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Abstract: lonic assemblies of acetic acid and water form unlimited hydrogen bond networks. The stabilities
of the networks correlate with the intrinsic acidities of the components, leading to straf@OTH---HOOCCH;

bonds and weak Ci€OO---H,O bonds. These relations apply from strong bonds in small aggregates to
weak bonds in large assemblies, and affect the energies of acid dissociation and self-assembly. Partial solvation
of CH;COO™ by four H,O molecules facilitates acid dissociation and decreases th&€ Q& —H™ bond
dissociation energy by 332 kJ/mol (80 kcal/mol). The stabilites of the hydrogen bond networks increase with
CH3COOH content, and aggregation decreases further the acid dissociation energy by forming strong
CH3zCOO +-*HOOCCH; bonds about the ions and by stabilizing the released protons isgGGEH }(H20)H™
assemblies. The combination of strong4CIO ---HOOCCH; bonds and weak GY€£0O0O---H,0 bonds makes
self-assembly with solvent displacement particularly favorable for carboxylic acids, explaining their assembly
in bilayers and membranes. Ab initio calculations show that isomeric assemblies with directly bonded and
solvent-bridged structures have similar energies. As well, the solvent-bridged spegie®Ct+-H,0---HOOCCH;

has similar energy to its cation-bridged isomer L0 +--HzO*+--"OOCCH. In this transition state the
adjacent anions stabilize the central cation, providing low-energy pathways for proton transfer between carboxylic
groups.

Introduction of the acetate ion with several functional molectifesnd used
these data to model ionic hydrogen bonds in serine protease
The thermochemistry of acid and base dissociation is affectedenzyme$.
strongly by the solvation of the resulting ions, including strong  The dissociation of carboxylic groups such as that of acetic
hydrogen bonding in the inner solvent shells. lonic hydrogen acid in water and in biological environments yields RCOO
bonds in the inner shells can be modeled by gas-phase cltsters, anions, here modeled by GEOO™ (denoted as Ac) and HO™
and comparison with bulk solvation energies can quantify other (denoted as WH) or (CH;COOH)H" (denoted as (AcH)H)
solvation factors such as the dielectric, cavity-forming, and cations. In dilute solutions these species are solvated &y H
hydrophobic solvation ternfsA significant finding is that the  molecules (W), but in concentrated solutions and in biological
hydrogen bond strengths correlate inversely with the relative environments, the ions can also interact with further RCOOH
acidities and basicites of the componehtsThese relations  groups to form hydrogen-bonded networks. The stabilities of
have critical effects on the stabilities of mixed assemblies, on ionic hydrogen bond networks in mixed clusters were investi-
ion solvation, on acid and base dissociation, and on ionic aggre-gated in CHCN/H,O, (CHs),O/CH;OH, NHy/H,0, and CH-
gation including self-assembly into bilayers and membranes. QH/H,0O mixtures,’ 10 where ionic hydrogen bond networks
Clustering data can also model issolvent interactions in  contribute up to 190 kJ/mol (45 kcal/mol) to the solvation
biological assemblies, where ionized carboxylate groups interactenthalpies of iond.Similarly, the mixed clusters of C£OOH/
with solvent molecules and with neutral carboxylic groups. For H,0O should also allow strongly stabilizing ionic hydrogen bond
example, in previous work we measured interaction energies networks.
In the present work we investigate the thermochemistry and
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Scheme 1. Thermochemistry of Protonated Acetic Acid and Water Cludters
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@ Note shorthand notation in Scheme 1, A#cCH;COOH, W= H,0, AcH* = (CH;COOH)H", Ac,H* = (CH;COOH)H*. Values of—AH°
(kJ/mol), top number, anedtAS> (J/mol K), bottom number, over arrows. Numbers under formulas indicate the enthalpy of dissociatigto H
and neutrals. Protonation thermochemistry from NIST databas@Zye¥alues for AcW-H™ — AcW,H" from ref 26, except AcH — AcWH™*
from the present results, which may be compared witkH° = 84.1 kJ/mol and-AS’ = 87.9 J/mol K from ref26. ° From ref26. ©¢AS’ values
in parentheses are estimated, and corresportiiyvalues are derived from experimental values as followAG°(kJ/mol), T (K)): (c) AcsH™
— AcsH™, 24.3, 255; (d) AeWH' — Ac,WH™, 25.5, 251; (e) A8N.HT — AcsW H™, 24.3, 255. Uncertainty estimates faH® (kJ/mol) and for
AS (J/mol K): AcH" — AcWHT", 4.3, 8.7; AcH — Ac.H", 6.5, 13.2; AgH" — Ac,WH, 5.3, 15.2; AgH" — AcsH™, 3.3, 9.7; AgWH' —
AcsH*, 5.2, 16.0; AgWH" — Ac,W, H, 2.6, 9.5; AgWH' — AcsWH™, 2.5, 8.8; AgHt — AcsWH™, 4.2, 15.7; AgHt — AcH™, 2.4, 9.2;
AcoWoHT — AcgWHT, 3.4, 12.2; AeWH — AcsH™, 3.9, 14.8; AgW,H" — Ac,W;3 HT, 5.4, 20.8; AeWH' — AcsW,H™, 2.7, 10.6; AgHt —
Ac,WHT, 3.2, 13.3. Uncertainty estimates faH° andAS’ values are evaluated from= 2(Z0%/n)"2, whereo values are the standard deviations
of the AH® andAS’ values from each van't Hoff plofy the number of replicate van't Hoff plots obtained for each equilibrium, usuat¥, 2nd
the multiplier 2 is a conventional coverage factor (B. N. Taylor and C. E. Kuyatt, NIST Technical Note GR&iglines for kaluating the
Uncertainty of NIST Measurement Result’§E§ Government Printing Office: Washington, 1994). AgB° measurements at a single temperature,

