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To properly understand the preferred structures and biological properties of proteins, it is important to understand
how they are influenced by their immediate environment. Competitive intrapeptide, peptide‚‚‚water, ion‚‚‚water,
and ion‚‚‚peptide interactions, such as hydrogen bonding, play a key role in determining the struc-
tures, properties, and functionality of proteins. The primary types of hydrogen bonding involving proteins
are intramolecular amide‚‚‚amide (N-H‚‚‚OdC) and intermolecular amide‚‚‚water (O-H‚‚‚OdC and
H-O‚‚‚H-N). n-Methylacetamide (NMA) is a convenient model for investigating these competitive
interactions. An analysis of the IR photodissociation (IRPD) spectra of M+(n-methylacetamide)1(H2O)n)0-3

(M ) Na and K) in the O-H and N-H spectral regions is presented. Ab initio calculations (MP2/cc-pVDZ)
are used as a guide in identifying both the type and location of hydrogen bonds present. In larger clusters,
where several structural isomers may be present in the molecular beam, ab initio calculations are also used
to suggest assignments for the observed spectral features. The results presented offer insight to the nature of
ion‚‚‚NMA interactions in an aqueous environment and reveal how different ion‚‚‚ligand pairwise interactions
direct the extent of water‚‚‚water and water‚‚‚NMA hydrogen bonding observed.

1. Introduction

The hydration of amide functional groups is of fundamental
interest due to their prevalence in biological macromolecules.
To properly characterize the preferred structures and biological
properties of proteins and peptides, it is important to understand
the noncovalent interactions between the amide functional group
and its immediate environment. The primary hydrogen-bonding
interactions involving peptides are intramolecular amide‚‚‚amide
(N-H‚‚‚OdC) and intermolecular amide‚‚‚water (O-H‚‚‚Od
C and H-N‚‚‚O-H). n-Methylacetamide (NMA), which con-
tains an amide group, is a tractable model for investigating
competitive interactions involving the peptide backbone. As
such, it has been and continues to be an opportune system for
both experimental1-12 and theoretical13-24 study.

It has recently been shown that strong water‚‚‚solute hydrogen
bonds significantly influence the shape and solute charge
distribution of biologically important species and, since shape
and biological activity of biomolecules are intimately related,
solvating waters are an integral part of functional biological
systems.25-32 These distributions are also influenced by charged
species in close proximity.33-39 Sodium and potassium cations
are among the most abundant metal ions found in biological
systems, with concentrations on the order of∼100 mM.40 As
such, these cations are involved in a variety of processes:
osmotic balance, the stabilization of biomolecular conformations,
and transfer via ion pumps and ion channels. It has recently
been shown in this lab and others that strong, electrostatic
ion‚‚‚ligand interactions perturb the hydrogen-bonding motif
and structures of neutral hydrated biomodels.41-45 In indole,
the aromatic chromophore of tryptophan, the proximity of a
potassium cation shifted the primary hydrogen-bonding site from

the indole N-H group to theπ-cloud of the pyrrole ring of
indole.44 A recent study by the groups of Williams and Rizzo41

demonstrated the effect of a lithium cation on the hydration
and structure of the amino acid valine.

Gas-phase IR vibrational spectroscopy is a powerful tool for
systematically probing the onset of hydrogen bonding. The
N-H stretching vibration of NMA and the O-H stretching
vibrations of water are particularly sensitive to their local
environment and, as such, these modes are useful probes of
specific cation‚‚‚water‚‚‚NMA interactions. An experimental and
theoretical study by our group demonstrated that the O-H
stretching modes of the gas-phase water monomer shift to lower
frequency in binary M+(H2O)1 complexes and that the magni-
tude of this shift was proportional to the strength of the
ion‚‚‚water interaction.46 Water O-H stretching modes are
further shifted upon hydrogen-bond formation, with the mag-
nitude of this shift relative to the strength of the hydrogen bond
formed.47-50 Recently, Köddermann and Ludwig, using FTIR
spectroscopy,6 Zhang et al., using IR spectroscopy,12 and
Czarnecki and Haufa, using generalized two-dimensional
FT-NIR,2 have shown that the different NMA‚‚‚water hydrogen-
binding motifs, CdO‚‚‚H-O vs N-H‚‚‚O-H, are identifiable
through shifts in the X-H stretching vibrations. In the present
work, we investigate the effect of a strong electrostatic interac-
tion on NMA‚‚‚water hydrogen bonding.

