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Abstract

An electrospray ionization ion source is described that produces ions continuously at 1 atm and introduces them into a temperature-variable
reaction chamber in the pulsed mode where the ion–molecule equilibria can be determined in the gas phase at 10 mbar. Technical aspects and
operating parameters of the technique are presented. The equilibrium constants for the hydration reactions B+(H2O)n−1 + H2O = B+(H2O)n, where
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+ = (CH3)2NH2
+, C2H5NH3

+, n-C4H9NH3
+, GluH+, MetH+, ValH+, (Glu-Met)H+ and (Met-Glu)H+, were determined with a magnetic mass

pectrometer, and the thermochemical properties, �H◦
n−1,n, �S◦

n−1,n and �G◦
n−1,n, for these reactions were determined and discussed. The results

btained with the present technique for protonated alkylamines are compared with previously published values, demonstrating the usefulness of
his technique for quantitative measurements of the gas phase ion thermochemistry based on ion–molecule equilibria. A correlation between the
ree energy changes for the attachment of the first water molecule to the protonated amino acids and the corresponding gas-phase basicities is
btained.

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

The study of the thermochemical properties of gas phase clus-
er ions provides detailed information on microscopic interac-
ions of ions with solvent molecules without interference arising
rom the presence of the bulk solvent. Due to the limitations of
conventional” ionization techniques, most of these studies have
ong been restricted to small ions. The development of electro-
pray ionization (ESI) by Fenn et al. [1] provided the apparent
bility to “softly” transfer ionized species of non-volatile and
hermally labile molecules from the solution to the gas phase.
SI has greatly extended the range of compounds that can be
tudied by mass spectrometry and also provided new possibil-
ties of studying the stepwise solvation of biomolecule ions in
he gas phase.

Hydration of biomolecules is one of the most important prob-
ems in biology. Water is known to be a vital part of a functioning

∗ Tel.: +48 22 343 3253; fax: +48 22 632 5276.
E-mail address: wincel@ichf.edu.pl.

biological system. A minimum amount of water is necessary to
awaken biological activity in enzymes and dried proteins. The
fact that in the gas phase the most stable form of isolated amino
acids is non-zwitterions, but in aqueous solutions they exist as
zwitterions over a wide range of pH, suggests that hydration
drives their transformation, and also provides stabilization of
the zwitterionic structures.

Many biologically important compounds such as amino
acids and peptides are present in ionic form in vivo. To gain
a better understanding of the interaction of water with large
biomolecules, knowledge of binding energies to smaller sys-
tems is required. Protonated amino acids and small peptides
provide a simple model for biologically relevant hydration stud-
ies. Such studies provide a bridge between the gas-phase and
solution properties of biomolecules and can lead to an improved
understanding of the structure and functions of biomolecules in
which water interactions play a role.

The distribution of extensively hydrated peptides generated
by electrospray ionization has been studied [2–4]. Several lab-
oratories developed mass spectrometric techniques with ESI to
study the stepwise hydration of polyatomic ions such as amines
387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.12.036
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and biomolecules under high-pressure equilibrium conditions
[5–9]. Thermochemical data on the binding of water molecules
to protonated alkylamines [6,9–13], amino acids [5,14,15], pep-
tides [5,16–19] and proteins [7,20] have been reported.

This paper describes an ion source in which the ion beam
generated by electrospray is pulsed into a temperature-variable
reaction chamber. The source can be used to study the step-
wise hydration of biomolecule ions and energetics for sequen-
tial steps of solvation from the gas-phase equilibria measure-
ments. A number of experimental parameters have been exam-
ined and the thermochemical properties for the hydration of a
few protonated alkylamines have been determined and com-
pared with literature values in order to test the reliability of
the method. New experimental determinations of the hydra-
tion energies for the protonated amino acids, GluH+, ValH+ and
MetH+, and dipeptides, (Glu-Met)H+ and (Met-Glu)H+, are also
reported.

