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Abstract: The structures of valine (Val) and methylaminoisobutyric acid (Maiba) bound to a sodium ion,
both with and without a water molecule, are investigated using both theory and experiment. Calculations
indicate that, without water, sodiated Val forms a charge-solvated structure in which the sodium ion
coordinates to the nitrogen and the carbonyl oxygen (NO-coordination), whereas Maiba forms a salt-bridge
structure in which the sodium ion coordinates to both carboxylate oxygens (OO-coordination). The addition
of a single water molecule does not significantly affect the relative energies or structures of the charge-
solvated and salt-bridge forms of either cluster, although in Maiba the mode of sodium ion binding is changed
slightly by the water molecule. The preference of Maiba to adopt a zwitterionic form in these complexes is
consistent with its higher proton affinity. Experimentally, the rates of water evaporation from clusters of
Val-Na*(H,0) and Maiba-Na*(H,O) are measured using blackbody infrared radiative dissociation (BIRD).
The dissociation rates from the Val and Maiba complexes are compared to water evaporation rates from
model complexes of known structure over a wide range of temperatures. Master equation modeling of the
BIRD kinetic data yields a threshold dissociation energy for the loss of water from sodiated valine of 15.9
+ 0.2 kcal/mol and an energy of 15.1 4 0.3 kcal/mol for the loss of water from sodiated Maiba. The threshold
dissociation energy of water for Val-Na*(H,O) is the same as that for the charge-solvated model isomers,
while the salt-bridge model complex has the same water threshold dissociation energy as Maiba-Na*(H,0).
These results indicate that the threshold dissociation energy for loss of a water molecule from these salt-
bridge complexes is ~1 kcal/mol less than that for loss of water from the charge-solvated complexes.

Introduction minimum on the potential energy surface, but the zwitterion is
. . . still ~12 kcal/mol higher in energy than the nonzwitterfon.
The structure of a molecule in water is determined by a theory suggests that three water molecules can make the two
delicate balance between the intramolecular interactions and thegms of glycine nearly degenerate in enetgdther calculations
intermolecular interactions between the molecule and the jqgicate that the nonzwitterion form of aspartic acid with three
surrounding solvent. Solvent can have a significant effect on \yater molecules is most staleThe calculated vibrational
molecular structure. For example, amino acids exist as zwitter- spectrum of zwitterionic alanine with four water molecules is
ions in aqueous solution over a large pH range, but in the gassjmilar to the measured vibrational spectrum of alanine in
phase, the nonzwitterion form of amino acids is energetically go|ytion, but different than isolated alanihe.
favor.ed. The structural differepce between amino acidg iN There are only a few experimental studies on the role of water
solution and the gas phase is due to water preferentially on the formation of amino acid zwitterions. Blackbody infrared
stabilizing the zwitterionic form. Gas-phase studies can provide radiative dissociaticn(BIRD) experiments indicate that lithiated
information about the intrinsic structure of a molecule in the valine with one and two water molecules adopts a unique gas-
absence of bulk solvent. In principle, it should be possible to phase structure in which valine is nonzwitterionic, but the
obtain a detailed understanding of how water interacts with and gddition of a third water molecule changes valine into a

influences the structure of molecules, such as amino acids, byzwitterion®-8 The structures of complexes consisting of valine,

studying hydrated gas-phase ions.
The intrinsic structure of glycine, the smallest and most simple 53336‘3'35'2%6;292'3‘2'9” Evieth, E.; Akacem JYMol. Struct. (THEOCHEM)

amino acid, has been the subject of many theoretical investiga- (%) f(egi%hJé Fé.; gpr,a%r;{raM.PS. éwﬂ.ofg?pbfoggg% (131H7E 31509&858.
tions. At the thermodynamically calibrated BAC/MP4/6-31G**/ S 259_242_ T + P. G- Mol. Struct. ( P '

6-31G* level of theory, the nonzwitterion form of glycine is ~ (4) Tajkhorshid, E.; Jalkanen, K. J.; Suhai, J5.Phys. Chem. 899§ 102,

. o ) 5899-5913.
22 £+ 2 kcal/mol lower in energy than the zwitterion form in  (5) Price, W. D.; Schnier, P. D.; Williams, E. Rnal. Chem1996 68, 859—
the gas phaskTheoretical calf:ula_tlops indicate that_two water (6) Jockusch, R. A.: Lemoff, A. S.: Williams, E. R. Am. Chem. So@001
molecules can make the zwitterionic form of glycine a local 123 12255-12265.
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a single water molecule, and either Nar K* have also been
investigated. It was found that valine remains nonzwitterionic

arginine form salt-bridge structures in which one of the arginines
is protonated and the other is a zwitterf8rThe stability of

and that a single water molecule does not significantly affect gas-phase ionic complexes of arginine molecules has been
the structure or energetics of these complexes. Pioneeringattributed to cyclic arrays of the zwitterion forthThe lowest-
spectroscopic experiments by Peteanu and Levy on tryptephan energy forms of both the neutral gas-phase dimer and the trimer
water clusters generated in a free jet expansion showed that theof arginine are structures in which all of the arginines are
favored binding site for water is to the amine group of the zwitterionic2® Thus, a net charge is not necessary to stabilize
tryptophan side chaifiResults from ultraviolet hole burn and  the higher order clusters of arginine. Zwitterion structfrés
infrared ion dip spectroscopy experiments of tryptophan with have also been proposed for the unusually stable serine

from one to three water molecules suggest that tryptophan with octameric clusters that have been observed in the gas ghése.

three water molecules could be zwitterionic, consistent with
calculations which indicate that the zwitterion and nonzwitterion