2. Technical Details

2.1. Experimental Method. Our experimental apparatus,
described elsewhere,51-53 consists of a source chamber, where
cluster ions are generated, and a detection chamber, where the
ions are mass-selected, fragmented, and then mass-analyzed.
Briefly, neutral clusters are generated in a supersonic expansion
of an argon carrier gas seeded with NMA and water through a
180 µm, 45° conical nozzle. Water vapor is picked up by the
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carrier gas when argon is passed through a bubbler containing
deionized water. Gaseous NMA is introduced inside the
experimental apparatus prior to the supersonic expansion by
passing the H2O/Ar mixture through a heated (∼40 °C) sample
holder containing NMA.

Approximately 150 nozzle diameters downstream from the
nozzle, an ion beam (either Na+ or K+ produced via thermionic
emission from a homemade ion gun) perpendicularly intersects
the fully expanded molecular beam. This collision, along with
subsequent ion solvation, forms an ensemble of unstable cluster
ions with high internal energies. Through rearrangement and
progressive loss of solvating molecules, as described by the
evaporative ensemble,54-56 the nascent cluster ions lose both
mass and internal energy until they are quasi-stable and the
cluster lifetime is long compared with the time required to
completely traverse the detection chamber.

After cluster formation, an octapole ion guide or a set of
electrostatic lenses guide the ion clusters to the first of three
quadrupoles, where the cluster ions of interest are mass-selected.
The mass-selected species then enter the second r.f.-only
quadrupole where, if a photon from one of our tunable IR lasers
(LiNbO3 optical parametric oscillator pumped by a 20 Hz Nd:
YAG or LaserVision OPO/OPA pumped by a 10 Hz Surelite
II, both systems have∼2 cm-1 resolution) is absorbed, the
cluster ions fragment. The remaining parent ions and resulting
fragment ions are mass analyzed in the third quadrapole. The
photoacoustic spectrum of ambient water vapor is simulta-
neously recorded for absolute frequency calibration. Reported
IR photodissociation (IRPD) spectra have been smoothed with
a three-point averaging algorithm.

2.2. Computational Method. Where needed, ab initio
geometries and harmonic vibrational frequencies and thermo-
dynamic analyses of changes in free energy as a function of
temperature were used in interpreting the experimental spectra
and identifying the types of noncovalent interactions present.
Preliminary structures were generated with Spartan 0257 using
a molecular mechanics geometry optimization with the Merck
Molecular Force Field. These were then refined with GAUSS-
IAN 0358 and the B3LYP/6-31+G* basis and theory. Low-lying
isomers (isomers within 3 kcal/mol of the global minimum) were
further optimized at the second-order Møller-Plesset (MP2)
level of theory with the cc-pVDZ basis set. LANL2DZ effective
core potentials were used for potassium, as the cc-pVDZ basis
set is not available, and sodium, for consistency.

Binary binding energies, reported in Table 1, and harmonic
vibrational frequencies were calculated at the MP2/cc-PVDZ
theory and basis, as dispersive interactions, and zero-point
vibrational energies (ZPEs) are expected to be important when
evaluating binary interactions in ionic clusters. Theoretical

spectra were generated using the SWizard plotting program59

with an applied average Gaussian peak width and of 15 cm-1

for N-H modes and 20 cm-1 for O-H modes. A linear scaling
factor of 0.9543 was applied to facilitate comparison between
the experimental and theoretical spectra.60

