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Abstract: Singly hydrated clusters of lithiated arginine, sodiated arginine, and lithiated arginine methyl
ester are investigated using infrared action spectroscopy and computational chemistry. Whereas unsolvated
lithiated arginine is nonzwitterionic, these results provide compelling evidence that attachment of a single
water molecule to this ion makes the zwitterionic form of arginine, in which the side chain is protonated,
more stable. The experimental spectra of lithiated and sodiated arginine with one water molecule are very
similar and contain spectral signatures for protonated side chains, whereas those of lithiated arginine and
singly hydrated lithiated arginine methyl ester are different and contain spectral signatures for neutral side
chains. Calculations at the B3LYP/6-31++G** level of theory indicate that solvating lithiated arginine with
a single water molecule preferentially stabilizes the zwitterionic forms of this ion by 25—32 kJ/mol and two
essentially isoenergetic zwitterionic structure are most stable. In these structures, the metal ion either
coordinates with the N-terminal amino group and an oxygen atom of the carboxylate group (NO coordinated)
or with both oxygen atoms of the carboxylate group (OO coordinated). In contrast, the OO-coordinated
zwitterionic structure of sodiated arginine, both with and without a water molecule, is clearly lowest in energy
for both ions. Hydration of the metal ion in these clusters weakens the interactions between the metal ion
and the amino acid, whereas hydrogen-bond strengths are largely unaffected. Thus, hydration preferentially
stabilizes the zwitterionic structures, all of which contain strong hydrogen bonds. Metal ion size strongly
affects the relative propensity for these ions to form NO or OO coordinated structures and results in different

zwitterionic structures for lithiated and sodiated arginine clusters containing one water molecule.

Introduction

Neighboring molecules and ions can affect the stability of
amino acid zwitterions. The zwitterionic form of isolated glycine
is not a local minimum structufeand calculations suggest that
this form is~90 kJ/mol higher in energy than the lowest-energy
nonzwitterionic form? Calculations also indicate that a single
water molecule can make the zwitterionic structure a local
minimum3# although this structure is stit+60 kJ/mol higher
in energy than the lowest-energy nonzwitterionic structure.
Additional water molecules preferentially stabilize the zwitte-
rionic forms of glycine, and those forms are calculated to be

It is extremely challenging to obtain compelling experimental
evidence for the conversion from a nonzwitterionic form of an
amino acid to the zwitterionic form with increasing hydrated
cluster size. Pioneering spectroscopic experiments by Peteanu
and Levy on tryptophanwater clusters generated in a free jet
expansion show that the amine group of the side chain is the
preferred site of water bindifgDoubly resonant two-photon
ionization (R2PI), UV hole burning, IR-dip, and mass spec-
trometry experiments by Simons and co-workers show no
compelling evidence for zwitterionic forms of tryptophan (Trp)
when solvated by up to three water moleci#e’s. Recently
reported IR-dip spectra by Oomens and co-workers for

lowest in energy when solvated by at least seven water TrP(H20)1-6 and Trp(MeOHj)-g exhibit spectral signatures for

molecules at the MP2//HF/6-31G** level of theory* Ad-
ditional computational studies have indicated similar minimum
cluster sizes for zwitterion formation of microsolvated glycine
clusters>5~7
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protonated amine and carboxylate functional groups with
increasing cluster size and provide compelling evidence for a
gradual transition to the zwitterionic form of tryptophan with
increasing solvatio®? Bowen and co-workers reported an onset
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for the formation of Glye~(H,0), atn = 5 and suggested that forms of Arg are close in enerdy, IR cavity ringdown

a minimum of five water molecules are needed to form spectroscop¥ and high-level ab inito calculatioffs37 both
zwitterionic glycine in the neutral hydrated clustéHowever, indicate that that the nonzwitterionic form of isolated arginine
Johnson and co-workers generated clusters for smalkerd is lowest in energy. The structures of cationized arginine have
suggested that the previously observed minimum clustet3size been of intense recent interest. Calculati$i®,dissociation
was due to source conditions rather than an indication of the experiment$?~4!and IR multiple photon dissociation (IRMPD)
onset of zwitterion formatiof*1> spectré® indicate that ArgLi™ is nonzwitterionic and that the

A number of studies have addressed the effects of water onZWitterionic form of arginine, in which the side chain is
the structures of cationized amino acids. Calculations indicate Protonated, is preferentially stabilized with increasing alkali
that solvating lithiated glutamiA&and lysiné’ with one water ~ Metal ion size. Deconvolution of the IRMPD spectrum of
molecule preferentially stabilizes the zwitterionic forms of these ArgeNa’ suggests that roughly 90% of the ions are zwitterionic
amino acids by 17 and 23 kJ/mol, respectively, although the and that of ArgK* shows no evidence for the nonzwitterionic
nonzwitterionic forms of these singly hydrated, lithiated amino Structure?® Calculations indicate that the lowest-energy form
acids are lowest in energy and are the forms observed Of ArgeAg* is.nonzwitterionid!z o .
experimentallyt617 Additional calculations indicate that the IRMPD action spectroscopy, using light from either free
zwitterionic forms of lithiated and sodiated glutamine solvated €lectron lasers (typically-510 «m) or benchtop laser systems
by two water molecules are lowest in energy, although black- Pased on optical parametric generation (typically-2t5m),
body infrared radiative dissociation (BIRD) experiments indicate has emerged as a powerful method to probe the structures of
that both complexes are nonzwitteriofdnterestingly, similar protonated-and metal catlgnlzed amino acid clusters in the gas
calculations indicate that solvating sodiated profit@a-meth- ~ Phase. In pioneering experiments by McLafferty and co-workers,
yl-proline2 and valin@ with one water molecule preferentially ~RMPD spectra in the hydrogen-stretch region indicate that the
stabilizes thenonzwitterionicforms of these amino acids by ~Protonated homodimer of glycine is nonzwitterionic, whereas
3-8 kJ/mol. BIRD experiment&25 infrared (IR) action the_ pro_tonated heterodimer cc_)nS|st|n_g of glycme and lysine is
spectroscop§® and MP2 calculatior® indicate that lithiated ~ 2Witterionic:® IRMPD spectra in the fingerprint region by Wu
valine with one and two water molecules are nonzwitterionic, @nd McMahon confirmed that the protonated homodimer of
with the metal ion coordinated to the N-terminal amino group glycine is nonzwitterionic and revealed that the protonated

and the carbonyl oxygen. With three water molecules, the metal homodimer of proline has both nonzwitterionic and zwitterionic
ion interacts with both oxygen atoms of valitfe2® although populations under the conditions of their experiméftshe

the IR action spectrum of this ion shows no evidence for relative intensity of the free carboxylic acid OH stretch in
Zwitterion formatiore seringeH*, n = 2—8, decreases with increasing cluster size,
- . indicating that this band is depleted through the formation of
Th? proton affinity of .the. proton?accEgpltmg group Can . itterionic structures or that the carboxylic acid OH stretch is
contrlbute. t(.) gas-phgsg ZW|tter|9n stab@ﬁﬁ. Although the red-shifted due to hydrogen bond formatSiRMPD spectra
proton affinity of arginine (Arg) is the highest of the naturally