The magnitude of the charge also plays a large role in
zwitterion stability. Glycine and alanine complexed with*Cu

forms of tryptophan with three water molecules are comparable are nonzwitterionic, whereas they are zwitterionic when copper

in energy!® A recent resonant two-photon ionization study of

is divalent?®30Similarly, the zwitterionic form of glycine when

phenylalanine and its monohydrate indicates that a single waterbound to the divalent alkaline earth metal ions 2gC&™,
molecule hydrogen bonds to the hydroxyl group and does not S, and B&" is 5—12 kcal/mol lower in energy than the

induce significant structural changk.
The zwitterion form of gas-phase amino acids can be

nonzwitterionic conforme#! The size of the attached metal also
influences the relative stability of the zwitterion and non-

stabilized by the presence of a nearby charge. Calculations showzwitterion forms. For the smaller alkali metal cations *(Li
that attachment of an electron to glycine in the gas phaseNa’),'*"** Ag",* and for the smallest alkaline earth cation
decreases the energy of the zwitterionic structure from 20 to 9 B€",* nonzwitterionic glycine forms a NO-coordinated charge-

kcal/mol above the nonzwitterionic conform@iSimilarly, the

relative energy of the zwitterion form of arginine solvated by
an excess electron is lowered by6 kcal/mol, making it

comparable in energy to the electron solvated nonzwitterion
form 13 Positive charges can also stabilize the zwitterionic form
of amino acids. Amino acids readily interact with metal ions
forming either charge-solvated structures in which the amino
acids is nonzwitterionic or salt-bridge structures in which the
amino acid is zwitterionic. The metal ion in the charge-solvated
structures of glycine, for example, can interact with the nitrogen
of the amine and the carbonyl oxygen (NO-coordination), or
with both oxygens of the carboxylic acid group (OO-coordina-

solvated structure, while the larger alkali metal ions form OO-
coordinated charge-solvated structufeBor arginine bound to
alkali metal ions, both experiment and theory indicate that the
structure of arginine changes from nonzwitterionic to zwitter-
ionic with increasing metal ion siZ8 A similar conclusion has
been recently reported for arginine and lysine based on relative
metal ion binding affinities of the amino acid and its corre-
sponding methyl estéf:3> The unusual dissociation behavior
of potassiated arginine and cesiated arginine and lysine was
attributed to these clusters containing the zwitterion form of
the amino acid® lon mobility experiments of cationized arginine
were inconclusive due to indistinguishable collisional cross

tion). Calculations show that an attached alkali metal cation can sections for the charge-solvated and salt-bridge forms of this

lower the relative energy of the salt-bridge structure of glycine
to only 1—4 kcal/mol higher than the charge-solvated struc-
ture1418 This is presumably due to the larger dipole moment
typically associated with the zwitterion form of the amino acid.
lon mobility experiments of sodiated and cesiated glycine
indicate a charge-solvated structéfeArginine is not a zwit-
terion by itself in the gas phad&;2® but protonated dimers of

(7) Jockusch, R. A.; Lemoff, A. S.; Williams, E. R. Phys. Chem. 2001,
105 10929-10942.
(8) Lemoff, A. S.; Williams, E. R., in preparation.
(9) Peteanu, L. A.; Levy, D. HJ. Phys. Chem1988 92, 6554-6561.
(10) sSnoek, L. C.; Kroemer, R. T.; Simons, J. Fhys. Chem. Chem. Phys.
2002 4, 2130-2139.
(11) Lee, K. T.; Sung, J.; Lee, K. J,; Kim, S. K.; Park, Y. D.Chem. Phys.
2002 116, 8251-8254.
(12) Gutowski, M.; Skurski, P.; Simons,J.Am. Chem. So200Q 122 10159~
10162.
(13) Skurski, P.; Rak, J.; Simons, J.; Gutowski, 3.Am. Chem. So2001,
123 11073-11074.
(14) Wyttenbach, T.; Witt, M.; Bowers, M. Tint. J. Mass Spectronil999
183 243-252.
(15) Hoyau, S.; Pelicier, J. P.; Rogalewicz, F.; Hoppilliard, Y.; Ohanessian, G.
Eur. J. Mass Spectron2001, 7, 303—311.
(16) Wyttenbach, T.; Witt, M.; Bowers, M. T1. Am. Chem. So200Q 122
3458-3464.
(17) Hoyau, S.; Ohanessian, Ghem.-Eur. J1998 4, 1561-15609.
(18) Jensen, RJ. Am. Chem. Sod.992 114, 9533-9537.
(19) Rak, J.; Skurski, P.; Simons, J.; Gutowski, 3.Am. Chem. So@001,
123 11695-11707.
(20) Chapo, C. J.; Paul, J. B.; Provencal, R. A.; Roth, K.; Saykally, R.Am.
Chem. Soc1998 120, 12956-12957.
(21) Maksic, Z. B.; Kovacevic, BJ. Chem. Soc., Perkin Trans1899 2623—
2629

(22) Pricé, W. D.; Jockusch, R. A.; Williams, E. B. Am. Chem. S0d.997,
119 11988-11989.

ion.1#4 Calculations on a related molecule, sodia&dmidino-
glycine, indicate that the salt-bridge form is more stable, but
the ion mobility results were more consistent with the charge-
solvated form*

The acidity of the proton-donating group and the basicity of
the proton-accepting group of an amino acid also play a role in
stabilizing the amino acid zwitterion. The guanidino side chain
of arginine is significantly more basic than the amino group of
glycine. The zwitterionic structure of neutral arginine is only
2.8 kcal/mol higher in energy than the nonzwitterion {v20
kcal/mol for glycine)?325Cavity ring down experiments show

(23) Skurski, P.; Gutowski, M.; Barrios, R.; SimonsChem. Phys. Let2001,

337, 143-150.

(24) Julian, R. R.; Hodyss, R.; Beauchamp, JJLAm. Chem. So@001, 123
3577-3583.

(25) Julian, R. R.; Beauchamp, J. L.; Goddard, W.JAPhys. Chem. 2002
106, 32—34.

(26) Julian, R. R.; Hodyss, R.; Kinnear, B.; Jarrold, M. F.; Beauchamp, J. L.
Phys. Chem. R002 106, 1219-1228.

(27) Schalley, C. A.; Weis, Ant. J. Mass Spectron2002 221, 9—19.

(28) Cooks, R. G.; Zhang, D. X.; Koch, K. J.; Gozzo, F. C.; Eberlin, M. N.

Anal. Chem2001, 73, 3646-3655.

(29) Bertran, J.; Rodriguez-Santiago, L.; Sodupe,JMPhys. Chem. B999

103 2310-2317.

Marino, T. R., N.; Toscano, Ml. Mass Spectron2002 37, 786-791.

)
8)
)
0)
1) Strittmatter, E. F.; Lemoff, A. S.; Williams, E. R. Phys. Chem. 2000
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)
)
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(32

104, 9793-9796.

Shoeib, T.; Siu, K. W. M.; Hopkinson, A. Q. Phys. Chem. 002 106,

6121-6128.