Nascent cluster ions produced in our experiments have a sig-
nificant amount of internal energy due to the formation processs
the collision between an ion and a preformed neutral cluster.
These cluster ions cool through progressive evaporative loss of
solvent molecules until they reach a quasi-stable state, allowing
for an estimate of the internal energy to be calculated. Theo-
retical binding energies, experimental cluster ion flight times,
and unimolecular dissociation rates (calculated using RRK and
RRKM methods) were used to estimate effective cluster ion
temperatures. For both Na+(H2O)Ar and K+(H2O)Ar cluster
ions,46 the estimated and experimental temperatures were in
good agreement, supporting this method of characterizing
cluster ion internal energies. The effective temperature of
Na+(CH3OH)3-8 cluster ions has been estimated to be on the
order of 250-300 K.54 M+(NMA)1(H2O)1-4 clusters are ex-
pected to cool primarily through the evaporative loss of water
molecules. Because the K+(NMA) ‚‚‚H2O (16.2 kcal/mol, Table
1) and Na+(NMA) ‚‚‚H2O (24.4 kcal/mol, Table 1) interactions
are of similar magnitude as the Na+‚‚‚CH3OH interaction (26.4
kcal/mol),54 the effective temperature of M+(NMA)1(H2O)n
cluster ions should also be in the 250-300 K range. In this
temperature range, entropic effects can have a significant im-
pact on the energetic ordering of low-lying cluster isomers.
Entropic and enthalpic effects were evaluated using the ther-
mo.pl61 PERL script and taken into consideration when evaluat-
ing the energetic ordering of low-lying isomers at experimental
temperatures.

3. Results and Discussion

3.1. M+(NMA) 1Ar. Before we can investigate hydration in
our NMA model system, we must first understand the electro-
static interaction between NMA and the sodium or potassium
cation. A strong M+‚‚‚NMA binding energy (26.3 kcal/mol for
K+ and 38.7 kcal/mol for Na+)5,11 prevents direct IRPD
measurements. Instead, the argon-messenger technique, wherein
an argon atom is weakly bound to the ion cluster, was used.62-64

Previous experiments using this tagging technique showed that
incorporation of argon into the ion cluster does not perturb X-H
stretching modes.46

The IRPD spectra of K+(NMA)1Ar and Na+(NMA)1Ar are
shown in Figures 1 and 2, respectively. These spectra are quali-
tatively identical: a single feature near 3485 cm-1. In neutral
NMA studies, features in this spectral region have been identi-

TABLE 1: Experimental and Theoretical (MP2/LANL2DZ for Na and K/cc-pVDZ for N, C, O, and H) Binding Energies in
kcal/mol for the M +(NMA) 1(H2O)n)0-1, M ) K and Na, and NMA(H 2O) Cluster Constituents

theoreticala

∆EE ∆E0 ∆H298.15 T∆S298.15 ∆G298.15 experimentalb

NMA ‚‚‚H2O (CdO‚‚‚H-O) trans to C-N bond -10.3 -7.8 -8.4 -9.3 1.0
NMA ‚‚‚H2O (CdO‚‚‚H-O) C-N bond eclipsed -10.2 -7.7 -8.2 -9.2 0.9
NMA ‚‚‚H2O (N-H‚‚‚O-H) -8.7 -6.8 -7.0 -8.7 1.7
K+‚‚‚NMA -27.2 -26.3 -25.1 4.0 -29.1 -28.3/-30.4
K+(NMA) ‚‚‚H2O -17.5 -16.2 -16.0 -5.4 -10.6
Na+‚‚‚NMA -39.9 -38.7 -37.6 3.0 -40.6 -33.7/-35.7
Na+(NMA)1‚‚‚H2O -25.9 -24.4 -24.4 -6.2 -18.1

a This work. trans-NMA was used in each binding energy calculation.b Reference 5, experimental threshold CID∆H298 values indicated by
italic/bold fonts. Values in italics were obtained with kinetic shift corrections carried out with the two lowest frequencies arbitrarily set at 30 cm-1.
Bolded values were obtained with the two lowest frequencies set at 10 cm-1 for Na+ and 5 cm-1 for K+ (experimental uncertainty was( 3
kcal/mol).The latter values were considered the better ones.
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fied as the free N-H stretching vibration of eithertrans-NMA
(∼3470 cm-1) or cis-NMA (∼3435 cm-1).1,4,6,10 The trans-
NMA isomer is predicted to be more stable (∼2.4 kcal/mol)3,8,19

than thecis-NMA, as reflected by the low (∼1-3%)1,4,6,10

abundance ofcis-NMA observed. The free N-H vibrations of
the two isomers are split by approximately 38 cm-1,1,4,6,10well
within the resolution limit of our experimental apparatus.