2. Experimental

Some years ago, we constructed a pulsed electron-beam high-
pressure mass spectrometer operated with a 60◦ magnetic sector
analyzer [21]. This instrument has been modified to work with
an ESI source. A schematic diagram of the homemade ion source
is shown in Fig. 1. The ions are generated at atmospheric pres-
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cedure described by Nilsson et al. [22]. After the coating, the
polyimide mixture was cured for 10 min at 250 ◦C. The ESI
emitter prepared in this manner is mounted on a home-built
manipulator. Sample solutions are delivered to the electrospray
needle by a syringe pump (Ascor apparatus, Model 11a) from
a glass syringe (0.5 mL Hamilton) at a flow rate of 0.8 �L/min.
All solutions were prepared at a concentration of ∼1 × 10−4 M
in CH3OH. The electrospray tip is positioned about 5 mm from
the orifice (4 mm diameter) in the curtain plate, CP, which is
electrically isolated from the stainless steel pressure reduction
capillary, PRC, kept at the potential of the reaction chamber,
RC. A counter-current flow of nitrogen curtain gas with a flow
rate of ∼25 L/h was supplied through the curtain gas inlet
(CGI).

The design of the reaction chamber is similar in concept
to that developed by Kebarle and co-workers [5]. However,
the present ESI source contains two important features which
represent a distinct improvement over the others [5,9]: (1) the
pressure reducing capillary, PRC (0.5 mm i.d.; 118 mm long),
which introduces the ions generated by electrospray into the
forechamber, FC, is resistively heated (80–200 ◦C) and serves
as the desolvation capillary. The distances from the exit of PRC
to the interface plate, IP, and the deflection electrode, DE, are
2 and 5 mm, respectively, and 5 mm from the axis of the orifice
in IP. (2) The electrodes DE and IP are electrically insulated.
With V = V , by applying short pulses to the electrode DE,
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ure by a microelectrospray emitter made from a fused-silica
apillary, ESC (15 �m i.d.; 150 �m o.d.), inserted into a stain-
ess steel capillary from which the emitter extended 2 mm. To
rovide electrical contact, the emitter end (∼10 mm) is coated
ith a conductive polyimide/graphite mixture following the pro-

ig. 1. Scheme of the combined electrospray emitter and high-pressure ion
ource with pulsed ion beam: (ESC) electrospray capillary; (HVS) high voltage
hield; (CP) curtain plate; (CGI) curtain gas inlet; (PL) pumping lead; (PRC)
ressure reducing capillary; (FC) forechamber; (DE) deflection electrode; (IP)
nterface plate; (RC) reaction chamber; (RGI) reactant gas inlet; (TC) thermo-

ouple; (ES) exit slit; (HJ) electrically heated jacket. t
DE IP
arrow “slices” of the continuous ion beam entering the FC can
e periodically injected into the reaction chamber, RC (7 mm
ength; 20 mm i.d.), through a 3 mm orifice in IP. This mode
f operation allows measurements of the arrival time distribu-
ion (ATD) of ions moving across the RC toward the exit slit, ES
15 �m × 3 mm), under the influence of a small potential applied
o the IP. As an example, Fig. 2 shows several arrival time dis-
ributions obtained for a non-reacting GluH+ in N2 bath gas at
arious values of the electric field strength, E. These distribu-
ions show that the peak is broadened by longitudinal diffusion
s the mean drift time (equal to the reaction time) increases with
ecreasing E. The drift velocity vd of an ion packet is propor-

ig. 2. Arrival time distributions of GluH+ in N2 at indicated field strength in
he reaction chamber.
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Fig. 3. Variation of average arrival time for GluH+ and C2H5NH3
+(H2O) in N2 bath gas with 1/E at indicated temperatures and the reaction chamber pressure of

10 mbar. The inset shows the average drift velocities as a function of field strength (see text).

tional to E

vd = L

td
= KE (1)

where the proportionality constant K is the ion mobility [23],
td the drift time (arrival time) and L is the drift length (RC
length = 7 mm). At constant pressure and temperature, the aver-
age arrival time tav (center of the ATD peak) should vary as
1/E. This is indeed demonstrated in the present measurements
for C2H5NH3

+(H2O) and GluH+ (Fig. 3). The intercept of the
linear plot of tav versus 1/E yields the analyzer time (i.e., the
flight time through the instrument and in the detection system).
The mean residence time in the RC is obtained by subtracting the
analyzer time from the tav. These values in turn yielded the aver-
age drift velocities vad in the N2 bath gas; the plot of vad versus

E is a linear function as required for low-field drift conditions
(see inset of Fig. 3).