. . . L o of sodiated glycine and proline provide spectral signatures for
occurring amino acidSand the zwitterionic and nonzwitterionic both the nonzwitterionic and zwitterionic forms of cationized

aliphatic amino acids in the-510 um region#® Subsequent
studies in this frequency range have revealed the nature of metal
ion binding in cationized clusters of aromatic amino aditi4?

the formation of amino acid zwitterions during gas-phase H/D
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exchangé? and zwitterion formation with increasing metal ion  for cationized argininé Additional calculations used initial geometries
size in basic amino acid3.Elegant experiments by Rizzo and obtained from the B3LYP/6-3t+G** calculations described above
co-workers have demonstrated the use of these techniques t@"d were performed using Q-Chem v3.0 (Pittsburgh, PA).

study hydrated amino acids in the gas ph&se.

Here, IRMPD spectra in the hydrogen-stretch region and
complementary ab initio calculations indicate that one water Infrared action spectra were acquired by simultaneously
molecule preferentially stabilizes the zwitterionic forms of these Measuring precursor and fragment ion intensities as a function
amino acids and significantly affects the structure of lithiated Of laser irradiation frequency. The internal energy distribution
arginine. This is the first direct spectroscopic probe indicating Of the ions under the experimental conditions prior to laser
that hydration by an explicit number of water molecules can irradiation should closely resemble a Boltzmann distributfon.
induce the transformation from nonzwitterionic to zwitterionic N 30 s with a copper jacket temperature of 200 K, no blackbody

Results and Discussion

structure for an amino acid. infrared radiative dissociation (BIRD) was observed forid-
(H20) and only 4% of the ArgNat(H,O) precursor ions
Methods dissociate. At the slightly higher copper jacket temperature of

Experiments were performed on a 2.7 T Fourier-transform ion 240 K, 18 and 38% of the lithiated and sodiated precursor ions
cyclotron resonance mass spectrometer. The instrument and generaglissociate, respectively, suggesting that the absorption of a single
experimental methods are described elsewffefegeM *(H,0), M = laser photon may be adequate to induce photodissociation for a
Li and Na, clusters are formed by nanoelectrospray ionization from significant fraction of the ion population. A single photon
aqueous solutions of 5QfM ArgeHCl and 2 mM MOH using ahome-  infrared action spectrum should be very similar to the linear
built electrospray interface.For ArgOMeLi*(H0), solutions of 500 jnfrared absorption spectrum of the ion. When absorption does

#M ArgOMe«2HCI and 2 mM LIOH were prepared in methanol, and 4 vielq photodissociation, the resulting ion will have increased
hydrated ions were formed by condensation of atmospheric water vapor.

in the electrospray interfacé ArgOMe rapidly degraded in aqueous Inr':e;ng! ene.rgty and Tﬁy rte)zlax \t/.la ra;ilatlv(ejdgtmlsétliéﬁho;
solutions that yielded metal cationized clusters.sM@|, ArgOMes2HCI, photodissociate upon the absorption of an additional photon or

LiOH, NaOH, and methanol were purchased from Sigma Chemical PhOtons. At lower frequencies, multiple photon processes are
Co. (St. Louis, MO), Alfa Aesar (Ward Hill, MA), Aldrich Chemical  likely increasingly important due to reduced internal energy
Co. (Milwaukee, WI), Fischer Scientific (Pittsburgh, PA), and EMD  deposition, and the resulting band intensities may deviate from
Chemicals (Gibbstown, NJ), respectively, and were used without further the linear absorption spectrum. Experimental spectra will
purification. lons were trapped in a cylindrical ion cell cooled to 200 therefore be referred to as infrared multiple photon dissociation
or 240 K with a regulated flow of liquid nitrogefi. The cluster of (IRMPD) spectra to emphasize the potential differences between
interest was |solate_d using astqred waveform inverse Fogrlgr transforminese action spectra and pure absorption spectra.
and subsequently irradiated with 4600 pulses of IR _radlatlon (8 . The IRMPD spectra of ArgVl*, M = Li and Na, are different
21 mJ per~7 ns pulse) from a tunable 10 Hz optical parametric S . L

and indicate that Arg is nonzwitterionic in the former and

oscillator/amplifier (LaserVision, Bellevue, WA). The loss of a water domi | itterionic in the latté? h
molecule is the only photodissociation product observed, and each predominately zwitterionic in the lattetin contrast, the IRMPD

IRMPD spectrum was obtained by plotting the power- and time- SPectra of ArgM*(Hz0), M = Li and Na, are similar in the
corrected photodissociation intensity as a function of laser frequncy. hydrogen-stretch region, suggesting that both ions have related
Blackbody infrared radiative dissociation experiments were performed structures (Figure 1). The highest-frequency bands in these
using the methods discussed above. First-order rate constants werspectra occur near 3640 and 3720 émBands at similar

determined from the slope of In([Aslyl *(H-O))/([ArgeM(H20)] + frequencies were also observed for vaditie (H,O) and as-
[ArgeM*(H20)r-1] + ...)) versus time. The data are fit well by straight  signed to the symmetric and asymmetric stretches of the
lines with R? correlation coefficients-0.995. solvating water molecule, respectivéfyThe presence of both

The majority of calculations were performed using methods described bands at high frequency indicates the presence of an acceptor-