(33) Jockusch, R. A.; Price, W. D.; Williams, E. B. Phys. Chem. A999
103 9266-9274.

4) Cerda, B. A.; Wesdemiotis, @nalyst200Q 125 657—660.

5) Talley, J. M.; Cerda, B. A.; Ohanessian, G.; Wesdemioti€i@&m.-Eur.
J. 2002 8, 1377-1388.
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no evidence for the presence of the arginine zwitteffon, the structure of valine into a zwitterion for M Li. For M =
although uncharged dimers of arginine are thought to exist asNa, the kinetic data indicate that the structure of the valine
zwitterion pairs?® complex changes upon the addition of two water molecules,
Strittmatter et al. investigated the role of gas-phase basicity but we were unable to determine if Val became zwitterionic.
on salt-bridge formation of protonated trimers consisting of two The structures of VaK*(H,0) were too similar to differentiate
identical basic molecules and trifluoroacetic a®id.he bases with our experiment. Here, we measure the threshold dissocia-
have gas-phase basicities ranging from 246 to 254 kcal/mol. tion energy of water bound to sodiated valine and four structural
On the basis of the dissociation pathways and energetics, theisomers. In contrast to earlier predictions based on proton
authors concluded that the protonated trimers consisting of theaffinities® we show that sodiated valine with one water
most basic bases have salt-bridge structures in which both basesolecule attached forms a charge-solvated structure. We also
are protonated and the trifluoroacetic acid is deprotonated. In show that sodiated methylaminoisobutyric acid (Maiba) with
contrast, the protonated trimers consisting of the least basic basesne water molecule attached forms a salt-bridge structure. The
form charge-solvated structures. A subsequent computationaldifference in the relative zwitterionic stabilities between Val
study of uncharged dimers of trifluoroacetic acid and each of and Maiba is comparable to the 7.4 kcal/mol difference in proton
these basic molecules indicated that the structure of the dimeraffinities.
changes from a neutral pair to an ion pair as the proton affinity
of the base increasés,n agreement with the experimental ExPerimental Methods
results on the protonated trime¥s. Chemicals. Valine (Val) and methylaminoisobutyric acid (Maiba)
Bowers and co-workers investigated the relationship betweenere obtained from Sigma Chemical Co. (Saint Louis, MO). The
the proton affinity and the structure of a group of amino acids monohydrate of betaine (Bet) and the hydrochloride salts of alanine
and amino acid analogué%.They suggested that there is a ethyl ester (AlaOEt) and sarcosine ethyl ester (SarOEt) were obtained
“fairly linear relationship” between the proton affinity and the from Aldrich Chemical Co. (Milwaukee, WI). Sodium hydroxide was
relative stability of the zwitterionic structure. This model predicts Purchased from Fisher Scientific (Fair Lawn, NJ). All chemicals were
that sodiated amino acids with proton affinities greater than 217 used without fur_ther p_urificatio_n. Ele_ctrospray solutions were mad_e to
kcal/mol exist as zwitterions in their most stable form, although -0 MM AA (amino acid or amino acid analogue) and 2.0 mM sodium
other factors that influence the energy of charge-solvation hydroxide using deionized _Water_' ) .
structures also play a role. For example, the proton affinities of Mass Spectrometry.All dissociation experiments were performed

. . on a home-built Fourier transform mass spectrometer with a 2.7 T
Glyg and Glyip are~25 and~30 kcal/mol, respectively, higher - un P w

. . superconducting electromagnet. lons are formed by nanoelectrospray
8
than that of glycine itseff® Yet both experiment (for Gly n ionization using 0.78 mm inner diameter borosilicate capillaries that

= 1-6)*and theory it = 4, 5, 7, 10f® indicate that these ions e pulled to a tip diameter of between 3 andrb using a Flaming
do not form zwitterions in the gas phase. The charge-solvated grown micropipet puller (Sutter Instruments model P-87, Novato, CA).
structures are significantly stabilized by the interactions with A platinum wire inserted down the center of the other end of the
many polarizable groups in the larger peptides. For proline, capillary is used as an electrode and is held at a potentiallokV.
which has a proton affinity of 220 kcal/mol, Mer—Plesset The tip of the nanospray capillary is placed approximately 1 mm from
calculations at the MP2/6-3#1G(2d,2p) level of theory have the electrospray interface. Electrospray generated ions are accumulated
shown that the salt-bridge structure of the profiagkali metal in the ion cell for a period of 35 s, after which time a mechanical
ion complex is 47 kcal/mol more stable than the charge- shutFer is closgd to stop additional ions from enteringsthe cell. Nitrogen
solvated structure for all alkali metal ioA%Proline is unusual gas 1S pulsed nto the on cell at a pr.eslsurevdfx. 107 Torr d”r".‘g .

. S . the ion accumulation period to assist in ion trapping and thermalization.
among the amino acids in that the proton-accepting group at

. . . o _" After a 2 sdelay, the base pressure in the vacuum chamber returns to
the N-terminal end is a secondary amine, which is more basic <3 , 10-¢ Torr. Unwanted ions are ejected from the cell using a series

than a primary amine. In addition, the ring structure of proline f stored waveform inverse Fourier transform (SWIFT) and chirp
reduces the ability of the amino acid to solvate the ion in the excitation waveforms. The hydrated ion cluster of interest is then
charge-solvated forf. While the calculations of Bowers and  allowed to undergo unimolecular dissociation for times ranging from
co-workers suggest that the salt-bridge form of sodiated valine 0 to 300 s. Following the variable reaction delay, the product ions are
should be marginally more stable than the charge-solvated formexcited for detection using a frequency sweep with a rate of 2200 Hz/
based on the proton affinity of valine (217.6 kcal/m®l),  #S- A detection bandwidth of 4000 kHz is used. Data are acquired using

dissociation experiments with sodiated clusters of valine and " Odyssey data system (Finnigan MAT, Bremen, Germany). Dis-
valine methyl ester indicate a charge-solvated 8tm sociation kinetics are obtained by measuring the abundance of the parent