the uncertainty estimate 0.8 kJ/mol.

gas and 0.031% H,O and CHCOOH (in some cases GDOOH)
vapor. To generate anions, we also added trace amounts of the electromominal pressure calculated from the mixture composition should be
capture agent C#DNO, prepared by the method of Bartmé%3he

mixtures were prepared ia 3 Lbulb heated to 156180°C and were

If a fractiona of the CHHCOOH introduced vapor is in dimers, the

corrected toP = (1 — o)Prominal fOr use in eq 2.
To evaluate if equilibrium (3) introduces significant errors, we note

allowed to flow to the ion source through stainless steel lines heated that literature values for reaction 3 atd1°; = —63.2 kJ/mol £15.1

to similar temperatures. The mixtures were ionized using-Q0.7s

pulses of 706-1000 eV electrons. Relative ion concentrations were
observed to 24 ms after the pulse. Relative equilibrium concentrations
of the cluster ions were obtained after sufficiently long reaction times
to achieve constant ion ratios, wich usually occurred during the ionizing

pulse.

Equilibrium constants for the addition of GEOOH molecules,

kcal/mol) andAS’; = —149.4 J mot! K1 (—=35.7 cal mof! K1)

or AH°; = —69.9 kJ/mol (16.7 kcal/mol) and\S’s = —176.2 J mot?

K~ (—42.1 cal mot! K~1).13¢In our experiments, the highest value of
P(AcH) is 6.5 x 107 bar. As calculated from the thermochemistry,
under these conditions the monomer partial pressure decreases by 2%
at 270 K, 4% at 260 K, and 12% at 250 K due to the formation of
neutral (AcH) dimers. Even the largest value, at the lowest temperature,

reaction 1, are calculated from eq 2 and analogous equations for thewould decrease IK; by a factor of 0.12, about the uncertainty ofdn

anions, where [BH(CH;COOH)] and [BH] are the respective ion
concentrations or partial pressures in the source Rl the partial

pressure of CECOOH vapor.

BH' + CH,COOH— BH"(CH,COOH)

K, = [BH(CH,COOH)]/([BH']P)

A potential source of error is that acetic acid can dimerize in the

gas phasé? as in eq 3.