. ST S S iy .
n the. previous investigation of As af‘d ArgOMeM ™. Briefly, . only water molecule; the symmetric stretch of a water molecule
candidate structures were generated using Monte Carlo conformational

searching with the MMFF94 force field and then energy minimized that donates a hydroge” bond is significantly red-shittethe

with hybrid method density functional theory (B3LYP) calculations weak bands close in frquenpy to th? fundamental _Water
with the 6-31++G** basis set using MacroModel 8.1 and Jaguar 6.5 stretches are probably combination and difference bands involv-
(Schridinger, Inc., Portland, OR), respectively. Vibrational frequencies INg the fundamental stretching transitions and low-frequency
and intensities were calculated using the “double-harmonic” approxima- transitions, such as the water out-of-plane bend. These bands
tion (linear dipole moment function and harmonic potentials). For provide only limited structural information and are not analyzed
calculated vibrational spectra, frequencies were scaled by 0.95 andfurther here. The lower-frequency bands3600 cnt?) in the
convolved using 20 crt fwhm Lorentzian distributions. For bands  |RMPD spectra of ArgM*(H,0) and ArgOMeLi*(H,0) are

with unambiguous assignments, this scaling factor yielded good therefore assigned to hydrogen stretches of Arg and ArgOMe,
agreemer_1t between gxperiment and theory a_nd was u_sed previously %0t those of the solvating water molecule.

compare infrared action spectra and calculations at this level of theory Arginine methyl ester (ArgOMe) lacks the carboxylic acid
(49) Polfer, N. C.; Paizs, B.; Snoek, L. C.; Compagnon, I.; Suhai, S.; Meijer, 9roup of Arg and cannot form zwitterionic structures. If the

gé%;on Helden, G.; Oomens, J. Am. Chem. SoQ005 127, 8571~ structures of AI’§M+(H20), M = Li and Na, and ArgOMd_i+-
(50) Polfer, N. C.; Dunbar, R. C.; Oomens,JJAm. Soc. Mass SpectrogQ07, (H20) were similar, the IRMPD spectra of Ag*(H»0) would

18, 512-516. be expected to contain the bands observed for Argeite
(51) Bush, M. F.; Saykally, R. J.; Williams, E. Rt. J. Mass Spectron2006 P 9

253 256-262.
(52) Rodriguez-Cruz, S. E.; Klassen, J. S.; Williams, EJRAmM. Soc. Mass (54) Shao, Y.; et alPhys. Chem. Chem. Phy2006 8, 3172-3191.

Spectrom1999 10, 958-968. (55) Price, W. D.; Schnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.; Williams,
(53) Wong, R. L.; Paech, K.; Williams, E. Rit. J. Mass Spectron2004 232, E. R.J. Am. Chem. S0d.996 118 10640-10644.

59-66. (56) Dunbar, R. CMass Spectrom. Re1992 11, 309-339.
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B R A L Nonzwitterionic structures with guanidino side chains
Arg/ArgOMe bands 'Ha0 bands ArgeM+ and carboxylic acid groups

A

ArgeLi*(H0)

::f gﬂ

Zwitterionic structures with guanidinium side chains
and carboxylate groups

ArgeNa*(H,0) Na

Ll

ArgOMesM+

ArgOMe-Li*(H,0)

2700 2900 3100 3300 3500 3700 3900 3300 3500
Photon energy (cm-1)

Figure 1. Photodissociation spectra of Aig *(H20), ArgeNa"(H20), and
ArgOMesLi*(H,0) obtained with a copper jacket temperature of 200 K
(left). Selected regions of previously reported photodissociation spectra of
ArgeM* and ArgOMeM*, M = Li and Na, are included for comparison
(right).38 The spectrum of ArgNa™(H,0) was also acquired from 2080
2600 cn1?, but no photodissociation was observed.

(H20) and an additional strong band near 3540 tmorre-
sponding to the free acid OH stretéh8 This does not appear
to be the case; therefore, the structure of #Mg(H20) is
unlikely to resemble that of ArgOMei*(H,0). Furthermore,
the IRMPD spectrum of Argd.i*(H,O) obtained below 3600
cm! does not resemble that obtained previously foreAig.38
These data indicate that the structures ofehig and ArgpM*- ] o o
(HO) ar different and that Arg n the atter s zwiterionic.  F04e 2 Eney Siimiet scseu. Yol oneriteron i
Although considerable structural information (zwitterion
versus nonzwitterion, mode of water binding, etc.) is obtained Table 1. Relative Zero-Point Corrected Free Energies? at 0, 200,
from inspection of the IRMPD spectra and comparisons with g[‘gdligfef*oé';‘lg:l';;éﬂgo) and ArgeNa*(Hz0) from B3LYP/
spectra reported previously, additional insights can be gained

oLi™ oNa™
through comparisons with spectra calculated for low-energy AL (10) proeha (70)
candidate structure using density functional theory. Only the AHx  AGwox  AGr Aboc AGamox  AGaa
lowest-energy structures identified and those that illustrate ALAl* 16/33 18/36 20/39 Al 22 19 18
: ; . _B1 18 20 21 B1 36 31 29
important bonding motifs are presented because the conforma 28 31 34 c1 13 n 22

tional spaces of these ions are extremely large. Results for somep1p1* o/7  0/11  0.03/14 DUDL* 2/0  03/0 0/2
additional candidate structures are reported in the Supporting EL/E1* 11/16 10/17 8/18  E1/E1* 22/12 17/9 15/8

Information. In addition, there are the attendant uncertainties 211//';11** 1}‘32/20 (1)45//2233 8/32/56 211/61* 12/15 112/13 711/12
in comparing apsorbange spectrq calculat.ed at zero.K using theHl 18 16 14 oL o8 26 26
double-harmonic approximation with experimental action spectra |1 9 12 14 11 26 24 37
obtained at finite temperatures. J1/31*  20/26 18/28 17/28 J1 19 16 17

Low-Energy Structures. The low-energy structural families
of ArgeLi*™(H,O) (Figure 2) are very similar to those found
previously for ArgLi*.28 For clarity, the previously identified ~ found to be at least 5 kJ/mol higher in energy than the
ArgeLi™ structures are designatg, x = A—J, and the related  correspondingxl structure. In these structures, the water
ArgeLi*(H,0) structures are designatedl. Relative free molecule solvates the metal ion and donates a hydrogen bond
energies at 0, 200, and 298 K for all structures are reported into the displaced ligand in the correspondirg structure.
Table 1. For all structural families except, the water molecule ~ Analogous local minima have also been identified for numerous
directly solvates the metal ion in the correspondifgstructure other hydrated amino acid%:2% For ArgeNa*(H,0), somex1*
and no additional interactions are formed. Kit, the water structures were slightly lower in energy than the corresponding
molecule solvates the metal ion and accepts a weak hydrogerxl structure. Additionak1* structures were identified in the
bond from the guanidino side chain. conformational search and evaluated at the B3LYP/6-31G* level