The equilibrium studies were performed in the pulsing mode
of operation. The equilibrium constants, Kn−1,n, for each reac-
tion described by the following general equation:

BH+(H2O)n−1 + H2O ⇔ BH+(H2O)n (2)

were determined from the expression:

Kn−1,n =
(

In1000

In−1P

)
(3)

where In and In−1 are recorded peak areas of the respective ions
at equilibrium and P is the partial pressure (mbar) of H2O in
the N2 bath gas. The ions are hydrated in the RC and reach

F e of
V uilibr
ig. 4. Variation of peak areas for GluH+ and GluH+(H2O) with amplitud

DE = VIP = 2014 V. The inset shows the effect of injection pulse potential on eq

the 60-�s injection pulse applied to the deflection electrode DE at fixed
ium constant for the reaction GluH+ + H2O = GluH+(H2O).
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Fig. 5. Variation of peak areas for GluH+ and GluH+(H2O) with reaction chamber field strength. The inset shows the effect of field strength on equilibrium constant
for the reaction GluH+ + H2O = GluH+(H2O).

equilibrium prior to being sampled to the mass analysis sec-
tion of the mass spectrometer. The thermodynamic properties,
�H◦

n−1,n and �S◦
n−1,n, are derived from the temperature depen-

dence of the equilibrium constants using the van’t Hoff equation:

ln Kn−1,n =
(

�S◦
n−1,n

R

)
−

(
�H◦

n−1,n

RT

)
(4)

A number of exploratory experiments were performed in
order to check the conditions in the FC and RC which may
influence the ion intensities and equilibrium constants. The
GluH+/GluH+(H2O) system has been chosen to demonstrate the
observed effects.

As mentioned earlier, DE acts as an injection potential elec-
trode which drives the ions into RC. In Fig. 4, the peak areas
of the ion packets for GluH+ and GluH+(H2O) are plotted as a
function of amplitude of the injection pulse (60-�s-wide, with

periods of 700-�s) applied to the DE when VDE = VIP = 2014 V
was fixed. These results demonstrate that the ion intensities (inte-
grated peak areas) increase progressively as the pulsing potential
increases from ≈25 V, while under these conditions the mea-
sured equilibrium constants K0,1 remain essentially unperturbed
(see inset of Fig. 4). This means that the ion packet gaining
excess kinetic energy from the injection potential does not pen-
etrate significantly into the RC before thermalization.

The effect of the reaction chamber field strength on the ion
intensities is shown in Fig. 5. The data were obtained at various
values of VDE = VIP and by fixing the 60-�s pulsing potential
at 38 V. It is seen that the integrated intensities of both GluH+

and GluH+(H2O) initially increase but from ≈33 V/cm decrease
monotonically with the increasing field strength. However, the
equilibrium constants K0,1 are found to be essentially indepen-
dent of E ≤ 40 V/cm (see inset of Fig. 5). The observed decrease

uct, G
Fig. 6. Arrival time distributions of the reactant, GluH+, and prod
 luH+(H2O), ions. The inset shows the normalized peak heights.
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in intensities with increasing field strength (>33 V/cm) may be
due to the time discrimination of ions having a longer residence
time during transport into the sampling slit [24].

The equilibrium attainment for the clustering reactions was
usually checked by comparing the ATDs of the reactant and
product ions. If equilibrium is established, their ATDs must be
the same (except for the scaling factor of the peak). This situation
is illustrated in Fig. 6 for GluH+ and GluH+(H2O). The inset
of the figure shows the normalized peak heights for this pair,
implying that the GluH+/GluH+(H2O) system is at the hydration
equilibrium.

Mass spectra were registered by scanning the spectrometer
electromagnet with continuous ion sampling. Typical poten-
tials used with the continuous ion beam were as follows: ESI
emitter, approximately 4 kV; PRC and RC, 2 kV; electrode DE,
2050 V; electrode IP, 2016 V. In the pulsing mode of opera-
tion, VIP = VDE = 2014 V and an injection pulse (+34 V; 60 �s;
rise time 10 ns) was applied to the electrode DE with repetition
of 1 ms.The pulsing sequence was performed several thousand
times to accumulate enough ion counts in time channels for a
given mass. The integrated peak area of recorded ion counts
is assumed to be proportional to the ion concentrations in the
reaction chamber.

