanine and valine. The final minima resulting from these opti-
izations are reported in Figs. 3–5 for the proton-bound dimers

f glycine, alanine and valine methyl esters, respectively. The
elative enthalpies and entropies of all local minima with respect
o the neutral and protonated monomers AaMe and AaMeH+ are
lso reported in Tables 4–6 for Gly, Ala and Val, respectively.
onformers DiGly1–DiGly6 and DAla1–DAla6 all contain the
rimary N H+· · ·N interaction as the strongest bonding mode
nd differ from one another only in the nature of the secondary

H+· · ·O interactions. Isomers DiGly1–DiGly5 all lie within
.5 kcal mol−1 in enthalpy, with the calculated entropy changes

ith respect to monomer and protonated monomer ranging from
31.9 to −38.2 cal mol−1 K−1. It should be noted however that,

or the reasons noted above, these relative entropy changes
ust be considered to be quite approximate. On the basis of
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Fig. 3. Most stable conformers for the proton-bound dimers of the me

hese calculated energetics, it is not possible to exclude the
otential presence of any of these species at the conditions of

emperature and pressure found in the high pressure ion source.
onformer DiGly6, which does not exhibit any secondary inter-
olecular interaction (intra–intra isomer), is higher in energy by

.1 kcal mol−1 with respect to DiGly1. This thus demonstrates

able 4
elative enthalpies and entropies of the most stable conformers of the proton-
ound dimers (GlyMe)2H+ calculated at the B3LYP/6-31 + G(d,p) level of
heory

GlyMe + GlyMeH+ � (GlyMe)2H+

�H0 (kcal mol−1) �S0 (cal mol−1 K−1)

xp. −27.1 −33.0

alc.

DiGly1 −28.2 (−26.7) −32.6
DiGly2 −28.1 (−26.6) −35.5
DiGly3 −28.0 (−26.2) −38.2
DiGly4 −28.2 (−26.7) −31.9
DiGly5 −28.0 (−26.2) −38.2
DiGly6 −23.0 (−21.6) −30.6
DiGly-SB −32.7 (−31.6) −38.7

ingle point calculations were performed at the B3LYP/6-311 + G(2d,2p)//
3LYP/6-31 + G(d,p) to improve the energetics (given in bold). The experi-
ental values are presented in the first row for comparison.
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ster of glycine optimized at the B3LYP/6-31 + G(d,p) level of theory.

he relative importance of this secondary N H+· · ·O interaction
n the stability of such complex proton-bound dimers, as pre-

iously suggested by Meot-Ner [9]. The comparison between
he values of the enthalpies at the B3LYP/6-31 + G(d,p) and
t the B3LYP/6-311 + G(2d,2p)//B3LYP/6-31 + G(d,p) levels of
heory shows that increasing the basis set has a large influence

able 5
elative enthalpies and entropies of the most stable conformers of the proton-
ound dimers (AlaMe)2H+ calculated at the B3LYP/6-31 + G(d,p) level of theory

AlaMe + AlaMeH+ � (AlaMe)2H+

�H0 (kcal mol−1) �S0 (cal mol−1 K−1)

xp. −25.7 −31.4

alc.

DiAla1 −27.5 (−26.3) −36.3
DiAla2 −26.3 (−25.2) −35.8
DiAla3 −26.7 (−24.9) −36.7
DiAla4 −26.0 (−24.7) −36.7
DiAla5 −27.0 (−25.8) −34.6
DiAla6 −27.0 (−25.3) −38.7
DiAla7 −22.0 (20.6) −32.6
DiAla-SB −32.8 (−31.8) −38.1

ingle point calculations were performed at the B3LYP/6-311 + G(2d,2p)//
3LYP/6-31 + G(d,p) to improve the energetics (given in bold). The experi-
ental values are presented in the first row for comparison.



308 A. Simon, T.B. McMahon / International Journal of Mass Spectrometry 255–256 (2006) 301–311

Fig. 4. Most stable conformers for the proton-bound dimers of the methylester of alanine optimized at the B3LYP/6-31 + G(d,p) level of theory.

Fig. 5. Most stable conformers for the proton-bound dimers of the methylester of valine optimized at the B3LYP/6-31 + G(d,p) level of theory.
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Table 6
Relative enthalpies and entropies of the most stable conformers of the proton-
bound dimers (ValMe)2H+ calculated at the B3LYP/6-31 + G(d,p) level of theory

ValMe + ValMeH+ � (ValMe)2H+

�H0 (kcal mol−1) �S0 (cal mol−1 K−1)

Exp. −20.8 −23.4

Calc.
DiVal1 −26.5 (−25.2) −34.8
DiVal2 −22.9 (−21.8) −35.7
DiVal3 −19.6 (−18.4) −34.2
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ingle point calculations were performed at the B3LYP/6-311 + G(2d,2p)//
3LYP/6-31 + G(d,p) to improve the energetics (given in bold). The experi-
ental values are presented in the first row for comparison.

n the energetics with an increase in basis set size leading to a
ecrease in the enthalpy change by 1.2–1.5 kcal mol−1, which
lso corresponds to an improvement in the agreement between
xperimental and theoretical results.