Additional structures of Arg.i*(H.0), in which the water of theory. However, the experimental spectra all contain a high-
molecule displaces the metal ion, are designatiédand were frequency water symmetric stretching band, a spectral signature

a All energies are in kJ/mol.
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ArgOMe-Li*(H20)
200 K

ArgeNa*(H20) ArgeNa+(H20)
200 K 200 K

Intensity
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Al

I 1 B
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| wum G‘
] | : ] |
1p1+ ‘ b I
B ! IBRRSREAS T 1 T T T T
E1
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Calculated absorption cross section

Calculated absorption cross section
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Figure 3. Photodissociation spectrum of ArgOMeé*(H2O) and B3LYP/ Photon energy (cm-1)

- **k . .
6-31++G** calculated spectra for both conformers of this ion. Figure 4. Photodissociation spectrum of Afgar(H;0) and B3LYP/6-

" . 31++G** calculated spectra for selected conformers of this ion. The
for x1 structures, and additional calculations were performed jntensities of the calculated spectra are scaled to the higher-frequency bands

only on selectec1* structures of greatest interest. in the spectra. Un-normalized spectra and additional calculated spectra are
Structure of ArgOMe sLi *(H,0). The lowest-energy struc-  Shown in Supporting Information Figures-2.

ture of ArgOMeLi(H,0) is A1, in which the water molecule ) ) ) ]

directly solvates the metal ion in the lowest-energy structure of calculated spectrum contains four intense bands associated with

ArgOMesLi* (A0). StructureC1is 10, 13, and 12 kJ/mol higher the guanidino side chain, whereas the experimental spectrum
in free energy than structurdl at 0, 200, and 298 K exhibits three such bands. Note that the water molecu@&lin

respectively. These relative free energies are essentially identicaPcCePts a weak hydrogen bond from one of théiNgroups,
to those for ArgLi*(H;0), indicating that lithiated arginine which was present in all energy-minimized structures of this

methyl ester is a very good structural analogue for structures f@mily. The infrared absorbance spectrum for this structure
Al andC1 of lithiated arginine. without thqt hydrogen bond should be well approximated by a
The IRMPD spectrum of ArgOM&i*(H,O) strongly re- superposition of the fundamental Wgter stretches and the
sembles those obtained previously for ArgOMie and spectrum calculated fa£0 of ArgOMesLi™.28 If that were the
ArgOMesNa*, which were assigned to structuf®,® super- case, the_spectrum would be expected to contain frgg, N
imposed on the stretching modes of the solvating water molecule@Symmetric stretches at 3510 and 3560 &mwhereas the
(Figure 1). Furthermore, the IRMPD spectrum of ArgOilie - IRMPD spectrum contains only one band at 3525 &m
(H-0) strongly resembles the calculated absorbance spectrum The IRMPD spectrum of ArgOMéi* contains well-resolved
of structureAl (Figure 3). The experimental bands at 3320, bands at 3430 and 3530 cfnbands, calculated for structure
3370, 3430, 3470, 3525, 3630, and 3720 awe close in both A0, but that at 3460 cmt is not readily apparent (Figure .
frequency and relative intensity to the calculated bands for the The similarities between the bands common to the spectra for
N,H stretch (3349 crm?), NrH, asymmetric stretch (3391 cr, ArgOMesLi*, ArgOMesNa’*, and ArgOMeLi*(H,0) suggest

N,H> symmetric stretch (3415 cr), NH stretch (3452 crmt), that arginine methyl ester adopts similar structures in all three
N, H2 asymmetric stretch (3523 cr¥), water symmetric stretch ~ clusters and that the band “missing” for ArgOalle" is the
(3627 cn1l), and water asymmetric stretch (3724 @ The result of poor signal-to-noise or other experimental factors, rather
experimental spectrum also contains a band at 2948 which than a difference in structure.

is assigned to the CH stretching modes of the cluster. These Structure of ArgeNa®(H,0). The IRMPD spectrum of
stretches are similar in frequency and oscillator strength for all ArgeNa*(H,0) has many resolved bands, although these bands
calculated structures and thus provide only limited structural are broader than those observed for ig(H>O) which
information. The experimental band height is notably less intense suggests that multiple conformers may contribute to the IRMPD
relative to those of the other bands in the spectrum than expectedspectrum (Figure 1). This spectrum does not resemble those of
from the calculation, suggesting an error in the calculated either structure A1 and E1, Figure 4) found to contribute to
intensities and/or reduced photodissociation efficiency for these the IRMPD spectrum of the corresponding ion without a water
modes, attributable to lower photon energies, lower laser power molecule3® but rather resembles zwitterionic structures with
in this frequency range, or other factors. multiple hydrogen-bonding interactions between the side chain
The calculated absorbance spectrum for struc@teis a and the amino acid backbone. Structé® can be discounted
poorer match to the experimental spectrum. Notably, the on the basis of arguments analogous to those made fot iArg
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Table 2. Frequencies (freq, cm~1) and Integrated Oscillator Intensities (int, km/mol) for Selected Bands of ArgeLi*(H20) and ArgeNa*(H,0)

ArgeLi*(H,0) ArgeNa*(H,0)
D1 D1* Gl D1 D1* Gl
band IRMPD freq freq int freq int freq int IRMPD Freq freq int freq int freq int

NH stretch - 2708 1340 2712 1348 2545 2198 - 2665 1364 2700 1354 2416 2365
N,H2 symmetric stretch 3400 3213 538 3247 430 3390 176 3200 3155 658 3198 504 3373 160
N,H2 symmetric stretch 3450 3438 97 3435 97 3440 96 3450 3438 93 3437 96 3441 92
N,H2 asymmetric stretch 3530 3508 124 3506 139 3539 130 3510 3502 113 3504 123 3516 124
N,H2 asymmetric stretch 3550 3558 79 3552 78 3558 90 3550 3554 73 3555 74 3555 80
H,0O symmetric stretch 3640 3618 71 3039 1272 3620 69 3640 3623 49 3049 1456 3619 49
H>O asymmetric stretch 3720 3709 149 3723 140 3720 148 3720 3714 133 3719 108 3708 131

Table 3. Relative Energies? in kdJ/mol of Structures A1, D1, D1*,
and G1 of ArgsLi*(H,0) at Various Levels of Theory

structure

energy geometry Al D1 DI* Gl
B3LYP/6-31G** B3LYP/6-31G** 15 0 10 5
B3LYP/6-31+G** B3LYP/6-31+G** 16 0 9 6
B3LYP/6-31++G** B3LYP/6-31++G** 17 0 8 2
B3LYP/6-311+G(2d,2p) B3LYP/6-3%++G** 13 0 7
B3LYP/cc-pVDZ B3LYP/cc-pVDZ 7 0 7 1
B3LYP/cc-pVTZ B3LYP/cc-pVDZ 13 1 8 0
RIMP2/cc-pvVDZ B3LYP/6-3%#+G** 0 10 23 20
RIMP2/cc-pvVDZ RIMP2/cc-pVDZ 0 10 23 20

MP2/cc-pVDZ
RIMP2/cc-pVTZ
MP2/6-311+G(2d,2p)

RIMP2/cc-pvVDZ 0 10 23 20
RIMP2/cc-pVDZ 0O 1 10 10
B3LYP/6-3++G* 5 0 2 20

aElectronic energies are from structures energy minimized using Q-Chem

v3.0°*and include B3LYP/6-31+G** zero-point energies calculated using
Jaguar v6.5.