Ion detection was provided by a secondary electron scintilla-
tion detector of the Daly type [25] with an aluminum conversion
dynode using a short rise-time photomultiplier (Hamamatsu R-
6
a
t

l
i
h
p
a
w
t
r
1
g
t
t
f
d
fl
w
a
c
o
t
t
t
h

e
H
w

erence junction in a water–ice bath) which was embedded close
to the ion exit slit (see Fig. 1).

2.1. Materials

All fused-silica capillaries were obtained from Polymicro
Technologies (USA). Polyimide sealing resin used for the ESI
emitter was obtained from Shinetsu (Japan); graphite powder,
1–2 �m particle size, was obtained from Aldrich. Alkylamines
and amino acids (obtained from Aldrich) and the dipeptides
�-Glu-Met (obtained from Bachem, Philadelphia, USA) and
Met-Glu (obtained from Serva, Germany) were used as received.
Water was deionized with a Millipore Purifier, Type Elix 5 (Aus-
tria).

3. Results and discussion

In order to examine the reliability of our results obtained
with our ESI pulsed ion source, the thermochemical data of a
few protonated alkylamines have been determined. These sys-
tems were chosen because they have been well characterized
by several investigators [9–12] and the results are of interest
in connection with the hydration of the protonated amino acids
and peptides. A comparison of the present results with previ-
ous measurements using the high-pressure mass spectrometric
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47-04). The output pulses of the multiplier were counted using
multichannel scaler with dwell time per channel of 1 �s. A

otal ion count in excess of 108 s−1 could be achieved.
The RC and FC were pumped via the 7-mm i.d. pumping

ead, PL, connected to a capacitance pressure sensor by a 5-mm
.d. tube and to a mechanical forepump (120 L/min) via a tubing
aving a 12-mm i.d. The pressure in the RC was established by
ressure measurements with an MKS capacitance manometer
ttached near the inlet of the RGI and the outlet of the PL which
ere found to be 11 and 9 mbar, respectively. The pressure in

he RC was assumed to be an average of these two values. The
eagent gas mixture consisting of pure N2 as carrier gas at about
0 mbar and water vapor was supplied to the RC via the reactant
as inlet, RGI, at a flow rate of ∼100 mL/min. Similarly as in
he case of Kebarle and co-workers experiments [5], changes in
he reagent gas flow rate in the range of 80–160 mL/min were
ound to have no effect on the observed ion ratios in equilibria
etermination. Water was introduced into the heated N2 bath gas
ow with a syringe pump. The partial pressure of water vapor
as varied over the 0.02–0.25 mbar range. As a general rule, the

mount of water injected into the nitrogen gas flow was kept
onstant throughout the temperature dependence measurements
f the equilibrium constants. Water concentrations were con-
rolled continuously with a calibrated temperature and humidity
ransmitter (Delta OHM, Type DO 9861T, Italy) inserted into
he carrier gas flow line. All parts of the gas inlet line were
eated.

The reaction chamber temperature can be varied from ambi-
nt to 300 ◦C by means of an electrically heated copper jacket,
J, surrounding the stainless steel RC block. The temperature
as monitored by an iron–constantan thermocouple (with a ref-
echniques with pulsed-electron [10,11] and ESI [9] ionization
ethods is shown in Table 1. The van’t Hoff plot for the hydra-

ion of C2H5NH3
+ shown in Fig. 7 is an illustration of the results

n which the data in Table 1 were acquired. As can be seen,
here is a reasonably good agreement between the present results
nd earlier data. In the case of C2H5NH3

+, there are signifi-
ant differences in the corresponding �S◦

n−1,n values obtained
n the different experiments, but it is hard to rationalize these
iscrepancies. Unfortunately, measurements of equilibria were
ossible only for n < 2, because determination of the hydration
nthalpies for higher steps requires subambient reaction temper-
tures. These are as yet not accessible with the present reaction
hamber. Therefore, only the thermochemical data given in
ables 1 and 2 could be obtained.

ig. 7. van’t Hoff plots of equilibrium constants for the (0,1) and (1,2) hydration
f C2H5NH3

+.
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Table 1
Thermochemical dataa for hydration of protonated alkylamines in gas-phase reactions M+(H2O)n−1 + H2O = M+(H2O)n

M n − 1,n −�H◦
n−1,n

(kcal/mol) −�S◦
n−1,n

(cal/(mol K))b −�G◦
n−1,n

(kcal/mol)c Ref.