Therefore, because only one N-H stretch is observed in the
M+(NMA)1Ar spectra, only thetrans-NMA isomer is present
in the M+(NMA)1Ar ion clusters. Ab initio geometry calcula-
tions of the M+(NMA)1 cluster indicate that both the sodium
and potassium cation interact with NMA via the carbonyl group;
minimum energy structures are shown in Figure 3.

Complexation with a cation shifts the position of the neutral
trans-NMA free N-H vibration roughly 14 cm-1 higher in
frequency. This shift is due to a perturbation of the N-H stretch
by the electrostatic interaction with the cation. There is a 5 cm-1

difference in the frequency of the N-H stretch in K+(NMA)1-
Ar (3488 cm-1) and in Na+(NMA)1Ar (3483 cm-1). This
difference is again reflective of frequency perturbation due to
the proximity of a cation.

3.2. M+(NMA) 1(H2O)1,2. When neutral NMA is hydrated,
two types of NMA‚‚‚H2O hydrogen-bonding interactions may
occur, an N-H‚‚‚O-H hydrogen bond and/or a CdO‚‚‚H-O
hydrogen bond. The different hydrogen-bonding motifs, Cd
O‚‚‚H-O vs N-H‚‚‚O-H, are identifiable by the separate
spectral shifts they incite.2,6,12When the N-H group is involved
in a NMA‚‚‚H2O hydrogen bond, the N-H stretch is shifted
∼25 cm-1 lower in frequency with little perturbation to the
O-H oscillators.6 When a CdO‚‚‚H-O hydrogen bond is
formed, a free O-H feature near 3686 cm-1 and a hydrogen-
bonded O-H feature at 3470 cm-1 are observed.6 The interac-
tion between the CdO group and water is stronger than the
interaction between the N-H group and water and, therefore,
CdO‚‚‚H-O hydrogen-bond formation is favored over N-
H‚‚‚O-H hydrogen-bond formation. Even in water-rich envi-
ronments, a free N-H oscillator is favored over a N-H‚‚‚O-H
hydrogen bond.2,6,12When the M+(NMA)1 cluster ion is initially
hydrated, strong ion‚‚‚dipole interactions are expected to
dominate over the above-mentioned NMA‚‚‚H2O hydrogen-
bonded interactions. Hydrogen bonds are expected in the
M+(NMA)1(H2O)n clusters only when the electrostatic interac-
tion is comparable in strength with the hydrogen bond.

The K+(NMA)(H2O)1-2 and Na+(NMA)(H2O)1-2 spectra,
shown in Figures 1 and 2, respectively, are, again, qualitatively
identical. In each spectrum, three features are observed. The
feature near 3480 cm-1 is assigned, as before, to thetrans-
NMA free N-H stretch. The two features to higher frequency
are assigned to the asymmetric (∼3720 cm-1) and the symmetric
(∼3640 cm-1) O-H stretches of the hydrating water(s). These
features are moderately shifted (∼36 cm-1 and ∼17 cm-1,
respectively) from the water monomer transitions at 3756 cm-1

(asymmetric O-H) and 3657 cm-1 (symmetric O-H).65 This
O-H shift is, again, indicative of the ion perturbation. None of
the observed features have the characteristic shifts indicating
hydrogen-bond formation, suggesting that, in these small
hydrated cluster ions, the strong ion‚‚‚H2O electrostatic interac-
tion precludes NMA‚‚‚H2O hydrogen-bond formation. This
assessment is supported by the calculated minimum energy
structures, see Figure 3, which show the water molecule(s)
and the NMA individually interacting with the ion without
NMA ‚‚‚water or, in the case of M+(NMA)1(H2O)2, water‚‚‚
water interactions.

3.3. M+(NMA) 1(H2O)3. Differences are observed between
the K+(NMA)1(H2O)3 and the Na+(NMA)1(H2O)3 spectra,
specifically below 3600 cm-1 in the hydrogen-bonding region.
At this larger cluster size, NMA‚‚‚H2O and H2O‚‚‚H2O hydrogen-
bonding interactions are competitive with ion‚‚‚NMA and
ion‚‚‚H2O electrostatic interactions. In many cases, the hydrogen-
bonded features, either O-H or N-H, are in close spectral

Figure 1. IRPD of K+(NMA)1(H2O)n, n ) 0-3.