2CH,COOH— (CH,COOH),

@)
@)

®)

determinations. The neutral dimerization effects are therefore insig-
nificant above 250 K where the measurements for AcH addition
reactions were performed.

To avoid this problem altogether in mixed clusters, we measured
the mixed clusters mostly through® addition equilibria to (AcHH™
and Ac (AcH), clusters, where the value &f = [(AcH)H"(H20).]/
[(AcH)HT(H20)n-1](P(H20) is not affected byP(AcH) and therefore
not affected by the dimerization of the acid.

Neutral dimerization appears to have affected only the highest
accessible clustering reaction of AcH which yielded unexpectedly large
apparent-AH° and —AS’ values. The van't Hoff plots measured for
(AcH);H™ + Ac — (AcH)sH* between 230 and 260 K yieldetH®
values of—54 to —63 kJ/mol (13 to —15 kcal/mol) andAS’ from
—117 to—134 J mot! K1 (—28 to —32 cal mol* K1), larger than

(11) Meot-Ner (Mautner), M.; Sieck, L. WI. Am. Chem. Sod. 991

113 4448.

(12) Bartmess, J. E.; Scott, J. A.; Mclver, R.JTAm. Chem. Sod979

101, 6046.

(13) (a) Frurip, D. J.; Curtiss, L. A.; Blander, M. Am. Chem. Soc.
198Q 102 2610. (b) Curtiss, L. A.; Frurip, D. J.; Blander, M. Phys.
Chem. 1982 86, 1120. (c) Mikhailova, O. K.; Solomentseva, T. V.;
Markuzin, N. P.VINITI; Deposited Document 1999-81, 1981.
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Scheme 2. Thermochemistry of Acetate/Acetic Acid/Water Clusters
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@ Note shorthand notation in Table 2, Ac= CH;COO (CH;COOH),-1, Wy~ = OH™ (H20)n-1. Values of—AH° (kJ/mol), top number, and
—AS’ (J/mol K), bottom number, over arrows. Numbers under formulas indicate enthalpy of dissociatiorn tan@Hheutrals. Deprotonation
enthalpy difference between,& and CHCOOH from ref22. Values for Ac — Ac,™ from ref4. ° For Ac- — AcW~ — AcW,~, average values
from refs4 and5, AcW,~ — AcWs;~ from ref 5. ¢ Estimated values from usual trend of approach to neutral condensation thermochemi&@y, ref
4 From ref5. Uncertainty estimates fakH° (kJ/mol) and forAS® (J/mol K) are the following: Ag- — Ac,W—, 2.8, 8.7; Ag¢~ — Acs™, 2.3, 6.7,
Ac,W—, Acs™, 4.9, 15.8; AgW™ — Ac,W-,, 2.4, 8.8, AgW™ — AcsW™, 2.4, 8.7, AgW™ — AcsW—, 4.0, 14.4; Ag — AcaW—, 1.7, 6.1; Ag™ —
Acs, 2.6, 9.6; AgW™ — AcsW-, 0.3, 1.1; AgW™ — Acs—, 0.4, 1.7; AW~ — Acs, 2.4, 9.9; AW~ — AcsW™, 2.6, 10.8; AeW,™ — AcsW—,

4.3, 9.6; AgW~ — Acs, 1.7, 7.5; AW~ — AcsW,, 0.8, 4.2; AgW~ — AcsW—, 10.0, 48.2; AeW, — AcsW—, 10.9, 22.6. For derivation of
uncertainty estimates, see footnotes to Scheme 1ABSrmeasurements at a single temperature, the uncertainty estimate is 0.8 kJ/mol.