. . . . and daughter ions as a function of reaction time.
Previously, the effect of hydration and metal ion size on the ) ) . .
T . For experiments involving a heated cell, the temperature of the entire
structure of ValM*(H,0),, where M= Li, Na, K andn = A ; X " X
1-6 died b . he di iation kinetics for th vacuum chamber is raised by using electrically resistive heating blankets
» Was studied by measuring the dissociation kinetics for the located on the outside of the chamber. For experiments below ambient

loss of a water molecufe? On the basis of the kinetic data, we  emperature, the copper jacket surrounding the cell is cooled to a
concluded that the addition of three water molecules changesyniform temperature. This is done by regulating the opening and
shutting of a solenoid that controls the flow of liquid nitrogen around
(36) 1562“%32“7‘9;1%2% Wong, R. L.; Williams, E. R. Phys. Chem. 2000 the outside of the copper jacket. Prior to all experiments, the temperature
(37) Strittmatter, E. F.; Williams, E. Rat. J. Mass Spectron2001, 212, 287— is allowed to equilibrate overnight=@ h) to ensure that the ions are
exposed to a steady-state radiative energy distribution from infrared
photons emitted from the walls of the copper jacket and vacuum

(38) Striftmatter, E. F.; Williams, E. Rnt. J. Mass Spectroni999 187, 935~
948

(39) Wyftenbach, T.; Bushnell, J. E.; Bowers, M.J.Am. Chem. S0d.998 chamber.
“0) 181%;89%_5&83“”30” A. C.: Siu, K. W. M. Phys. Chem. R001, 105 Although the copper jacket is at a known temperature, there are holes
12399-124009. in the jacket that make possible the introduction of sample and electrical
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connections into the ion cell. These openings allow radiation from other Scheme 1
parts of the vacuum chamber to enter the ion cell and interact with the Nonzwitterion Zwitterion
ions. The electrical connections conduct heat to the ion cell inside the
copper jacket. For these reasons, the internal energy distribution of the
ions is not well characterized when the copper jacket is at a significantly
lower temperature than the vacuum chamber. For the temperature range CH(CHg)2 CH(CHg),
used in this experiment, the temperature that the ions experience inside

Valine

I Il -
HoN—CH—C—OH HaN*-CH—C—0

the cell has been accurately calibrated to the temperature of the copper ? Maiba + T

jacket. The procedure by which this is done and the accuracy of BIRD (CH3)HN_C|:_C_OH — (CHg)HN—C—C—0

data at reduced temperatures are reported elsewhere. (CHg)o (|CH a2
Computational Details. Lowest-energy structures of ANa* and AlaOEt

AA-Na"(H,0), AA = Val, AlaOEt, Bet, have been previously reporfed.

Possible low-energy structures of Maiba and SarOEt are determined H2N—CH—("3—OCHZCH3 Bet

by using a combination of conformational searching and chemical

intuition. Structures of AANa" and AA-Na'(H;O) clusters were CHg (CHs)SNLCHg—g—O_

generated using Monte Carlo conformation searching with the MMFF94 SarOEt

force field using Macromodel 7.1 (Schrodinger, Inc., Portland, OR). 0
For the initial seargh, no constraints were placed on the rr?olecu.les, (CH3)HN—CH2—&|)—OCH20H3
and 5000 conformations were generated with a Monte Carlo simulation.
All of the lowest-energy structures within 5 kcal/mol of the lowest-
energy conformer were identified in the first 1000 iterations; no
additional lowest-energy structures were found subsequently, indicating
that the majority of lowest-energy structures obtainable from these
molecular mechanics calculations were identified. For Maiba, the Results and Discussion
lowest-energy structure was found 276 times. Starting structures for
higher-level calculations were chosen from this group of structures. In ~ The structures of complexes of sodiated methylaminoiso-
several instances, additional structures which were more than 5 kcal/butyric acid (Maiba) and valine (Val) with one water molecule
mol less stable than the lowest-energy structure were also chosen. Inwere investigated using both BIRD experiments and theory. In
no instance were these additional higher energy structures found to bethese experiments, structural information, that is, zwitterion
the most stable structure at higher levels of theory. versus nonzwitterion, is deduced by comparing kinetic data for
After lowest-energy structures were identified from the mechanics |gss of the water molecule from the ion of interest measured
calculations, hybrlq method density functional calc_ulatlons (B3LYP) over a wide temperature range to that for model compounds of
were performed using Jaguar v. 4.0 and 4.1 (Schrodinger, Inc., Portland,known structure. Maiba, Val, and the compounds that are models

OR) with increasingly large basis sets. The basis sets used were 6-31G* L L
full optimization, 6-33G* full optimization, 6-313+G** single-point for the zwitterionic and nonzwitterionic forms of these com-

energy calculation at the 6-35G*-optimized geometry, and 6-31+G** plelxes.art.a all isomers. Betaine (Bet) is used.as a m.odel of the
full optimization. zwitterionic forms of both Val and Maiba, while alanine ethyl

In the BIRD experiments, the measured dissociation rate depends€ster (AlaOEt) and sarcosine ethyl ester (SarOEt) are models
on the rates of radiative absorption and emission, the transition stateof the nonzwitterionic forms of Val and Maiba, respectively.
entropy of the dissociation, and the binding energy of the water to the SarOEt models the amino methyl group in nonzwitterionic
ion. We can numerically simulate the experiment by modeling these Maiba, and AlaOEt models the primary amine in the non-

processes using a master equation formalism. This is discussed in detaibyitterion form of Val. The structures of these molecules are
elsewheré? Briefly, radiative rates are obtained by combining Einstein - shown in Scheme 1.

coefficients determined from calcula_ted absorption spectra for the For SarOEt, AlaOEt, and Bet to be good model compounds
clusters and a blackbody energy field at the temperature of the