Figure 2. IRPD of Na+(NMA)1(H2O)n, n ) 0-3.
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proximity and, with an estimated cluster temperature near
300 K, these hydrogen-bonded features may be spectrally
overlapped.

To better resolve the features in the hydrogen-bonding region,
we employed a cooling technique wherein neutral (NMA)m-
(H2O)n clusters are generated using a very lean water concentra-
tion and high argon backing pressure. As mentioned earlier,
NMA is incorporated into the neutral cluster via a pick-up
technique just prior to supersonic expansion. Therefore, the
water-to-argon ratio does not affect the concentration of gaseous
NMA. The combination of low water vapor to high argon gas
in the supersonic expansion is expected to produce clusters that
cool primarily through evaporation of argon (although loss of
water and/or NMA may also occur), thereby, generating cooler
clusters with lower internal energy than those formed primarily
through evaporation of water molecules. The density of argon-
tagged M+(NMA)1(H2O)3,4 cluster ions, though present in the
mass spectrum, was insufficient for using the argon-messenger
technique.

3.3.1. K+(NMA) 1(H2O)3. Through comparison with the
smaller K+(NMA)1(H2O)0-2 clusters, thetrans-NMA N-H
feature (∼3488 cm-1) and the non-hydrogen-bonded symmetric
O-H feature (∼3644 cm-1) are again identified. However, the
other non-hydrogen-bonded O-H feature (∼3716 cm-1) is
slightly shifted to lower frequency, is narrower, and has greater
IR intensity relative to the symmetric O-H feature. These
changes suggest that the feature near 3716 cm-1 is comprised
of two components, the asymmetric O-H stretch and a free
O-H stretch.66 Free O-H stretching features appear when one
of the two O-H oscillators in water acts as a proton donor in
a hydrogen bond while the other O-H oscillator remains free
(not involved in hydrogen bonding). Thus, the presence of a
free O-H feature is an additional indicator of hydrogen bonding.
Because the symmetric O-H feature is still present, not all of
the water molecules are involved in O-H hydrogen bonding.
Conversely, because the free O-H feature is present, O-H
hydrogen-bonding exists in the K+(NMA)1(H2O)3 clusters.
With three water molecules present in the cluster ion, both
water‚‚‚water and NMA‚‚‚water O-H hydrogen bonding may
occur.

To identify the type of O-H hydrogen bonding present, we
looked at the five new features in the hydrogen-bonding
region, starting with the two features observed near 3137 and
3227 cm-1. These features are lower in frequency than where

either water‚‚‚water or NMA‚‚‚H2O O-H hydrogen-bonded
stretching features are expected. In fact, these features do not
correspond with the fundamental stretching frequency of any
K+(NMA)1(H2O)3 cluster constituent. However, the vibrational
overtone of the CdO stretch (fundamental near 1710 cm-1)1,4,7

and/or the vibrational overtone of the H-O-H bend (funda-
mental near 1658 cm-1)47,50,67are expected in this region. To
identify which vibrational overtone gives rise to the features
observed, the relevant spectral region of the K+(NMA)1Ar and
the K+(NMA)1(H2O)1Ar spectra need to be compared with the
K+(NMA)1(H2O)3 spectrum as is shown in Figure 4. Clearly,
there are no features present in the K+(NMA)1Ar spectrum,
indicating that the features observed in the K+(NMA)1(H2O)3

Figure 3. Minimum energy isomers of M+(NMA)1(H2O)n, n ) 0-3, and additional low-lying isomers of K+(NMA)1(H2O)3.

Figure 4. IRPD spectrum of K+(NMA)1(NMA)3 compared with the
K+(NMA)1Ar and K+(NMA)1(H2O)1Ar spectra in the 3300-3000 cm-1

region.
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spectrum are not associated with the CdO stretching over-
tone. The prominent feature observed near 3143 cm-1 in the
K+(NMA)1(H2O)1Ar spectrum corresponds to the lower
frequency feature in the K+(NMA)1(H2O)3 spectrum, identi-
fying it as the non-hydrogen-bonded H-O-H bend over-
tone. The second feature, observed near 3226 cm-1 in the
K+(NMA)1(H2O)3 spectrum, is assigned to the hydrogen-bonded
H-O-H bend overtone. This hydrogen-bonded feature is
shifted to higher frequency due to the stiffening of the bending
vibration when an O-H hydrogen bond is formed.47