for the preceding clustering step, which would be unusual. Therefore, = However, if all the reactions are at equilibrium, this will not introduce
we reportAH® for this reaction as derived froddG° measured at the an error into the measurement Kf.
highest observable temperature, 257 K, where neutral clustering should The ab initio calculations were carried out using the Gaussian-92
be minimal, using an estimatetlS’ value. code!* All geometries were optimized at the SCF/4-31G |eVeThis
Because of the uncertainty in this reaction, the preceding step basis set was chosen for computational efficiency, which allowed a
(AcH)sH* + AcH — (AcH),H™ was examined by varying the partial ~ thorough search of the conformational space of the each complex.
pressure of AcH over the widest usable range and in two carrier gases,Complexation energies computed at this level are generally accurate
N2 and CH, and gave the following result$(CHsCOOH) (mbar), for ionic complexes, which are dominated by electrostatic interacfiofis.
—AH?® (kJ/mol) (kcal/mol), —AS> (J mol? K™% (cal mol? K=1): Another advantage of the 4-31G basis set at the SCF level is that the
0.00024, 54.8 (13.1), 91.2 (21.8); 0.00053, 51.0 (12.2), 82.8 (19.8); proton transfer barriers are typically quite similar to those obtained
0.00087, 54.8 (13.1), 96.7 (23.1); 0.0013, 51.5 (12.3), 82.8 (19.8). with larger sets and with correlation add€d®Minima reported below
Similarly, as is our standard practice, the equilibrium constants for all were tested for stability in terms of proton transfer across hydrogen
of the reported reactions were replicated with the valueB(6f,0) bonds. In other words, transfer potentials were examined to ascertain
andP(CHs;COOH) varied by factors-210. In all cases, the equilibrium  that they contained only one minimum, rather than two. Higher level
constant was independent of partial pressure. These tests show thatalculations were performed at the geometries obtained at the SCF/4-
the problem experienced for the highest cluster did not affect the other 31G level. MP2/6-3%+G* calculations include electron correlation via
measurements at higher temperatures where neutral dimerization andsecond-order MollerPlesset perturbation theory, and the larger basis
condensation are not significant. set includes polarization and diffuse functions on nonhydrogen
The estimated uncertainties in the footnotes of Schemes 1 and 2 areatoms.
significant for some of the large clusters. The uncertaintAk° is
affected by the small temperature range where some of the higher Results and Discussion
clusters are observable. The uncertaintyA8° is affected by the .
uncertainties in the absolute value of the vapor pressure of the polar 1. The Structures of the Dimers.Van't Hoff plots for the
and strongly adsorbing GBOOH component in the ion source. This ~ various equilibria are shown in Figures-4. The results are
uncertainty affects onlAS® as P(CHCOOH) is usually constant during ~ summarized in Schemes 1 and 2.
a temperature study. Finally, our uncertainty estimates are derived by
mutiplying the standard deviations of replicate measurements by a
conservative multiplier factor of 2 following NIST procedures (see the

footnotes to Scheme 1), whereas in most reports only the smaller (i6) Rohlfing, C. M.; Allen, L. C.; Cook, C. M.; Schlegel, H. B. Chem.

(14) Frisch, M. J.; et al. IGaussian Inc.; Pittsburgh PA, 1993.
(15) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Physl971, 54,

uncorrected standard deviations are used. Phys.1983 78, 2498.
Note that, in the presence of neutral dimers, switching equilibria (17) Desmeules, P. J.; Allen, L. @. Chem. Physl98Q 72, 4731.
(4) can also occur. (18) Scheiner, S.; Harding, L. B.. Am. Chem. Sod. 981, 103 2169.

(19) Scheiner, SAcc. Chem. Red985 18, 174.

20) Schei ,S.; S jak, M. M.; Bigham, L. Ibt. J. t!
BH™ + (CH,COOH), — BH*(CH,COOH)+ CH,COOH (4) Ch(em).lg(é3eg]§r739. zezesnia igham Quantum



7628 J. Am. Chem. Soc., Vol. 121, No. 33, 1999 Meot-Ner et al.

20F
AcH —» Ac,H'
AcH = AcH' AcgH'—» Ac,H'
<15 / /
£
10
T T T T v T T v 7 v ¥ ¥ T T T
2.0 25 3.0 35 40 45
1077

Figure 1. Van't Hoff plots for clustering reactions. Notation as in SchemeTlin degrees K, IrK in units of In(bar?).
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Figure 2. Van't Hoff plots for clustering equilibria. Notation as in SchemeTLin degrees K, IrK in units of In(bar?).