. ) L ) . .~ for nonzwitterionic and zwitterionic Val and Maiba, the mode
experiment. Dissociation processes are included in the model by using . o
microcanonical dissociation rate constants calculated with RRKM of metal ion and water b'”d'”g n th_e model complex should
theory. Typically, the transition state entropy of the dissociation is not € the same as that of the amino acid complex. We have done
known, so we model a range of transition state entropies which results @ substantial amount of modeling which indicates that this is
in a range of dissociation rate constants. The binding energy used toindeed the case, as will be discussed later. In these experiments,
calculate the RRKM rate constants is also varied in the model. Modeling complexes are activated by absorption of infrared photons that
was done for each of the isomers assuming both a “neutral” and a are emitted by the walls of the temperature controlled jacket
“loose” transition state (Arrhenius preexponentials ofHhd 107 s™4, surrounding the ion cell and by the ion cell plates. The
respectively). Dissociation of yv_ater from these _clusters should go dissociation rates of these complexes depend strongly on the
through a relatively loose tranS|_t|on state, but a Wld(_ar_ range was u_s_edinfrared absorption rates as well as the binding energy of water
to better assess the.ef.reCt. of this parameter. In addition, the ransition;, e complex. If these isomeric complexes have identical water
dipole moment multiplication factor was varied between 1.0 and 1.6 . . . . N
to better determine the range of threshold dissociation energies and toblndlng energies, then the phOj[Oﬂ a.bs_orptlon rate is directly
better model the experimental results. _related to the measur(_ad water dlssomgtlon rate; a 10% deprease
The proton affinity of Maiba was determined at the B3LYP/6- N the photon absorption rate results in a 10% decrease in the
31+G*//B3LYP/6-311-+G* level of theory by subtracting the en-  Water dissociation rattThe calculated absorption spectra of
thalpies at 23C of Maiba and H from MaibaH". Enthalpies of Maiba ~ BetLiT(H,0), AlaOEtLi*(H,O), and both zwitterionic and
and MaibaH were determined by summing the total molecular charge-solvated Veli*(H,O) are qualitatively simila?,which
— . suggests that the sodiated AA clusters investigated here ought
EZ‘%% \lévr%negvs E'.;; Fé?:%%?eF 'ISY\IIDII.I;:WﬁiaEﬁE] E.Javpaﬁis.sﬂi‘ié?ﬁﬁgg;?ggef- to have similar photon absorption rates as well. Complexes with
664-673. similar modes of water and metal ion binding should have

energies, zero-point energies, and the enthalpy contribution from
rotation, translation, and vibration at 26. The proton enthalpy is the
sum of translational energy of the proton at 25 and RT.

J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003 13579
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0.0+
-0.5-

i SarOEt
= 101 AlaOEt
! Val

-1.57
Bet
T T T T T T IMaiba
0 50 100 150 200 250 300
time (s)
Figure 1. BIRD kinetics for the loss of a water molecule from AA

Na*(H20) clusters afl = —5 °C. The identity of the AA is labeled in the
figure.

Table 1. Values of the Zero-Pressure Limit Dissociation Rate
Constants for the Loss of a Single Water Molecule from
AA-Na*(H20) Measured by BIRD at T= —5 and 36 °C

AA rate (s71), =5 °C rate (s7%), 36 °C
valine 0.0036+ 0.0001 0.049t 0.001
sarcosine ethyl ester 0.00300.0001 0.044+ 0.001
alanine ethyl ester 0.003# 0.0001 0.045t 0.002
Maiba 0.00618t 0.00004 0.068t 0.002
betaine 0.00586: 0.00004 0.05% 0.002

similar transition state entropiea$’). We do not explicitly

-2

-3

In k

4

-5 Maiba
Bet
Val
AlaQEt
SarOEt

3.2 34 3.6x10°

1T (K1)
Figure 2. Arrhenius plot for the loss of a water molecule from AA
Na*(H20). The data are fit between5 and 42°C for AA = AlaOEt and
Val, and between-5 and 43°C for AA = Maiba, SarOEt, and Bet.

3.0

and AlaOEt are similar, differing by16% at—5 °C and by
~10% at 36°C, respectively. Rate constants for Maiba and Bet
are also similar at both temperatures, differing by 6.3% and
12.9% at—5 and 36°C, respectively. In contrast, the rate
constants measured for Val, SarOEt, and AlaOEt differ signifi-
cantly from those measured for Maiba and Bet at both
temperatures. The average value measured for Val, AlaOEt, and

model dissociation transition states for these complexes, bUtSarOEt differs from the average value measured for Maiba and

rather model a very wide range of transition state entropies for
the water dissociation process with the Arrherdufactors of

103 (neutral transition state) and ¥~ (loose transition state).
This range is significantly larger than that expected for the
complexes. Our model isomers should have similar methods of

Val by 84% and 39% at-5 and 36°C, respectively. These
results suggest a different water interaction in Val, AlaOEt, and
SarOEt versus Maiba and Bet.

Arrhenius Plots. From the zero-pressure limit rate constants
measured as a function of temperature, Arrhenius plots for the

water binding as do Val and Maiba, and thus the transition states yissqciation of water from the five sodiated AAs can be obtained

should be similar between all of the complexes studied here.

(Figure 2). The data are fit between5 and 42°C for the

Therefore, any differences between the transition state entropiesy|;0gt and Val complexes, and betwees and 43°C for the

(AS’) and between photon absorption rates for the complexes et \Maiba, and SarOEt complexes. Correlation coefficients for

should be minimal and should not significantly affect the rates yhege Arrhenius plots over the range of temperatures selected
of water dissociation. Instead, differences between the dissocia-; o >0 9995 The Arrhenius plots for Valat(H,0), AlaOEt

tion rates of water for the complexes are primarily due to
differences in the water binding energy.

Water Dissociation Kinetics.Zero-pressure limit BIRD rate
constants for the evaporation of a single water molecule from
AA-Na'(H,0), AA = Maiba, Bet, and SarOEt, were measured
at cell temperatures betweerb and 78°C and between-5
and 61°C for AA = Val and AlaOEt. Previous experiments
have shown that the zero-pressure limit for ions of this type is
reached at pressures in the low to miet LO~8 Torr range*344
The dissociation occurs at pressures below 11078 Torr,
consistent with energy transfer to the ions determined only by
rates of blackbody photon absorption and emission. Rate
constants were determined from the slope §fAA -Na*(H,0)l/

([AA -Na(Hx0)] + [AA-Na']} versus time. An example of
the kinetic data, measuredab °C, is shown in Figure 1. All
of the data can be fit well by straight lines with correlation
coefficients>0.998, indicating first-order kinetics.

Dissociation rate constants for the loss of water from all five
complexes are given in Table 1 féor= —5 and 36°C. At both
temperatures, the dissociation rate constants for Val, SarOEt,

Nat(H20), and SarOENa'(H,0) are very similar, and those
for Bet:Na"(H,O) and MaibaNa"(H,O) are also quite similar.
The data are not fit over the entire temperature range due to
curvature in the Arrhenius data at high temperatures. This
curvature can be due either to rapid dissociation of water from
the ion clusters which results in a shift in the internal energy of
the ions to lower values with increasing temperattteor to

the presence of two or more structufés.