(CH3)2NH2
+ 0,1 15.0 ± 0.8 22.4 ± 2.0 8.3 ± 1.4

14.4 ± 0.4 22.1 ± 1.3 7.8 ± 1.3 [9]
15.0 ± 0.5 22.9 ± 1.0 8.2 ± 0.7 [11]

9.1 [12]

1,2 13.3 ± 1.0 26.3 ± 2.5 5.5 ± 1.7
13.8 ± 0.7 26.8 ± 2.3 5.8 ± 1.4 [9]
13.5 ± 0.5 24.7 ± 1.0 6.1 ± 0.7 [11]

6.2 [12]

C2H5NH3
+ 0,1 16.0 ± 0.4 22.6 ± 0.9 9.3 ± 0.7

14.2 ± 0.2 19.5 ± 0.4 8.3 ± 0.3 [9]
17.5 ± 0.5 25.9 ± 1.0 9.8 ± 0.7 [11]
17.5 ± 0.5 25.9 ± 0.9 9.8 ± 0.5 [10]

1,2 13.9 ± 0.5 25.0 ± 1.2 6.5 ± 0.9
12.7 ± 0.2 21.6 ± 0.8 6.3 ± 0.5 [9]
14.7 ± 0.5 29.7 ± 1.0 5.8 ± 0.7 [11]
14.7 ± 0.2 29.7 ± 0.7 5.8 ± 0.3 [10]

n-C4H9NH3
+ 0,1 15.0 ± 1.0 24.2 ± 3.0 7.8 ± 2.1

16.0 ± 0.5 26.4 ± 1.5 8.1 ± 0.9 [9]

1,2 12.2 ± 1.0 24.0 ± 2.0 5.1 ± 1.6
13.6 ± 0.3 26.0 ± 1.1 5.8 ± 0.7 [9]

a Standard pressure is 1000 mbar.
b Results given to the temperature of the van’t Hoff plot. However, since the �S◦ dependence upon the temperature is small, �S◦ values are approximately equal

to those at 298 K.
c �G◦ at 298 K.

The van’t Hoff plots of equilibrium constants for the pro-
tonated amino acids and dipeptides are shown in Fig. 8. A
weighted least-squares fit of the plots yields the thermochemi-
cal quantities for these systems listed in Table 2. Generally, the
hydration enthalpies of the protonated amino acids and dipep-
tides obtained in the present work are similar to those found for a
large number of protonated alkylamines whose values are in the
range of 14–16 kcal/mol for the first, and 12–15 for the second
water molecule (Table 1) [6,9–11,17]. There is an obvious dis-
agreement between the �H◦

0,1 and �S◦
0,1 values obtained in the

present work and earlier data reported for ValH+, but good agree-

ment in �G◦
0,1 (Table 2) [14]. The �H◦

0,1 values for dipeptides
(Glu-Met)H+ (14.2 kcal/mol) and (Met-Glu)H+ (13.8 kcal/mol)
are close to that measured by Bowers and co-workers [17] for
(Ala-Ala)H+ (14.8 kcal/mol), although there are some differ-
ences in �S◦

0,1 (see Table 2).
The attachment energy of the first H2O molecule to GluH+ is

smaller than to MetH+ and ValH+ (Table 2). In all these systems,
the most favorable protonation site is the NH2 group [26]. The
observed difference in the water binding energies can be ratio-
nalized in terms of differences in the gas-phase basicity (GB) or
proton affinity (PA) of these systems. Theoretical [26] and exper-

Table 2
Thermochemical dataa for gas-phase hydration of protonated amino acids and dipeptides

Ion n − 1,n −�H◦
n−1,n

(kcal/mol) −�S◦
n−1,n

(cal/(mol K))b −�G◦
n−1,n

(kcal/mol)c Ref.