R A, WHY —~ Ac,WH* = 117.6 kJ/mol (28.1 kcal/mol) is somewhat smaller than for
15l analogous dimers of water, methanol, dimethyl ether, and
acetone, all of which are 126138 kJ/mol (36-33 kcal/mol).

It was suggested that forming the hydrogen bond perturbs the
resonance stabilization of the monomer ion, resulting in
Ac, Wy H e Ac, W, HY decreased stabilits: In contrast, in the anionic dimefAH°p =
122.6 kJ/mol (29.3 kcal/mol) is similar to that of @b (CH;OH),
120.5 kJ/mol (28.8 kcal/mol), suggesting that resonance effects
on the hydrogen bond are insignificant in this case.

/ AcoWH' — Ac, W, H* As to geometries, the neutral and cationic dimers can exist
/ in singly bonded or doubly bonded forms, ions4l. The doubly

Ac,WHY — Ac, W,H*

InK

10} Ac, W, H'—= Ac, W H"

OH
a5 2.0 oH-0=c 7 OH--0
10%/T 4 7 )
CH-C CH, CH,-C C-CH,
Figure 3. Van't Hoff plots for clustering equilibria. Notation as in \0 \\0 - HO 4
Scheme 2:T in degrees K, IrK in units of In(bar?). b .
(
The variation of AH°,—1,, with sequential clustering for _OH
equilibria 5 and 6 is shown in Figure 5. OH--0=C OH--0
7 N L A
(CH,COOH)H'(CH,COOH), , + CH,COOH— CH-Cr o, CH-C o cecH
(CH,COOH)H"(CH,COOH), (5) o-H Off -0
H
CH,COO (CH,COOH}),_; + CH,COOH— 3) ()

CH,COO (CH,COOH), (6
s (CH, h (6) bonded structures are expected to be more strongly bonded but

First, it is interesting to compare the thermochemistry of dimer also to have more negative entropies.

formation with other OH-+-O type dimers. The value &H°p (21) Larson, J. W.; McMahon, T. B. Am. Chem. So4982 104, 6255.
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Figure 4. Van't Hoff plots for clustering equilibria. Notation as in Scheme Rin degrees K, IrK in units of In(bar?).
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Figure 5. Enthalpy changes of GY€OOH enrichment by substituting
CH3COOH for HO molecules in four-membered clusters, reactions 7
and 8, withm + n = 4 and analogous reactions in methanol/water.

For the neutral (AcH)dimer, isomer (1) with a single OH
--O bond should have a dissociation energy of akbdfp =
21 kJ/mol (5 kcal/mol) anhS’p = 105 J/mol K (25 cal moit
K~1). The much larger literature values 8iH°p = 69.9 kJ/
mol (16.7 kcal/mol) and\S’p = 176.2 J mot! K=t (42.1 cal/
mol K) suggest that the doubly bonded isomer (2) was
measured? With the estimated thermochemistry for 1 and the
experimental values for 2, the equilibrium ratioKs= [(2)]/
[(1)] =1 up to 684 K. This is consistent with the doubly bonded
isomer (2) predominating in the range of 36000 K where
the neutral monomerdimer equilibrium was measured in the
literature!3

In contrast, for the ionic dimer (AcH)* the measured
bonding energy is comparable to other singly bonded &0

dimers (with a small decrease due to resonance effects),

suggesting that isomer (3) dominates in the observed temperature
range. From trends observed in polyfuntional ions, the bonding
in the doubly bonded isomer (4) should be stronger by about
21 kJ/mol (5 kcal/mol), but the entropy of ion (4) should be
more negative by about 42 J mélK~1 (10 cal mott K1)

than in singly bonded complexéd.hese values givk = [(4)]/

[(3)] = 1 up to 500 K, and the singly bonded isomer (3) is
dominant at higher temperatures of 5850 K, which is the
experimental temperature range.

In summary, under our pressure and temperature conditions,
both (AcH), as discussed in the Experimental Section, and
(AcH),H" exist predominantly in the singly bonded form.
However, at low temperatures, such as in clusters formed in
cold supersonic beams, both the neutral and ionic dimers should
exist in the double-bonded conformation.