Three more O-H hydrogen-bonded assignments remain.
A weak feature near 3560 cm-1 is observed near where
water‚‚‚water bent hydrogen bonding was observed in hydrated
K+(H2O)n clusters.68 While suggestive, this comparison does
not unambiguously identify the feature near 3560 cm-1 as a
bent water‚‚‚water hydrogen-bond feature. A theoretical analysis
of possible low-lying isomers is needed to pose a positive
assignment for this feature. The shoulder (near 3464 cm-1) on
the low-frequency side of the N-H stretching vibration and
the feature near 3377 cm-1 do not correspond with previously
observed water‚‚‚water hydrogen-bonding vibrations. However,
they are located below 3600 cm-1, in the O-H hydrogen-
bonded spectral region, and are therefore indicative of O-H
hydrogen bonding. The only other type of O-H proton-donating
hydrogen bond that may form in K+(NMA)1(H2O)3 clusters is
an O-H‚‚‚OdC hydrogen bond. For this type of hydrogen bond
to be observed, an isomer with a second shell NMA secured
via CdO‚‚‚H-O hydrogen bond(s) must be present in the ionic
beam. An analysis of the low-lying isomers is again needed to
identify which structures are energetically favorable under our
experimental conditions.

To help assign the features observed near 3560, 3464, and
3377 cm-1, the low-lying isomers for K+(NMA)1(H2O)3
were located and their geometries and vibrational frequencies
calculated (MP2/cc-pVDZ). Only isomers within 1 kcal/mol
ZPE corrected energy of the minimum energy isomer are
discussed. Theoretical geometries and spectra of the low-lying
K+(NMA)1(H2O)3 isomers are shown in Figures 3 and 5A,
respectively. With and without ZPE correction, the predicted
minimum energy isomer shows the three water molecules
occupying the first solvent shell and NMA occupying the second
solvent shell, secured with two CdO‚‚‚H-O hydrogen bonds
to two first shell water molecules. The harmonic vibrational
frequencies associated with the two CdO‚‚‚H-O hydrogen
bonds, after scaling, are in good agreement with the observed
features in the K+(NMA)1(H2O)3 spectrum. The splitting
between the CdO‚‚‚H-O hydrogen-bonded features observed,
both experimentally (∼87 cm-1) and theoretically (∼48 cm-1),
is attributed to differing water‚‚‚NMA interactions. The higher
frequency feature (∼3464 cm-1) comes from the CdO‚‚‚H-O
hydrogen bond eclipsing the NMA C-N bond while the lower
frequency feature (∼3377 cm-1) comes from the water molecule
trans to the NMA C-N bond. From this, the two O-H
hydrogen-bonded features (3464 and 3377 cm-1) observed in
the K+(NMA)1(H2O)3 spectrum are assigned to CdO‚‚‚H-O
hydrogen bonding.

Two isomers, differing only in the orientation of the bent
water‚‚‚water hydrogen bond relative to the NMA, lie slightly
higher in energy (∼0.45 and∼0.47 kcal/mol). Both of these
closely related isomers contain water‚‚‚water bent hydrogen
bonds that give rise to an O-H hydrogen-bonded feature near
3593 cm-1. Approximately 0.65 kcal/mol higher in energy than
the minimum energy isomer lies an isomer with all four ligands
in the first solvent shell. In this isomer, each of the water

molecules is involved in a hydrogen bond with an adjacent water
molecule forming a cyclic water trimer. Such a hydrogen-bonded
network also gives rise to an O-H hydrogen-bonded feature
near 3590 cm-1.

The experimental K+(NMA)1(H2O)3 cluster ion is consider-
ably warmer than 0 K and, while the theoretical analysis thus
far has yielded isomers in agreement with the experimental
spectrum, entropic contributions need to be accounted for to
make a more definite assignment of the feature observed near
3560 cm-1. The change in free energy with respect to temper-
ature for the four low-lying isomers is plotted in Figure 5B. At
low temperatures, the isomers are energetically ordered as in
the discussion above. As the temperature increases, however, a

Figure 5. (A) Experimental and theoretical spectra with structures of
the four low-lying K+(NMA)1(H2O)3 isomers. (B) Change in free energy
(kcal/mol) as a function of temperature (K) for the four low-lying
isomers of K+(NMA)1(H2O)3: CdO‚‚‚H-O hydrogen-bonded isomer
×, perpendicular water‚‚‚water bent hydrogen-bonded isomerO, parallel
water‚‚‚water bent hydrogen-bonded isomer0, and cyclic water trimer
hydrogen-bonded isomer+.