To determine the extent of curvature expected in the zero-
pressure Arrhenius plot for a single structure, master equation
modeling was performed to calculate rate constants for Maiba
and Val over the entire experimental temperature range using
water threshold dissociation energies of 15.2 and 15.9 kcal/
mol, respectively. These values are obtained from master
equation modeling of just the kinetic data at lower temperatures
(—5 to 42°C) where the Arrhenius data are linear. The results
of this modeling are shown in Figure 3. The modeling clearly
indicates that there is significant curvature at the higher

temperatures even though only a single structure is used in the

(43) Thdmann, D.; Tonner, D. S.; McMahon, T. B. Phys. Chem1994 98,
2002-2004.

(44) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, EJRAm. Chem.
S0c.1996 118 7178-7189.
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(45) Price, W. D.; Schnier, P. D.; Jockusch, R. A,; Strittmatter, E. F.; Williams,
E. R.J. Am. Chem. S0d.996 118 10640-10644.

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

(47) Rodriguez-Cruz, S. E.; Jockusch, R. A.; Williams, E.JRAm. Chem.
Soc.1999 121, 1986-1987.
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Figure 3. Master equation modeling of dissociation rate constants of water
from Val-Na*(H,O) and MaibaNa*(H,O). The solid lines represent the

fit to the low-temperature kinetic data-6 to 42 °C). The short dashed
lines represent an extrapolation of the best fit line to higher temperature.

Table 2. Values for the Zero-Pressure Limit Activation Energies
(Ea) and the Log of the Arrhenius Prefactor (log A) for the Loss of
a Single Water Molecule from AA-Na*(H.O) Measured by BIRD
over the Linear Region of the Arrhenius Plots (=5 to 43 °C)

AA E, (kcal/mol) log A
valine 10.4+ 0.2 6.0+ 0.1
sarcosine ethyl ester 10#40.2 5.9+ 0.2
alanine ethyl ester 1046 0.2 6.1+ 0.2
Maiba 9.5+ 0.2 5.4+ 0.2
betaine 9.0 0.2 5.2+ 0.2

E, values for MaibaNa™(H,O) and BetNa™(H,0) are~9 kcal/
mol, and the logA values are similar.

The Arrhenius data clearly suggest a similar water binding
interaction in VaiNa"(H,0), AlaOEtNa*(H,0), and SarOEt
Na*(H20), which is different from the water binding interaction

The long dashed lines represent the results from master equation modelingn MaibaNa"(H,0) and BetNa*(H20).

usingEp = 15.9 and 15.2 kcal/mol for AA= Val and Maiba, respectively.

Lowest-Energy Structures. A computational investigation
of all of the complexes was performed to determine if our model

modeling. This high-temperature deviation is due to the internal iSomers have modes of water and metal ion binding similar to

energy of the ion popu|ati0n Sh|ft|ng even further from a true those of Maiba and Va', and to obtain parameters for the master
Boltzmann distribution which is a result of the rapid dissociation €duation modeling used to obtain threshold dissociation energies.
of the higher energy population. This phenomenon is describedFigure 4 shows some of the stable structures and their relative

in detail elsewheré® The experimental data have slightly more

energies for VaNa™ and MaibaNa". Only one reasonable

curvature than the modeling indicates. The modeling takes into family of structures for zwitterionic VaNa* and MaibaNa*
account about 70% of the curvature. The remaining discrepancywas found. A family is defined as a group of structures that
could be due to the presence of a small fraction of another have the same metal iehA interactions and differ only by
structure appearing at higher temperature or to some errors infotations around €C bonds.

the modeling.

The lowest-energy structures for the charge-solvated and salt-

The measured zero-pressure Arrhenius activation energies pridge forms of MaibeNa™, Val-Na*, and the structural isomers

E. and preexponential factor#), obtained from the linear
regions of the Arrhenius plots (Figure 2) are given in Table 2.
The E, values for VaiNa'(H.O), AlaOEtNa*(H,0), and
SarOEtNat(H20) are~10 kcal/mol. Both theE, and the log

A values are indistinguishable within experimental error. The

Maiba-Na*
nonzwitterion

o

]

.\20
H
+6.1 kcal/mol
= B> ]
o=
®
+18.3 keal/mol +18.9 keal/mol
Val-Nat

nonzwitterion
p Q,
2
0 o’ e}

+2.8 kcal/mol

Figure 4.

are shown in Figure 5. For the zwitterionic AAs, the sodium
ion interacts with both of the oxygens of the carboxylate group
(OO-coordination), consistent with previous results on metal
ion binding to other zwitterionic amino acid$. 848 For all of

the lowest-energy structures of the nonzwitterionic AAs, the

Maiba*Na*t
zwitterion

+20.6 kcal/mol

Val-Nat
Zwitterion

e ©

+0.9 kcal/mol

B3LYP/6-31+G* optimized structures and relative energies (in kcal/mol) for Maileas and VatNa' clusters.
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Nonzwitterion Zwitterion Table 3. Relative Energies (in kcal/mol) of AA-M* and
AA-M*(H,0) at Various Levels of Theory?
."_ Na* val-Na*  ValNa* Val-Na* Val-Na*
method/basis set (CS) (SB) (H0)(CS) (H.0)(SB)
B3LYP/6-31G* 0.7 0 0 0.5
Val B3LYP/6-3H-G* 08 0 14 0
B3LYP/6-314+G*// 0 0.9 0 2.0
B3LYP/6-31H+G**
+0.4 kcal/mol B3LYP/6-31+G** 0.2 0 0 0.4
AZPE -0.1 0 0 0.3
AG(25°C) 0.3 0 0 0.8
total B3LYP/6-3H-+G** 0.4 0 0 1.5
Malba (25°C)
Maiba-Na*  Maiba-Na*  Maiba-Na*  Maiba-Na*
method/basis set (CS) (SB) (H.0)(CS)  (H0)(SB)
B3LYP/6-31G* 7.0 0 5.7 0
B3LYP/6-31+G* 7.8 0 7.0 0
+5.7 keal/mol 0 B3LYP/6-3H-G*// 6.1 0 5.0 0
Q (] B3LYP/6-31++G**
o B3LYP/6-31++G** 6.1 0 5.1 0
( AZPE -0.7 0 —-1.0 0
AG(25°C) 0.3 0 —0.6 0
total B3LYP/6-34-+G** 5.7 0 3.5 0
=) (25°C)
SarOEt Bet a CS = charge-solvated form, ZW salt-bridge form.
® Nonzwitterion Zwitterion
o= A
N O —H - s
R S @it o ®
. e N %
- = o +1.5 kcal/mol
AlaOEt Qw Val )
Figure 5. Lowest-energy structures of ANa* complexes at the B3LYP/ ,Sr" Ny \b—U Al ®
6-31++G** level of theory. Relative energies (in kcal/mol) for the AA Q / | @