(H20) (vide supra). The calculated spectrum of structdie

at frequencies greater than2600 cntl. Frequencies are
calculated using the harmonic oscillator approximation and may
considerably overestimate the frequencies of these modes which
are likely to have significant anharmonic character. The absence
of analogous bands in the IRMPD spectrum of Mg (H,0),
which exhibited no measurable photodissociation from 2000
2700 cntt, somewhat weakens this possibility. However, recent
experiments by Johnson and co-workers reveal that the stretch-
ing mode of shared protons can occur considerably to the red
of this range; this band for the protonated homodimer of diethyl
ether was observed at 843 ch?’ Alternatively, the photodis-
sociation efficiency for these modes under the conditions of
experiment may be exceedingly low. This could be attributable
to lower photon energies, limited multiple photon absorption
due to reduced laser photon fluxes at these frequencies, or low-
absorbance cross sections at a given frequency due to band
broadening, and other factors.

Hydrogen stretch bands originating from strongly hydrogen-

contains two NH, symmetric stretch bands at high frequencies, bonded groups have been conspicuously absent in the IR action
but the experimental spectrum contains only one band of spectra of other hydrated ions. For example, the photodisso-
significant intensity in this region (Table 2). The weak band ciation spectrum of Fi(H,O),; does not exhibit photodissocia-

near 3390 cm! is likely due to the NH, asymmetric stretch,

tion between 20083000 cn1?, expected for Eigen-like struc-

which is common to all of these structures, rather than to a turesofthision, whichwas attributed to inefficient photodissociation

small population of thé&e1l conformer.
The IRMPD spectrum of ArdNa*(H,0) is in good agreement

at lower photon energies, anharmonicity, or the presence of
Zundel-like structures that are disfavored by the@riRecent

with the calculated spectra of the zwitterionic structures in which ab initio molecular dynamics simulations suggest that these

the N.H group and one of the M, groups each donates one

bands for H(H20); are extremely broad due to finite temper-

hydrogen bond to the amino acid backbone. The best agreemenature effects and that the lack of measurable photodissociation

is obtained with structureD1, in which the metal ion is

in the 2006-3000 cnT! may be attributable to these effeéfs.

coordinated with the carboxylate group and the protonated side The photodissociation exhibited between 3200 and 3350 cm
chain donates hydrogen bonds to both the N-terminal amino may indicate the presence of a population of ions in which the
and the carboxylate groups. The experimentally observed bandsyater molecule has disrupted one of the metal ion/carboxylate
are close in both frequency and relative intensity to calculated group interactions§1*). Calculations indicate that structure

bands for free hH, symmetric stretch, bonded,N> asymmetric
stretch, free yH, asymmetric stretch, water symmetric stretch,
and water asymmetric stretch of structé (Table 2). Bands
near 2950 and 3100 crhare well-explained by CH stretching
modes and the bonded,N> symmetric stretch, respectively,

D1* is slightly favored oveiD1 for ArgeNat(H,O) at 0 and
200 K, although structur®1 is preferentially stabilized with
increasing temperature (Table 1). In this structure, the water
asymmetric stretch red-shifts to 3049 cinhand the bonded
N,H2 symmetric stretch blue-shifts to 3198 tmBoth of these

although the relatively intensities of these bands are considerablymodes are expected to be broad, and it is difficult to assign
less than expected from the calculations. Curiously, the bondedrelative populations ob1 andD1* from the IRMPD spectra.
N.H stretch, which is calculated to have the highest integrated Additionally, the IRMPD spectrum of AkiNa™(H.O) also shares

oscillator strength, is absent in the IRMPD spectrum.

some similarities with the spectra calculated for struct@és

Although the high-frequency bands are very indicative of andH1, which are calculated to be 12 and 26 kJ/mol higher in
zwitterionic structures, the most intense band in each of the free energy at 200 K thal1, respectively. Note that the

calculated spectra for these structures is below 300¢-camd

these are not observed experimentally (Table 2). The absencg®?) Roscioli. J. R.; McCunn, L. R.; Johnson, M. Science2007, 316 249~

of analogous bands in the spectra of Mg", ArgeK™, and
ArgeH™* was primarily attributed to the limited frequency range

(58) Shiﬁ, J. W.; Hammer, N. I.; Diken, E. G.; Johnson, M. A.; Walters, R. S.;
Jaeger, T. D.; Duncan, M. A;; Christie, R. A.; Jordan, K.92ience2004
304, 1137-1140.

of the previous experimental spectra which were only acquired (59) Iyengar, S. SJ. Chem. Phys2007, 126, 216101.
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>: ArgeLi*(H20) ] ArgeLi*(H20) The IRMPD spectrum of Arg_i+(H2_O) is similar to the

= 200K 200K calculated spectrum of structu@l. In this structure, the metal

8 . ion is coordinated with the N-terminal amino group and one
=7 i \ oxygen atom of the carboxylate group, and the protonated side

oo chain donates a hydrogen bond to the other oxygen atom of the
carboxylate group. The experimentally observed bands are close
in both frequency and relative intensity to those calculated bands

1A |

i ] \ for free N,H, symmetric stretch, bonded,N> asymmetric
- B aal

c -

I ' stretch, free \H, asymmetric stretch, water symmetric stretch,
1 E1 and water asymmetric stretch of struct@é (Table 2). The
T band centered near 3400 thand assigned to the weakly
T bonded NH, symmetric stretch (3389 cr) is considerably

broader than many of the other bands in the spectra. Due to the
interactions between this, N, group and the carboxylate group,

it is likely that the frequency of this mode is especially sensitive
to minor changes in side-chain conformation or excited torsions
in the ion. The broad, albeit weak, photodissociation observed

i

Calculated absorption cross section

-1- AT
B1
1
ED1 w
E (IS :