The same approach was used to calculate the most stable
onformers of the proton-bound dimer of the methyl ester of
lanine. The optimized geometries are reported in Fig. 4 and the
orresponding energetics in Table 5. As can be seen from the
ata in Table 5, the six isomers DiAla1–DiAla6 all lie within
.4 kcal mol−1 of the most stable structure. As well, with the
ame caveat as noted above, the relative calculated entropy
hanges with respect to the monomer and protonated monomer
f alanine methyl ester range from −34.6 cal mol−1 K−1

DiAla5) to −38.7 cal mol−1 K−1 (DiAla6). The most entrop-
cally favorable isomer, DiAla7, with an associated entropy
hange of −32.6 cal mol−1 K−1 is 5.3 kcal mol−1 higher in
nergy than DiAla1 at the B3LYP/6-31 + G(d,p) level of the-
ry and 5.5 kcal mol−1 higher in energy at the B3LYP/6-
11 + G(2d,2p)//B3LYP/6-31 + G(d,p)) level of theory. A com-
arison of these energetics with the experimentally observed
ata would suggest that this conformer with no secondary inter-
olecular interaction (intra–intra) is unlikely to be formed in

he high-pressure ion source in any appreciable quantity. It is of
nterest to note that a comparison of the enthalpy change values
alculated for all of the isomers of the proton-bound dimers of
he methylesters of glycine and alanine shows the influence of the
teric hindrance in the presence of low energy structures. That
s to say, that the introduction of the methyl group on the carbon

to the amine function leads to an increase in the energy differ-
nce between analogous conformers. For example, in the case of
lycine, four conformers were found to lie within 0.5 kcal mol−1

f the lowest energy structure, whereas in the case of alanine,
nly one other structure is found which satisfies this condition.

An analogous trend was found for the proton-bound dimer
f methyl ester of valine, for which the same conformational
nvestigation was performed but, due to the increased molecular
ize and increased computational resources required, fewer con-
ormers were investigated in detail. Of these, two were found
o be almost isoenergetic and the more stable of these two is

resented in Fig. 5 as DVal1. For the reasons discussed below,
tructures lacking the secondary interaction were more exten-
ively explored and two of these are also given in Fig. 5 as DVal
and DVal 3. The differences of ∼4 and ∼7 kcal mol−1 in the

i
e
a
o
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nthalpy changes for formation of DVal 2 and DVal 3 relative
o DVal1 points once again to the important contributions of
econdary interactions to the stability of these poly-functional
imer species.

Structures for the proton-bound dimers of the methylesters
f glycine and alanine presenting a ‘salt-bridged’
1–COO−–+HNH2–R2 type of interaction were also optimized
nd are reported as DiGly-SB and DiAla-SB in Figs. 3 and 4,
espectively. Both of them represent similar structures. The
trength of the intermolecular electrostatic interaction is
eflected in the short distance between the oxygen of the
arboxylate function and the intermolecular proton (1.48 Å for
iGly-SB; 1.50 Å for DiAla-SB) and a consequent lengthen-

ng of the intermolecular proton–nitrogen bond (1.10 Å for
iGly-SB and DiAla-SB relative to 1.04 Å in the protonated
onomers) in comparison to the other structures, DiGly1–DG6

nd DiAla1–DiAla7, given in Figs. 3 and 4, respectively.
he two carbon–oxygen bonds of the carboxylate group have

he same length, 1.25 Å, which is 0.04 Å longer than the
ypical carbon–oxygen double bond of the ester group, both
n DiGly-SB and DiAla-SB structures. These ‘salt-bridged’
tructures are more stable by 4.9 (DiGly-SB) and 5.5 kcal mol−1

DiAla-SB) with respect to the most stable non rearranged
somers, DiGly1 and DiAla1. These isomers would necessarily
e the result of the migration of a methyl group from the ester
xygen to the nitrogen of the amino group to lead to a very
trong electrostatic, intermolecular interaction between the
arboxylate anion and ammonium cation ion moieties. The
arrier for such a migration of the methyl group is expected
o be high. For example, a barrier of 96 kcal mol−1 has been
alculated for the GlyMe–Na+ complex [18] and in conjunction
ith the present work a barrier of 76 kcal mol−1 has been
etermined for this transfer within GlyMeH+. While these
arriers are clearly too large to permit a unimolecular transfer
f this type within the protonated monomers, it is conceivable
hat a “methyl cation transport” type of mechanism might

ake such a transfer feasible within protonated dimer or higher
rder clusters. The data obtained in the present work for the
rotonated dimers would suggest however that these transfers
o not occur to any appreciable extent within the temperature
ange examined.