Val and Maiba complexes include zero-point energy corrections and Gibbs
free energy corrections at 298 K.

sodium ion interacts with both the amino nitrogen and the
carbonyl oxygen (NO-coordination). This mode of sodium
binding is consistent with earlier studies of sodium cationized
glycine. The nonzwitterio O K structures where Nais OO- &
coordinated for both Maib&la™ and VatNa" are 2-3 kcal/ +3.5 keal/mol 0
mol higher in energy (without zero-point energy corrections)

than the NO-coordinated structures (Figure 4).

The relative energies of the zwitterion and nonzwitterion
structures of MaibéNa® and VatNa' structures and their
isomers are listed in Table 3. At the B3LYP/6-31G*, B3LYP/
6-31+G*, and B3LYP/6-3%+G** levels of theory, zwitter-
ionic Val-Na' is more stable than the nonzwitterion kyL kcal/
mol, but at the B3LYP/6-32+G*//B3LYP/6-3114-+G** level,
nonzwitterionic Val is more stable than the zwitterion by 0.9
kcal/mol. These calculations indicate that both structures are o
nearly the same in energy at the levels of theory used. The %
zwitterionic form of Maiba is calculated to be more stable than
the nonzwitterionic form by 58 kcal/mol. Ak,ogt r;r*)_,\

Lowest-energy structures for ANa"(H,O) are shown in . . L t - ruct ¢ ANa (HO | -
Flg_ure_ 6'. F(.)r the nonzvvll'gtenon form of Val and the non- BgIL_l\r(eP/é—Sl—?-v—\il-eGs**elgsgyoftrrl::oﬁ;?nglativeae(nezrg)iegog]npkeg(;l/smaz)l) fgr
zwitterionic isomers, addition of a water molecule does not e AA = val and Maiba complexes include zero-point energy corrections
change the structure of the AA. The metal ion is still NO- and Gibbs free energy corrections at 298 K.
coordinated, and the water molecule interacts directly with the
sodium ion. There is a slight change in the structure of the
zwitterionic isomers of Maibda™(H,0) and BetNa"(H;0).

Bet

7?:OQE; ’jf}_

In these structures, the sodium ion interacts more with one of
the oxygens in the carboxylate group, while the water molecule
interacts with the sodium ion and hydrogen bonds to the other
carboxylate oxygen. These structures are nearly isoenergetic with
the ones in which the sodium ion interacts equally with both

(48) Pulkkinen, S.; Noguera, M.; Rodriguez-Santiago, L.; Sodupe, M.; Bertran,
J. Chem.-Eur. J200Q 6, 4393-4399.
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Table 4. Threshold Dissociation Energies (in kcal/mol) for Loss of in the two complexes. Again, this is consistent with the lowest-

Water from AA-Na*(H,O) Determined from Master Equation . s . .

Modeling of BIRD Experiments energy ;tru_ctures |deptlf|ed with theory which show that the
sodium ion interacts with the oxygens of the carboxylate group

and the water molecule interacts with the sodium ion and one

threshold dissociation

AA energy
- carboxylate oxygen.
valine 15.9+0.2 o . ) . .
sarcosine ethyl ester 1660.3 Water binding energies determined from the relative energies
alanine ethyl ester 166 0.3 of the AA-Nat and AA-Na*(H;0) lowest-energy structures are
Maiba 15.1+£03 given in Table 5. To the extent that these dissociation reactions
betaine 14.9:0.3