2. The Effects of Composition on the Stabilities of
Hydrogen Bond Networks. Schemes 1 and 2 show that
replacing an HO molecule by a CHCOOH molecule proceed-
ing vertically up in the schemes, reactions 7 and 8, is always
stabilizing.

(CH,COOH)H"(CH,COOH), _, (H,0), ., + CH,COOH—
(CH,COOH)H"(CH,COOH),(H,0), + H,0 (7)

(CH,COO )(CH,COOH}),, , (H,0),,; + CH,COOH—
(CH,COO")(CH,COOH),(H,0), + H,0 (8)

The increasing stabilization with GBOOH enrichment is
characteristic of systems with unlimited hydrogen bond net-
works. The effect is largest in introducing the first €EOOH
molecule into a neat water cluster, when the proton is transferred
to the significantly more basic GGAOOH molecule. The
magnitude of the incremental stabilization decreases with
increasing CHCOOH content.

For each substitution step, the exothermicity ofsCOH
enrichment is larger in the anionic than in the analogous cationic
clusters. The trend is illustrated in Figure 5 for four-membered
clusters. The figure also shows that the opposite applies in CH
OH/H,0 clusters, where C#DH enrichment is more stabilizing
in the cationic rather than in the anionic clusters. These trends
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correlate with the relative acidity vs basicity of @EOOH or
CHzOH vs HO. In CHsCOOH/H:0, the AH®,¢q difference is
175.7 kd/mol (42.0 kcal/mol), larger than the PA difference of
91.2 kJ/mol (21.8 kcal/mof? Since hydrogen bond strengths
correlate with PAs andH® g values3-26 replacement of kD

by CH;COOH molecules replaces a weaker acid with a much
stronger neutral acid and substitutes weaker-<G@®Bi bonds

by stronger bonds. In the cationic @EOOH/H,0 clusters, the

Meot-Ner et al.

difference between the energies of the neutral hydrogen bonds
on the two sides of eq 11 should be small compared with the
differences between the ion solvation energies. In fact, clustering
energies of ions by four # molecules, without neutral
clustering data, account well for relative bulk ion solvation
energies: 3 Therefore, cluster thermochemistry can represent
meaningfully the solvation effects on the relative enthalpies of
ionization of CHCOOH vs HO.

basicity difference between the components is smaller, and Subject to these considerations, the thermochemistry of

therefore, the effects of GJEOOH for HO replacement are
smaller. In comparison, the relative effects in the anionic and
cationic clusters are reversed in gpH/H,O clusters. The
AH°,cg difference between CGOH and BO is 38.5 kJ/mol (9.2
kcal/mol), smaller than the PA difference of 63.2 kJ/mol (15.1
kcal/mol)??2 and replacement of 4 molecules by CkDH
molecules strengthens the ®++0O bond network in the cationic
clusters more than it strengthens the ©B~ bond network in
the anionic clusters.

reactions 12 and 13 reflects the effectndbld ion hydration
on the relative acidity and basicity of GHOOH vs HO.

H,O"(H,0), + CH,COOH—
(CH,COOH)H"(H,0), + H,0 (12)

OH"(H,0), + CH,COOH— CH,CO0 (H,0), + H,0
(13)

These results show that the hydrogen bond strengths in the

assemblies reflect the relative acidities and basicities of the
components. These relations apply through the addition af CH
OH and CHCOOH molecules to the largest assemblies

The results of egs 12 and 13 are observed in Schemes 1 and
2, respectively, in the energy changes of the first step vertically
up from the bottom row ions. The unsolvated {LHDOH

observed. Note that, in the large assemblies, complex structuregnolecule is a stronger base and acid tha® ffor n = 0, AH°1,

may be present, including multiply hydrogen bonded ions and

= —91.1 kJ/mol ¢21.8 kcal/mol) andAH®;3 = —175.7 kJ/

cyclic hydrogen bond systems as shown in the anion clustersmol (—42.0 kcal/mol)). Four-fold hydration decreases both

below, or even containing neutral dimers, as indicated by dimer
emissior?”28 The results show that even when an added ligand
is bonded by such complex interactions and when its addition
affects a complex network, its acidity or basicity remains a
determining factor of the bonding energy.