It is of some interest to compare the most stable structures
btained for the proton-bound dimers of these amino acid methyl
sters with those obtained for the proton-bound dimers of the
mino acids themselves. As noted above the most stable struc-
ure found for the proton-bound dimers of the amino acid methyl
sters involves a primary hydrogen bond interaction between a
roton of the ammonium ion of the protonated moiety and the
mine nitrogen of the neutral moiety. This is supplemented by
secondary intermolecular hydrogen bond interaction between
second ammonium ion proton and the carbonyl oxygen of

he neutral moiety and, finally, a third, weaker intramolecular
ydrogen bond interaction between the remaining ammonium

on proton and the carbonyl oxygen of the protonated ester moi-
ty. This bonding motif is similar to that found by Williams
nd co-workers in their calculations for proton-bound dimers
f glycine and alanine [29]. These authors presented structures
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nalogous to DiGly3 and DiAla3, which are only slightly higher
n energy than DiGly1 and DiAla1, as the suggested global min-
ma. In contrast, our calculations of the glycine proton-bound
imer found a global minimum that was not, in fact, analo-
ous to any of the structures found for the amino acid esters
n the present work. The glycine proton-bound dimer found in
hat study exhibited a N H+· · ·O hydrogen bond as the pri-
ary intermolecular hydrogen bond between an ammonium ion

roton and the carbonyl oxygen of the neutral moiety. This
rimary interaction was then supplemented by two additional
ntramolecular hydrogen bonds. One of these was between a
econd ammonium ion proton and the carbonyl oxygen in the
rotonated moiety while the second was between the carboxyl
ydrogen and the amine nitrogen of the neutral moiety. Thus, the
resence of the acidic carboxylic acid hydrogens in the under-
vatized amino acids changes the proton-bound dimer structure
ramatically relative to that found in the esters. Significantly, a
witterionic structure derived from the most stable protonated
lycine dimer structure by an actual intermolecular proton trans-
er within the neutral moiety was found to be almost identical
n energy to the analogue of DiGly 1.

As noted above, the agreement between the experimental
hermochemical data for the formation of the proton-bound
imer of valine methyl ester and computational results for for-
ation of the most stable calculated structure is not good. This

ack of agreement could suggest that the most stable dimer struc-
ure is not being formed under our experimental conditions and,
f this is the case, it would likely be the result of an entropically

ore favorable structure being formed in the temperature regime
nvestigated. A logical reason for this would seem to be the pos-
ibility that the most compact calculated structure, DiVal1, could
ead to a considerable degree of restriction of internal rotation
f the bulky i-propyl groups in this form of the proton-bound
imer. This would give rise to a species which is very much
ower in entropy than one in which fewer intermolecular hydro-
en bonds exist, leaving the i-propyl groups much less sterically
ncumbered. DiVal2 and DiVal 3 are two possible structures for
hich this would be true. In this regard, it is of interest to note

hat, at an average temperature for the valine methyl ester results
f ∼173 ◦C, the free energy calculated using the computational
ata for DiVal1 is less favorable than that obtained from the
xperimental �H and �S values. Unfortunately, the inability of
he computational method employed to adequately determine
ntropies of species exhibiting significant restriction of internal
otation prohibits a more rigorous analysis of the valine methyl
ster data.

. Conclusions

The clustering reactions of the three simplest amino acid
ethylesters were investigated by means of pulsed high pres-

ure mass spectrometry experiments and DFT calculations. The
ormation of the proton-bound homodimers was characterized

nd it has been shown that the most stable isomers should be
ormed in the case of glycine and alanine whereas an entropi-
ally favorable structure would favored in the case of valine. The
FT calculations show that the most stable species for each of

[

[
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he proton-bound dimers is one in which three hydrogen bonds
re formed involving the three ammonium ion hydrogens of the
rotonated amino acid ester moiety. These include intermolec-
lar hydrogen bonds to the amine nitrogen and the carbonyl
xygen of the neutral molecule and an intramolecular hydrogen
ond to the carbonyl oxygen of the protonated species. Other
ossible low energy isomers for the proton-bound dimers were
nvestigated and the five lowest energy isomers were all found to
nvolve the primary N H+· · ·N intermolecular hydrogen bond
nteraction. A system of nomenclature has been developed to
enote the types of secondary hydrogen bond interactions found
n these isomers. The agreement between experimental and com-
utational data for the association reaction energetics was found
o be excellent for the glycine and alanine systems while the
greement for the valine system was less than satisfactory. The
xperimental binding energy was found to be less than that
redicted for the most stable DiVal species and this has been
nterprets in terms of formation of a less strongly bound, but

ore entropically favorable DiVal species in which no secondary
ntermolecular hydrogen bonds are present. This species might
e expected to dominate due to the gain of internal rotations
hich would otherwise be restricted, at high entropic cost in the

ase of DiVal, in a species exhibiting secondary intermolecular
ydrogen bonding.
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