GluH+ 0,1 13.1 ± 0.4 22.6 ± 1.0 6.4 ± 0.7
1,2 12.8 ± 0.7 25.6 ± 2.0 5.2 ± 1.3

MetH+ 0,1 15.8 ± 0.5 28.7 ± 1.2 7.2 ± 0.9
1,2 14.7 ± 0.7 31.4 ± 2.0 5.3 ± 1.3

ValH+ 0,1 15.1 ± 0.5 24.6 ± 1.0 7.8 ± 0.8
0,1 19.3 ± 1.0 36.3 ± 3.0 8.4 ± 2.0d [14]
1,2 13.8 ± 0.5 27.6 ± 1.4 5.6 ± 0.9

(Glu-Met)H+ 0,1 14.2 ± 0.8 34.0 ± 1.2 4.1 ± 0.8
(Met-Glu)H+ 0,1 13.8 ± 0.8 31.4 ± 2.0 4.4 ± 1.4
(Ala-Ala)H+ 0,1 14.8 ± 0.3 24.7 ± 1 7.4 ± 0.1 [17]

S◦ d
t

a Standard pressure is 1000 mbar.
b Results given to the temperature of the van’t Hoff plot. However, since the �

o those at 298 K.
c �G◦ at 298 K.
d �G◦ at 300 K.
ependence upon the temperature is small, �S◦ values are approximately equal
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Fig. 8. van’t Hoff plots of equilibrium constants for the gas-phase reactions B+(H2O)n−1 + H2O = B+(H2O)n, where B equals (a) GluH+; (b) MetH+; (c) ValH+; (d)
(Glu-Met)H+ and (Met-Glu)H+.

imental [27,28] studies show that PA(Glu) > PA(Met) > PA(Val).
Therefore, the residual charge density on the protic hydrogens
in the NH3

+ group is expected to be smaller and the hydrogen
bonding to H2O should be weakened with increasing PA’s of
these compounds.

Fig. 9 shows the plot of free energy changes −�G◦
0,1(BH+)

for the addition of the first water molecule to amino acids versus
the GB values. Since there are significant differences between
the GBs (or PAs) experimentally measured by different tech-

F ◦
p
B
T
M
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niques and originating from different laboratories [27–29], for
the gas-phase basicities we take the “best” GB values derived
by Harrison [29]. An approximately linear correlation exists
between the GBs and −�G◦

0,1(BH+) obtained in this work
for GluH+, MetH+ and ValH+, and reported in the literature
for several amino acids [5,14,15]. In contrast to alkylamines,
different protonation sites and side chains are present in the
amino acids shown in Fig. 9. Theoretical calculations [26] at the
MP2(fc)/6-311 + G**//HF/6-31G* + ZPVE(HF/6-31G* level of
theory predict the protonation site at the N-terminus for Gly,
Val, Glu, Met, and at the side chain in Lys, and the quanidinium
group in Arg. The observed correlation (Fig. 9) clearly indi-
cates that the side chains delocalize the positive charge density
on the protonated groups and have a dominating effect on the
hydration energies of amino acids. Functional groups present in
side chains of amino acids and peptides can be involved in both
the intramolecular hydrogen bonds and intermolecular hydrogen
bonding interactions with the H2O solvent molecule [13,19]. In
effect, a part of the positive charge on the protonated group is
transferred to a side chain, resulting in a decrease of the elec-
trostatic interaction between the charged group and the H2O
solvent molecule.

The hydration enthalpies, �H◦
0,1 and �H◦

1,2, given in Table 2
show that the interactions of the second water molecule with
the protonated amino acids are somewhat weaker than those of
the first, although the values are slightly obscured if one takes
t
b
m
w
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ig. 9. Correlation between free energy, −�G0,1, at 293 K and gas-
hase basicity, GB(B), for the hydration of protonated amino acids:
H+ + H2O = BH+(H2O). The protonated basis, BH+, are indicated in the figure.
he GB(B) values are taken from ref. [29]. Hydration free energies for GluH+,
etH+ and ValH+, present work (�); GlyH+ and LysH+, ref. [5] (�); ProH+ and

alH+, ref. [14], (�); ArgH+, obtained from �H◦
0,1 and �S◦

0,1 values reported
n ref. [15] (�).
he experimental errors into consideration. It is very likely that
oth water molecules bind directly to the protonated group. The
olecular mechanics calculations performed by Bowers and co-
orkers [17] for singly and doubly protonated bradykinin pre-
ict that one or two water molecules have a preference for adding
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to a charged site. Slightly lower values of �H◦
1,2 compared to

those of �H◦
0,1 (Table 2) can be attributed to the decrease in

the amount of charge present on the protonated group with the
addition of the second water molecule. Such an effect has been
quantitatively reproduced for CH3NH3

+(H2O)n, n = 1–4, by Liu
et al. [13], based on natural bond analysis (NBO).