have a negligible reverse activation barrier, the threshold
dissociation energies should equal the water binding energies.
oxygen atoms of the carboxylate group and water interacts with At the highest level of theory (B3LYP/6-31+G**), the binding
just the sodium ion (Figure 6, Val). Both structures are likely €nergy of water to SarOEt, AlaOEt, and the nonzwitterionic
to be present and rapidly interconverting in these experiments.form of Maiba is~18 kcal/mol, whereas the binding energy of
The relative energies of the zwitterion and nonzwitterion Water to Bet and the zwitterionic forms of Val and Maiba is
structures of MaibéNa*(H,0) and VaiNa*(H,0) are listed in ~17 kcal/mol. The difference in the average binding energy of
Table 3. While different basis sets give slightly different results, water to the nonzwitterionic and zwitterionic species studied
nonzwitterionic Val is more stable than the zwitterion by 1.5 here is consistent with the-1 kcal/mol difference in the
kcal/mol at the B3LYP/6-31+G** level of theory, including threshold dissociation energies determined by BIRD for the
zero-point energy and Gibbs free energy corrections. Again, honzwitterion and zwitterion complexes. The ab initio binding
these structures are nearly isoenergetic at the levels of theoryenergies calculated here are &2 kcal/mol higher in energy
used. The zwitterionic form of Maiba is more stable than the than those determined by BIRD. It should be noted that the
nonzwitterionic form by 3.5 kcal/mol at the B3LYP/6-8%G** binding energies decrease with increasing level of theory,
level of theory, including zero-point energy and Gibbs free indicating that binding energies may decrease further at an even
energy corrections. This result is consistent with our experiments higher level of theory.
which indicate that water dissociates similarly from Maiba Effect of Proton Affinity. A number of factors affect the
Na*(H>0) and the zwitterionic model Beéta™(H,0). relative stabilities of the zwitterionic forms versus the charge-
Threshold Dissociation Energies for the Loss of Water. solvated forms of amino acids, including the solvating abilities
From master equation modeling of the BIRD kinetic data, of the amino acid side chains, the presence of cations, and
threshold dissociation energieSo) for the loss of water from  cation—z cloud interactiond®334° The proton affinity of an
these complexes can be determined. To fit the experimental dataamino acid also has a significant effect on the stability of the
it is necessary to increase the calculated transition dipole zwitterionic form relative to the nonzwitterion. On the basis of
moments®® Adequate fits could be obtained using transition the measured proton affinity of valine, the zwitterion or salt-
dipole moment multiplication factors of 1.2 and 1.4, but not bridge form of sodiated valine is predicted to be marginally
with 1.0 and 1.6. This is unexpected, because it was possiblemore stable than the nonzwitterion or charge-solvated f6rm.
to model VailLi*(H,0) without needing to vary the transition  Our results clearly indicate that sodiated valine and sodiated
dipole multiplication factof. This may be due in part to the  valine with one water molecule are nonzwitterionic.
small temperature correction used in the cooled cell experiments.  The proton affinity of Maiba has not been previously reported.
We are investigating this further. Results from this modeling 14 optain an estimate of this value, the proton affinity was
are given in Table 4. calculated at the B3LYP/6-331+G** level of theory to be
Values of E, for Val-Na'(H;0), SarOEtNa"(H;0), and 2250 kcal/mol at 25C. The difference between the proton
AlaOEtNa'(H,0) are ~16 kcal/mol, whereas for Maiba  affinities of Maiba and valine is-7.4 kcal/mol. On the basis
Na*(H,0) and BetNa"(H0), the energies are'15 kcal/mol. of this difference in proton affinities, the zwitterion form of
The difference in threshold dissociation energy between the \siba should be stabilized by approximately-g kcal/mol
nonzwitterion and zwitterion model compounds is small(  ygjative to that of Val. From the calculated energies of the
kcal/mol), but this difference is clearly distinguishable in this lowest-energy structures of Val and Maiba, the relative zwit-
experiment. Although therg could bg small errors in the absglute terionic energy difference is approximately-B kcal/mol. This
values ofEo that are not included in the model, the relative nicates a roughly linear relationship between proton affinity
values should be quite accurate due to both the similarity of ;. the relative zwitterionic energy as suggested by Botfers.
the modeling parameters for thgse is.omers aqq the acquisitionHowever’ the proton affinity of glycine is 211.9 kcal/mol, which
of the experimental data under identical conditions. is 5.7 kcal/mol lower than that of valine. Solely on the basis of

The ihreshold dissocia+tion energies for |°SS+°f water from his proton affinity difference, nonzwitterionic sodiated glycine
Val-Na*(H20), SarOEfNa'(H.0), and AlaOENa"(H-0) are should be 6.6 kcal/mol more stable than the zwitterion {Val

the same within error, indicating that water is bound similarly na+ is nonzwitterionic by 0.9 kcal/mol, Table 3). However, the
in these three complexes. This is consistent with the structures,, - witterionic form of sodiated glycine has been calculated
identified by modeling which show that the sodium ion interacts , ye more stable than the zwitterionic form by 3 kcal/Rig®
with the amino nitrogen and the carbonyl oxygen and the water 1, s other factors affect the zwitterionic stability to at least a

molecule interacts directly with the sodium ion for each of these g, extent, such as charge distribution of the amino acid and
complexes. Similarly, the threshold dissociation energies of

i + + indicti
wa_ter from Malba’\_la (HZO) and BetNa (HZO)_are IndISt_m__ (49) Shoeib, T. C., A.; Hopkinson, A. C.; Siu, K. W. M. Am. Soc. Mass
guishable, suggesting that the water molecule is bound similarly Spectrom2002, 13, 408-416.
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Table 5. Binding Energies of Water (in kcal/mol) for AA-M*(H,0) Determined from Density Functional Calculations at Various Levels of
Theory?

B3LYP/6-31+G*//

AA B3LYP/6-31G* B3LYP/6-31+G* B3LYP/6-311++G** B3LYP/6-31++G**
valine (CS) 22.9 185 18.5 18.1
Maiba (CS) 243 18.7 18.0 18.0
sarcosine ethyl ester 23.1 19.0 18.3 18.0
alanine ethyl ester 22.6 185 17.5 17.6
valine (SB) 22.1 18.9 15.5 17.3
Maiba (SB) 20.6 17.3 16.2 16.6
betaine 21.2 17.3 16.8 16.8

a All energies include a zero-point energy correction at the B3LYP/#-BG** level of theory. CS= charge-solvated form, SB salt-bridge form.

interactions of the metal ion with the side chain, even in amino corrections at 298 K. The experimental results indicate a charge-
acids with similar functional side chains. solvated structure for VeWat(H,O) and a salt-bridge structure
for MaibaNat(H,0), in agreement with theory.

These results clearly show that proton affinity plays a
Both the theoretical and the experimental results indicate that Significant role in the stabilization of zwitterions in the gas
Val-Na*(H.0) has a charge-solvated structure, while Maiba phase. The difference between the proton affinities of Maiba
Na*(H,0) has a salt-bridge structure. Calculations show that and valine (7.4 kcal/mol) is similar to the relative energy

the lowest-energy structures of Widk™ and VatNa*(H,0) have difference between zwitterionic forms of Maiha" and Vat

the sodium ion NO-coordinated to nonzwitterionic valine, with N&" (approximately 47 kcal/mol). Other factors affecting the
the water molecule in VaNa*(H,O) interacting solely with the relative energy difference between the zwitterion and non-
sodium ion. The charge-solvated Wit (H,0) structure is 1.5 zwitterion forms of these ions, such as the distribution of charge
kcal/mol more stable than the salt-bridge structure at the B3LYP/ @bout the amino acid and interactions of the amino acid side
6-31+-+G** level of theory, with zero-point energy and Gibbs chain with the metal ion, appear to be small for these ions.
free energy corrections. In the lowest-energy structure of Maiba
Na*, the sodium ion interacts with both of the carboxylate
oxygens, while in MaibeNat(H,0), the sodium ion interacts
primarily with one oxygen, with the water molecule interacting
with the other oxygen and with the sodium ion. The salt-bridge . .
structure of MaibaeNa'(H,0) is 3.5 kcal/mol more stable than gRAZrt(?:gr:2[\?|?_|0:r§\2.2.||\_/|.og£%t5efmly acknowledges training
the charge-solvated structure at the B3LYP/6-31G** level upp )

of theory with zero-point energy and Gibbs free energy JA034544N
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