Modeling Competitive Interactions in Proteins J. Phys. Chem. A, Vol. 111, No. 49, 200712413



reordering occurs. Near 80 K, the CdO‚‚‚H-O hydrogen-
bonded isomer and the isomer with the bent water‚‚‚water
hydrogen bond perpendicular to NMA switch places: there are
no other re-orderings at the temperatures evaluated. Near room
temperature, the isomer containing the cyclic water trimer
hydrogen-bonded network has become increasingly less stable
and is now∼4 kcal/mol higher in energy than the minimum
energy bent water‚‚‚water hydrogen-bonded isomer. Therefore,
the feature near 3560 cm-1 is assigned primarily to the bent
water‚‚‚water hydrogen-bonded vibration.

3.3.2. Na+(NMA) 1(H2O)3. The most obvious difference
between the Na+(NMA)1(H2O)3 spectrum and the K+(NMA)1-
(H2O)3 spectrum is that the Na+(NMA)1(H2O)3 spectrum lacks
a water‚‚‚water bent hydrogen-bonded feature near 3560 cm-1.
The lack of O-H hydrogen bonding is also reflected in the
symmetric (3647 cm-1) and asymmetric (3737 cm-1) O-H
features where the two features have approximately the same
IR intensity and are very similar to the symmetric and
asymmetric O-H features observed in the Na+(NMA)1(H2O)2
spectrum. The similarity of IR intensity between the two fea-
tures indicates that the majority of O-H oscillators in the
Na+(NMA)1(H2O)3 cluster ions are not involved in hydrogen
bonding. However, some O-H hydrogen bonding does occur
as the two CdO‚‚‚H-O hydrogen-bonded features are again
observed near 3443 and 3368 cm-1. These features are
slightly lower in frequency relative to those observed in the
K+(NMA)1(H2O)3 spectrum and the splitting between the
features is reduced (∼75 cm-1). As in other instances where
shifts in IR frequency are observed between potassium and
sodium containing cluster ions, this frequency shift and differ-
ence in CdO‚‚‚H-O splitting is an artifact of the Na+‚‚‚ligand
interaction.

The theoretical structure and spectrum of the low-lying
Na+(NMA)1(H2O)3 isomer are shown in Figures 3 and
6A, respectively. In calculations (MP2/cc-pVDZ) of the
Na+(NMA)1(H2O)3 cluster ion, there are no low-lying isomers
within 1 kcal/mol ZPE corrected energy of the minimum energy
isomer. The minimum energy isomer is a non-hydrogen-bonded
isomer with all four ligands in the first solvent shell without
water‚‚‚water or NMA‚‚‚water hydrogen-bonded interactions.
Such a structure agrees with the experimental spectrum of
Na+(NMA)1(H2O)3, which suggests that a large percentage of
the water molecules are not involved in O-H hydrogen bonding.
However, the experimental spectrum also indicates that
CdO‚‚‚H-O hydrogen-bonded isomers are present and that
water‚‚‚water hydrogen-bonded isomers are not present in the
ionic beam.

Two higher energy, hydrogen-bonded isomers were located:
a bent water‚‚‚water hydrogen-bonded isomer (2.89 kcal/mol)
and a CdO‚‚‚H-O hydrogen-bonded isomer (3.03 kcal/mol),
structures and spectra are shown in Figure 6A. An isomer,
containing bent water‚‚‚water hydrogen bondingsperpendicular
to the NMA, an isomer with the bent water‚‚‚water hydrogen
bond parallel to the NMA was not locatedsand an isomer with
CdO‚‚‚H-O hydrogen bonding. An isomer with a cyclic
hydrogen-bonded network, such as the one located in the K+-
(NMA)1(H2O)3 system, was not located for Na+(NMA)1(H2O)3.
The difference between the observed and the calculated low-
lying structures may be understood by accounting for entropic
effects. Because there was insufficient intensity to use the argon-
tagged Na+(NMA)1(H2O)3Ar cluster ions for IRPD spectros-
copy, we cannot guarantee that the cluster ions form solely via
argon evaporation. However, due to the expansion conditions,
the Na+(NMA)1(H2O)3 cluster ions are thought to form primarily