Theoretical calculations, performed by Sun et al. [30] at the
B3LYP/6-31 + G** level of theory, predict that GluH+ exhibit a
cyclic structure due to the formation of intramolecular hydrogen
bonds; the lowest energy structure is characterized by one very
short (and strong) hydrogen bond between the protonated amine
group and the carbonyl oxygens, N+ H · · ·O C (see structure
I). The first and the second water molecules could be inserted
between the hydrogen bonds, N+ H· · ·OH2 · · ·O C, to form a
structure such as II. However, theoretical calculations are needed
to verify this structure.

For MetH+ and ValH+, the �H◦ values are very close
t
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Fig. 10. Plot of free energy, −�G◦
0,1, at 293 K for the hydration of protonated

dipeptides versus a number of dipeptide C-atoms. The −�G◦
0,1 values for (Glu-

Met)H+ and (Met-Glu)H+, present work (�); (Gly-Gly)H+ and (Gly-Lys)H+,
ref.[5] (�); (Ala-Ala)H+, ref.[17] (�).

available in dipeptides. It is seen that the hydration energy
decreases as the number of C-atoms increases. This effect can
be explained by increasing intramolecular charge delocalization
in the systems, and as a consequence of this a decrease of the
net charge density on the ionized group, with increasing system
size.

4. Conclusions

An ion source has been constructed which allows to produce a
continuous ion beam by electrospray ionization at atmospheric
pressure, transfer it through a pressure reducing interface and
inject it into the reaction chamber in a pulsed mode where the
gas-phase ion–molecule equilibria can be determined at 10 mbar.
A number of operating parameters have been evaluated. The
usefulness of this source for the quantitative measurements of
the gas-phase thermodynamic properties of solvation, especially
the hydration of biomolecules such as amino acids and small
peptides has been demonstrated.
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R

n−1,n

o those for the protonated alkylamines CmH2m+1NH3
+, which

or m = 3–10 are in the range of 14.8–16 kcal/mol for the first,
nd 11.6–13.9 kcal/mol for the second water molecule (see
ables 1 and 2) [6,9,13,17]. Moreover, the �G◦

0,1 and �G◦
1,2

alues for the systems are similar, all falling between the lim-
ts 7.2–8.8 kcal/mol for the (0,1) and 5.3–6.7 kcal/mol for the
1,2) hydration. This observation suggests that in the case of the
mino acids with the non-polar side chains, such as MetH+ and
alH+, the amount of charge remaining at the NH3

+ group is
omparable to that in alkylamines with C3 C10.

The �H◦
0,1 values for the hydration of (Glu-Met)H+ and

Met-Glu)H+ are almost equal, and close to that for GluH+, but
he �S◦

0,1 values in the case of dipeptides are “more negative”
Table 2). The higher (∼35%) average �S◦

0,1/�H◦
0,1 ratio found

or dipeptides than for amino acids indicates that water molecule
n the (Glu-Met)H+ and (Met-Glu)H+ systems is bound more
ightly than in the singly hydrated amino acids. This situation
an be explained by the fact that (Glu-Met)H+ and (Met-Glu)H+

ave the longer chains compared to amino acids and therefore
greater flexibility to form long range hydrogen bonding. The

arbonyl >C O groups present in these systems can be engaged
n the intramolecular (and possibly intermolecular) hydrogen
onding with the protonated amino group leading to the loss of
reedom of motions of the H2O molecule.

The hydration energies −�G◦
0,1 for (Glu-Met)H+

4.2 kcal/mol) and (Met-Glu)H+ (4.6 kcal/mol) at 293 K
re close to that for (Gly-Lys)H+ (4.9 kcal/mol) reported by
ebarle and co-workers [5], but significantly lower than those
btained for the smaller dipeptides, (Gly-Gly)H+ (8.8 kcal/mol)
5] and (Ala-Ala)H+ (7.6 kcal/mol) [17]. Fig. 10 shows the
elation between −�G◦

0,1 values and a number of carbon atoms
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