3. The Effects of Partial Solvation on the Acidity and
Basicity. Clustering data was used in early studies by Kebarle
to evaluate the effects of inner-shell ion solvation on acidities
and basicite.Reactions 9 and 10 represent acid dissociation
(A~-H™) accompanied by the formation of an®f" counterion,
in the presence af solvent molecules about each species, for
two acids such as # and CHCOOH.

CH,COOH(H,0), + H,0(H,0), —
CH,COO (H,0), + H,0"(H,0), (9)

H,O(H,0), + H,0(H,0), — OH (H,0), + H 0" (H,0),
(10)

Subtracting eq 10 from eq 9 yields eq 11, which expresses
the differential effects of solvation.

OH (H,0), + CH,COOH(H,0), —
CH,COO (H,0), + H,O(H,0), (11)

As eq 11 shows, the complete effectsrefold hydration
should include the hydration of the neutrals. However, the

(22) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. lon Energetics Data. MIST Standard Reference
Database Number 69Mallard, W. G., Linstrom, P. J., Eds.; National
Institute of Standards and Technology: Gaithersburg, MD 20899, August
1997 (http://webbook.nist.gov).

(23) Yamdagni, R.; Kebarle, B. Am. Chem. S0d.973 95, 3504.

(24) Larson, W. J.; McMahon, T. B. Am. Chem. So0d.984 106, 517.

(25) Meot-Ner (Mautner), M. IrMolecular Structure and Energetics
Greenberg, A., Liebman, J. F., Eds.; VCH Publishers: Deerfield Beach,
FL; 1987, Vol. 4, p 71.

(26) Meot-Ner (Mautner), MJ. Am. Chem. Sod984 106, 1265;J.

Am. Chem. Sod 992 114 3312.

(27) Lifshitz, C.; Feng, W. YInt. J. Mass Spectrom. lon Proces4€95
146, 223.

(28) Feng, W. Y.; Lifshitz, CJ. Mass Spectroni995 30, 1179.

differences similarly, by—75.3 kJ/mol ¢18.0 kcal/mol) for
AH°12and—88.7 kd/mol (-21.2 kcal/mol) forAH®13. This ren-
ders the protonation of GJCOOH in reaction 12 only slightly
exothermic, by 15.8 kJ/mol (3.8 kcal/mol) in the largest clusters.
However, in the anionic case, because of the large intrinsic
acidity of CHsCOOH, acid dissociation in reaction 13 still
remains strongly exothermic, by 87.0 kJ/mol (20.8 kcal/mol).

The cluster data can be used to calculate the effects of
solvation on acid dissociation using eq 9 by starting witheCH
COOH and HO each solvated by H,O molecules and forming
the solvated ions. This process, as in solution, results in the
strengthening of existing hydrogen bond assemblies due to the
formation of the ions. The strength of the neutral hydrogen
bonds can be estimated, noting that a single H@&BH, bond
is 21 kJ/mol (5 kcal/mol) while in solution anJ® molecule is
bonded by a net of two hydrogen bonds by 44 kJ/mol (10.5
kcal/mol). We assume an increase by 4 kJ/mol (1 kcal/mol)
per step, and we assume equal hydrogen bond strengths;in CH
COOH((H:0), and HO(H20),. With these enthalpies in eq 9,
the first four hydration steps decrease the acid dissociation
enthalpy from 768 kJ/mol (184 kcal/mol) for the unsolvated
acid by 158, 241, 306, and 332 kJ/mol (38, 58, 73, and 80 kcal/
mol) through solvation by one to four @ molecules. Cor-
respondingly, the acid dissociation enthalpy decreases from 768
to 610, 527, 463, and 435 kJ/mol (from 184 to 146, 126, 111,
and 104 kcal/mol.) After this step the value AH°y should
not change significantly as the ion solvation enthalpies approach
the neutral solvation enthalpies (see Tables 1 and 2) and the
increments on the two sides of eq 9 cancel. However, the acid
dissociation enthalpy of 435 kJ/mol (104 kcal/mol) of the four-
fold hydrated cluster remains much more endothermic than the
solution value of-0.2 kJ/mol (-0.06 kcal/mol). These observa-
tions are in accordance with the well-known trend that clustering
reproduces the relative ion hydration energies but approaches
the absolute ion hydration energies very slogdy.