through evaporative loss of argon with little, if any, water and/
or NMA evaporations. Clusters formed solely by evaporation
of argon have an estimated terminal temperature close to 50 K.
Those formed solely by evaporation of water have an estimated
terminal temperature near 300 K. Therefore, the experimental
Na+(NMA)1(H2O)3 cluster ions should have a temperature
between 50-300 K. The change in free energy as a function of
temperature is plotted in Figure 6B. Near 100 K the two
hydrogen-bonded isomers, water‚‚‚water bent and CdO‚‚‚H-O
hydrogen-bonded, switch ordering, with the CdO‚‚‚H-O
hydrogen-bonded isomer becoming increasingly more stable
than the bent water‚‚‚water hydrogen-bonded isomer with
increasing temperatue.

Clearly, the non-hydrogen-bonded Na+(NMA)1(H2O)3 isomer
is favored from both an enthalpic and entropic prospective.
Evaluating the low-lying isomers with respect to the estimated
cluster temperature and re-ordering the low-lying isomers to
reflect that temperature bring the theoretic predictions and the
experimental observations into better agreement: both non-
hydrogen-bonded and CdO‚‚‚H-O hydrogen-bonded isomers
are present but hydrogen bonding is occurring only in a small
percentage of the cluster ions sampled. If any water‚‚‚water bent
hydrogen-bonded isomers were formed, the low number of

Figure 6. (A) Experimental and theoretical spectra with structures of
three low-lying Na+(NMA)1(H2O)3, isomers. (B) Change in free energy
(kcal/mol) as a function of temperature (K) for the three low-lying
isomers of Na+(NMA)1(H2O)3: non-hydrogen-bonded isomer],
perpendicular water‚‚‚water bent hydrogen-bonded isomerO, and
CdO‚‚‚H-O hydrogen-bonded isomer×.
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contributing hydrogen-bonded O-H oscillators was insufficient
to resolve this feature from the background noise.

4. Conclusions

For both the potassium and the sodium cation, the electrostatic
cation‚‚‚n-methylacetamide interaction was through the carbonyl
group. With three or more water molecules present in the cluster,
NMA was promoted to the ion’s second coordination shell and
secured with two O-H‚‚‚OdC hydrogen bonds in a fraction
of the ensemble. This is the only type of hydrogen bonding
observed for sodium containing cluster ions, where stronger
ion‚‚‚ligand pairwise interactions are present. In the K+(NMA)1-
(H2O)3 clusters, where weaker ion‚‚‚ligand pairwise interactions
are present, both NMA‚‚‚H2O and water‚‚‚water hydrogen-
bonded signatures are observed. In the K+(NMA)1(H2O)3
clusters, theoretical analysis of this cluster showed that hydrogen
bonding was present in each of the low-lying isomers. A low-
lying isomer without either water‚‚‚water or water‚‚‚NMA
hydrogen bonding was not located.

The experimental results for M+(NMA)1(H2O)n)0-3 agreed
nicely with ab initio calculations for each cluster size. Neither
water‚‚‚water nor water‚‚‚NMA hydrogen bonding were pre-
dicted nor observed for M+(NMA)1(H2O)n)0-2. Water‚‚‚NMA
hydrogen bonding was predicted and observed in the
M+(NMA)1(H2O)3 cluster ions. The observance of CdO‚‚‚H-O
hydrogen-bonded features suggests that the preferred hydrogen-
bonding topology of neutral NMA(H2O)nswhere CdO‚‚‚H-O
hydrogen bonds are observed prior to N-H‚‚‚H-O hydrogen
bondsswas not affected by the electrostatic influence of either
cation. N-H‚‚‚O-H hydrogen bonding was not observed at
the cluster sizes examined. This agrees with previous neutral
experiments showing the N-H group non-hydrogen-bonded
even in water-rich environments.2,6,12
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