{1 to the red of this band~§3000-3350 cn1!) may originate from
i structures of th&1 structural motif, in which this H, group
L - g L donates a stronger hydrogen bond to the carboxylate, or perhaps
2400 ' 2800 ' 3200 3600 2400 2800 3200 ' 3600 contributions from small populations of other zwitterionic
Photon energy (cm-1) structures.
Figure 5. Photodissociation spectrum of Alg*(H20) and B3LYP/6- The agreement between the experimental spectrum and the

31++G** calculated spectra for selected conformers of this ion. The ; ;
intensities of the calculated spectra are scaled to the higher-frequency bandscal(:ljlat(ad absorbance specira is poorer for.mr‘t'(Hzo) than

in the spectra. Un-normalized spectra and additional calculated spectra ardt iS for either ArgOMeLi*(H20) or ArgeNa'(H20). This may
shown in Supporting Information Figure-5. be due to a number of reasons, including the possibility that
the lowest-energy form of this ion was not identified or that
populations of these structures are expected to be very small ifthe uncertainties in the calculated spectra for this ion are greater.
the calculated relative energies are accurate and the precursofpe spectra may also be a composite of several structures, thus
ions are well equilibrated with the surrounding copper jacket complicating the structural assignment of this ion. The strong
(T =200 K). In these structures, thetgroup and one jH, similarities between the action spectra of Arg(H,0) and
group donate one strong and one weak hydrogen bond to onéarg.Na*(H,0) and the differences with those measured for
oxygen atom of the carboxylate group, respectively. BecauseArg.Li+ and ArgOMeLi*(H,0) provide compelling evidence
the guanidinium side chains in these structures donate hydroger{hat ArgeLi+(H,0) adopts a zwitterionic structure. However,

bonds somewhat similar to those 10, the free NH stretches the lack of a uniqgue match between the measured and calculated

:g;nmrr?;t:?cess‘irgt?huprio?jrees af'i? tshoemg\cl)vrr\]c?;;l—grglztpgoe\:\:zver’ spectra for ArgLi*(H,O) results in some ambiguity about which
zwitterionic structure or structures are formed.
calculated to occur at 3373 and 3311 énfor G1 and H1,

respectively, which should be observed experimentally as a  Eiect of Metal lon Size on the Structure of Cationized
resolved, albeit broad, band analogous to that observed forArginine. Increasing metal ion size has been shown to
ArgeLi*(H,0). Therefore, although the experimental and theo- pre_fe.rentlally .stgblllze the zwitterionic form of catlonl_zed
retical results are most consistent witl, contributions from ~ &rginine?*#Lithiated Lys ance-N-Me-Lys are both nonzwit-
alternate zwitterionic structures in which the guanidinium side t€rionic and have no intramolecular hydrogen bonds, and the
chain donates one strong and one weak hydrogen bond to themetal ion is solvated by the carbonyl oxygen, the N-terminal
amino acid backbone cannot be completely ruled out. amino group, and side-chain amino grodp3he potassiated

Structure of ArgeLi*(H,0). The IRMPD spectrum of form§ of thgse ions have different structures, containing only
ArgeLi*+(H,0) resembles that of Asja*(H-0), suggesting that two |nteractlon§ between the metal ion and the amino §C|d and
the structures for the two ions are similar and almost certainly @t 1€ast one intramolecular hydrogen bdfdinteractions
zwitterionic. However, there are subtle differences between the Petween a metal ion and a given amino acid should be the
two action spectra: the lower-frequency,Hy asymmetric strongest for lithium of all the alkali metal ions, whereas the
stretch shifts from 3510 cnd in ArgeNat(H,0) to 3530 cn! strengths of any hydrogen bonds should be roughly similar in
in ArgeLi*(H20), the broad band centered near 3100 tin complexes with all alkali metal ions. The zwitterionic structures
ArgeNa(H;0) is absent in the spectrum obtained for the Of ArgeM™ all contain at least one intramolecular hydrogen
lithiated cluster, and there is significantly increased relative bond, whereas the lowest-energy nonzwitterionic forms contain
photodissociation at 3400 crhin the IRMPD spectrum of no hydrogen bonds. On the basis of the reasons discussed above
ArgeLi*(H,0). Because the calculated spectra for struchfe for cationized lysine, decreasing ligand binding energies with
for these ions are essentially indistinguishable (Figures 4 andincreasing metal ion size appear to be a dominant driving force
5), the subtle differences between the two IRMPD spectra in the formation of zwitterionic structures with increasing metal
suggest a different zwitterionic structure for Akg+(H,0). ion size.
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to the first, second, and third water binding energies td.Nia

is therefore reasonable to expect that some of the ligand binding
properties of LT(H,O) may be similar to those of Na This
appears to be the case for structural famikesF, H, andJ,
wherein the relative energies of the structural motifs ofePia

and ArgLi*(H,0) are nearly directly related. In contrast,
zwitterionic structure§ andl of ArgeLi*(H,O) are especially
stable relative to those structures of AXg". The metal ion in
structuress andl is coordinated to the N-terminal amino group
and an oxygen atom of the carboxylate group (NO coordinated),
whereas it is coordinated to both oxygen atoms of the carboxy-

W
(=}

N
o

o

'
-
(=)

Energy of x1 relative to A1 of ArgeLi*(H20)
)

0 10 20 30 40 late group (OO coordinated) in the remaining zwitterionic
Energy of x0 relative to A0 of ArgeLi* structures. This shows a strong ion-specific preference for one
Figure 6. The B3LYP/6-3%+G** energies (in kd/mol, including zero-  binding site (NO coordination for lithium) versus another (OO
point energies) of thel, x = A—J, structures of AreLi*(H20) plotted coordination for sodium) in zwitterionic arginine.
versus those of the correspondix@structures of AreLi*. These data for imil ificoi ff h b b d f Kkali
M = Na are presented in Supporting Information Figure 8. Similar specific-ion effects have been observed for alkali

metal-cationized glycine. The metal ion in the lowest-energy

o 30 structure of GlyLi ™ is NO-coordinated and nonzwitteriorfi.
;:ﬁ' »s The OO-coordinated, nonzwitterionic structure of &ly" is
par 45 kJ/mol higher in energy, but increasing metal ion size
<9 20 preferentially stabilizes this structure, and it is lowest in energy
k] for GlysM™, M = K, Rb, and C$2 The metal ion in the NO-
a5 coordinated structures of GIM™ and ArgM™ completes a five-
ﬁ 10 member ring; this ring structure becomes distorted and less
2 stable relative to the OO-coordinated structure with increasing
g 5 metal ion size for GlyM*.83 It appears that similar size
% constraints in the N-terminal amino group/oxygen atom binding
E 0 pocket of zwitterionic arginine drive the formation of an NO-
2 0 5 10 15 20 25 30 coordinated structure for Asgi*(H,0) and an OO-coordinated
& Energy of x0 relative to DO of ArgeNa* structure for ArgNat(H20).
Figure 7. The B3LYP/6-3%-+G** energies (in kJ/mol, including zero- Effects of Theoretical Approach. In order to evaluate the
point energies) of thail, x = A—J, structures of AreLi*(H;0) plotted effectiveness of the density functional (B3LYP) and basis set
versus those of the correspondir@ structures of ArgNa’. The plotted . ) .
line has a slope of unity. (6-31++G**), which have been used previously to describe a

variety of similar iong'6:18.22,24.26,31.38ddjitional calculations were

Effect of One Water Molecule on the Structure of performed on structure&l, D1, D1*, andG1 of ArgeLi*(H,0),
Lithiated Arginine. IRMPD spectra indicate that Asfi ™ is and these results are summarized in Table 3. Removing the
nonzwitterionic, whereas Asgji*(H,0) is zwitterionic. Com- diffuse functions (6-31G** and 6-3tG**) from the extended
paring the experimental and computational results for these two Pople basis set used in the majority of the calculations
ions reveals how solvation by just one water molecule drives (6-31++G**) has a very minor effect on the relative energies
the formation of the solution-phase, zwitterionic structure. If of these structures {14 kJ/mol). Relative B3LYP/6-31t+G-
the first water binding energy to each structural family were (2d,2p)//6-3%-+G(**) energies are also quite similar, suggesting
the same, then the relative energiexbfvould equal those of  that the relative B3LYP energies are reasonably well converged
x0. Figure 6 shows that these values are not well correlated even with the modest 6-31G** basis set. The Dunning correla-
and the addition of one water molecule preferentially stabilizes tion-consistent cc-pVDZ basis set, which includes polarizable
the zwitterionic forms of lithiated arginine by 282 kJ/mol functions, but no diffuse functions, preferentially favors non-
relative to the lowest-energy nonzwitterionic form. zwitterionic structureAl by ~10 kJ/mol relative to the

Interestingly, the correlation between the relative energies of zwitterionic structures. However, much of this difference is
the ArgNa® and ArgLi*(H,O) conformers is much better  mitigated when the triplé-contraction of this basis set is used
(Figure 7), suggesting that solvating Akg+ with one water (B3LYP/cc-pVTZ/Icc-pVDZ); the relative energies from these
molecule has a similar effect to substituting Na for Li in calculations are almost identical to those obtained with triple-
ArgeM*. Solvating a metal ion decreases all subsequent ligand quality Pople basis set (B3LYP/6-3t#+G(2d,2p)//6-33+G**).
binding energies. For example, the first four water binding  ysing more accurate treatments of electron correlation has a
energies to LT are roughly 140, 110, 90, and 70 kJ/mol, |arger effect on the relative energies of these structures. For
respectively, whereas those values for Na are roughly 95, 80, most of these calculations, diffuse basis set functions were not
65, and 55 kJ/mdi>"%2 To a very crude approximation, the  incuded, which has a minor effect on the relative B3LYP
second, third, and fourth water binding energies todrie close  energies. The “resolution-of-the-identity” (RI) approximation
of Mgller—Plesset second-order perturbation theory (MP2) has
been shown to be considerably more efficient than standard

(60) Rodgers, M. T.; Armentrout, P. B. Phys. Chem. A997 101, 1238-
1249

(61) Dzidic, |.; Kebarle, PJ. Phys. Cheml97Q 74, 1466-1474.
(62) Dalleska, N. F.; Tjelta, B. L.; Armentrout, P. B. Phys. Cheml994 98,
4191-4195. (63) Hoyau, S.; Ohanessian, Ghem—Eur. J. 1998 4, 1561-1569.
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MP2, yet only introduces small additional err§t$465Com- 0.0 —

pared to B3LYP/cc-pVDZ and relative to structidé, structure 02 ]

Al is preferentially stabilized by 17 kJ/mol at the RI-MP2/cc- -

pVDZ level of theory, whereas structuré&l* and G1 are Y 0.4

destabilized by 6 and 9 kJ/mol, respectively. Interestingly, 5_0_6_“

RIMP2/cc-pVDZ energy minimization of the B3LYP/6- § i

31++G** geometries stabilizes each of the structures by’6 S -0.8 ‘ .

kJ/mol, so that the relative RIMP2/cc-pVDZ and RIMP2/cc- % 4.0 “E:I :ﬁrg:ll::(zz(o))
pVDZ//B3LYP/6-3H+G** energies of the structures are I . v A:g.L:+EH§ o;;
essentially identical. These values are also very similar to those £-12 7] A ArgsNa*(H20)
obtained using MP2/cc-pVDZ//RIMP2/cc-pVDZ, indicating the 1.4 — E‘ T ArgeNa*(H20)2

RI approximation does not introduce significant errors compared s v W ArgNat(H20)3

to MP2 for these systems. Single-point calculations with a more '1~6_| T I" T
complete basis set (RIMP2/cc-pVTZ//cc-pVDZ) preferentially 0 10 20 30 40 50
favor the zwitterionic structures by10 kJ/mol relative to time (s)
RIMP2/cc-pVDZ. Figure 8. Blackbody infrared radiative dissociation kinetics at 240 K for

. . the loss of one water molecule from Atg™(H2O)—3 and ArgNa*(Hz0);—3.
Interestingly, the B3LYP results appear to be in better precyrsor identities are labeled on the figure.
agreement with the experimental results than those from the

- i i Table 4. Blackbody Infrared Radiative Dissociation Rate
.MP.2 b.ased meth.OdS.' T.he spectrum of Aig(H.0) is clearly Constants at 240 K for the Loss of One Water Molecule from
indicative of a zwitterionic structure, yet most of the MP2-based argem*(H,0),_s, M = Li and Na

results indicate that the nonzwitterionic forrAl() of this ion

is lowest in energy. MP2/6-311+G**//B3LYP/6-31+-+G** precusor denty e )M=Y el ) M=t
: : A ArgeM*(H,0) 0.0068+ 0.0002 0.016% 0.0004
predicts this correctly, although the lowest-energy zwitterionic ArgsM+(H>0) 0.0124% 0.0002 0.0741% 0.0004

and nonzwitterionic forms are very close in energy. The RIMP2/ ArgeM*(H,0)s 0.419-+ 0.004 0.40+ 0.01
cc-pVTZ/lcc-pVDZ results suggest that convergence with

respect to basis set size has not been achieved with the dpuble- ) o )

quality basis set and that the use of even larger basis sets ma&actor likely has only a minimal effect for these relatively small
further favor the zwitterionic forms of Awdi*(H,0). The lons under these conditiof$%8 Because the lithiated and
spectrum of ArgLi*(H;0) is arguably the most consistent with sodiated ions of a given have identical deg_rees of freedo_m
structureG1, yet this structure is calculated to be at least 9 kJ/ @nd should have similar blackbody absorption cross sections,
mol higher in energy thab1 for all of the MP2-based methods the differences in dissociation rates should primarily be due to
(+20 kd/mol for MP2/6-31%+G*//B3LYP/6-31+-+G**) differences in the dissociation energies for the loss of a water
whereas those structures are essentially isoenergetic in themolecule. o _ _

B3LYP calculations utilizing larger basis sets. This discrepancy '€ BIRD rates for the lithiated and sodiated ions thus
is greatest for MP2/6-3H+G**//B3LYP/6-31++G**, for provide some insights into the structures of these ionsner
which structureG1 is 20 kd/mol higher in energy thadl. These 1 and 2, the rate constants for the sodiated ions are significantly
results suggest that the B3LYP calculations provide reasonabledréater than those of the corresponding lithiated ions. This is
predictive insights into these systems, even with modest basisconsistent with both water molecules interacting with the metal
sets, whereas very large basis sets are required for the Mp2.ion, because water molecule binding energies to sodium ions
based methods to converge reasonably with experiment. It is2'€ smaller than those to lithium idfs®2 or with different water
difficult to assess the uncertainties in these calculations, but thes

goordination sites in the two ions. In contrast, the BIRD rates

results indicate that the uncertainty for values reported elsewhere©r the ions withn = 3 are almost indistinguishable. This
in the manuscript is almost certainly greater than 5 kJ/mol.  Suggests that the third water molecule does not play a significant

BIRD of ArgeM*(H,0);-3: Insights into the Structures role in solvating the metal ion for Ami™*(Hz0)s and ArgNar™-
of Larger Clusters. Blackbody infrared radiative dissociation (H20); and may be bound to the guanidinium side chain.
(BIRD) kinetics for the loss of one water molecule from Conclusions
ArgeM*(H20),, for M = Li and Na, andn = 1-3, were . N . .
mgasurc(adzat)rjmo K, and are shown in Figure 8 (rate constants Both experiment and theory indicate that the addition of just

! ’ a single water molecule has a profound effect on the structure

are reported in Table 4). Pressures less thar? Torr were

achieved prior to ion isolation, indicating that these data were of lithiated arginine. Hydration of the lithium ion changes its
-ved p ! emae 68 g that t binding properties and preferentially stabilizes the zwitterionic
g?ggrfgt'enstziZg;ngﬁsi]lger;jfiive g‘btg(')sr “trinol :] r;ﬁgsgrﬁgsionforms of this cluster by 2532 kJ/mol relative to the lowest-
P . - P energy nonzwitterionic structure. Zwitterionic structures of
rates, the threshold dissociation energy for the loss of the water

o . ArgeLit(H,0) are the lowest-energy forms and are observed
molecule, and the transition-state entropy, although this latter experimentally. These results show that solvation of a cluster

(64) Weigend, F.; Haser, M.; Patzelt, H.; Ahlrichs, Ghem. Phys. Letl.998 by even a single water mo'?(?Ule.Can COﬂVert th? m_ost favorak?le
294, 143-152. gas-phase structure of arginine into the zwitterionic form. This

(65) Distasio, R. A.; Steele, R. P.; Rhee, Y. M.; Shao, Y. H.; Head-Gordon, M. H i H i
3, Comput, Cheng007 28, 839- 856, suggests that detailed information about the effects of explicit

(66) Dunbar, R. C.; McMahon, T. BSciencel998 279, 194-197. solvation on biomolecular structure can be obtained by studying

(67) Price, W. D.; Williams, E. RJ. Phys. Chem. A997 101, 8844-8852. ; ; i ;

(68) Price. W. D.; Schnier, P. D.; Williams, E. B. Phys. Chem. B997 101, hydrated ions in the gas phase. Such studies may provide
664—673. particularly relevant insights into the structures of biomolecules
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in low-dielectric environments, such as the interiors of proteins since the effects of counterions and solvation can be explicitly
or cell membranes. controlled by varying the composition of the cluster.

The data are most consistent with the singly hydrated lithiated
and sodiated ions forming different zwitterionic structures. The ~ Acknowledgment. Generous financial support was provided
metal ion in ArgLi*+(H,0) is coordinated with the N-terminal by the National Science Foundation (Grants CHE-0718790
amino group, an oxygen atom of the carboxylate group, and (E.R.W.) and CHE-0404571 (R.J.S.)). We thank Professor Alan
the oxygen atom of the water molecule (NO coordinated), G- Marshall and Dr. Gregory T. Blakney (National High
whereas that in ArdNa*(H,0) is coordinated with both oxygen Magnetic Field Laboratory) for the loan of, assistance with, and
atoms of the carboxylate group and the oxygen atom of the Support for a modular FT/ICR data acquisition system (MIDAS)
water molecule (OO coordinated). Differences in metal ion size Used in these studies. M.F.B. thanks Prof. Martin P. Head-
strongly affect the relative propensity for these ions to form Gordon for useful discussions.
NO- and OO-coordinated structures and result in different
zwitterionic structures for the lithiated and sodiated ions. These
results show that gas-phase clusters are excellent systems fo
studying specific-ion effects, such as Hofmeister series effécts,

Supporting Information Available: Cartesian coordinates for
Il structures, Supporting Information Figures-8, and full
citation for reference 54. This material is available free of charge
via the Internet at http://pubs.acs.org.

(69) Kunz, W.; Lo Nostro, P.; Ninham, B. WCurr. Opin. Colloid Interface
Sci. 2004 9, 1-18. JA073796B

J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007 13553