When methanol and acetic acid are compared, proton transfer
from CH;OH,* to CH;COOH is exothermic by 28.0 kJ/mol
(6.7 kcal/mol), but as calculated from the present and literature
datal® the sign reverses and the process becomes endothermic
by 17.6 kd/mol (4.2 kcal/mol) in the 4-fold hydrated species.
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Table 1. Ab Initio Energetics of Complexation To Form GEOO (CH;COOH)(H20):2

Ac—(W) (A) Ac—(W) (B) Ac—(W)2 (A) Ac—(W), (B) Ac—(AcH) Ac—(AcH)(W)
AEeieo(SCF/4-31G) —86.2 —102.9 —159.4 —187.0 —141.0 —213.8
AHeaea(SCF/4-31G) ~78.2 -93.3 ~143.1 ~168.2 ~136.0 —108.7
AEeieo(MP2/6-31G*) ~72.8 -89.1 ~134.3 ~158.2 -121.3 -185.8
AHeacga(MP2/6-31G*) —64.4 -79.1 ~118.0 -139.3 -115.9 -170.7
Hexp -66.9 —66.9 ~120.% -120.8 -122.6 —174.7

a Complexation energies defined relative to isolated, optimized constituents. All quantities in kilojoules per mole. For structures, see Figures

7—12 and the Supporting Informatiohlsomeric structure of the measured clusters is not known and may involve mixtures of isomers.

Table 2. Ab Initio Energetics of Complexation To Form GEOO (CH;COOH)(H:0)*

isomer A B C D E F G
AEciec (SCF/4-31G) —266.9 —272.8 —282.0 —291.2 —294.5 —285.4 —291.6
AHcaicd (SCF/4-31G) —243.9 —249.8 —259.4 —265.3 —268.6 —265.3 —-270.3
AEeiec (MP2/6-31G*) —223.8 —226.8 —241.0 —245.2 —246.9 —236.8 —252.3
AHcaica (MP2/6-3H-G*) —200.8 —203.8 —218.4 —219.2 —220.9 —216.7 —231.0

a Complexation energies defined relative to isolated, optimized constituents. All quantities in kilojoules per mole. Compare with experimental

complexation energy 0f219.7 kJ/mol. For structures, see Figure 12 and the Supporting Information.

This suggests that methanol should be a stronger base than aceticancels on both sides of eq 16. Therefore the clustered neutrals
acid in aqueous solution because of solvation effects. The may be substituted by the gas-phase neutrals in reaction 17.

relative acidities are affected even more strongly, where proton

transfer from CHCOOH to CHO™ is exothermic by 137.2 kJ/

mol (32.8 kcal/mol) for the unsolvated species, decreasing to

78.2 kd/mol (18.7 kcal/mol) in the 4-fold hyrated species.
Nevertheless, CECOOH remains the stronger acid because of
the large intrinsic acidity difference.

CH,COO (H,0), + MCH,COOH—
CH,COO (CH,COOH), (H,0),_,,+ mH,0 (17)

The thermochemistry is obtained by proceeding upward from

The clustering data therefore show that specific hydrogen the second row in each column in Scheme 2.

bonding of the ions to the first four 4 molecules halves the
intrinsic AH°,¢jq difference between methanol and acetic acid.
Inner-shell ion solvation has as much effect on the solution
acidities as the intrinsic molecular acidites themselves.

4. The Effects of Aggregation on the Acidity and Basicity.
In concentrated solutions, in polyelectrolytes, and in biological

The formation of the dimer C}]€O0O~(CH3;COOH)(H0),
with the displacement of one® molecule is given byAH®;7
for m = 1, possibly in the presence of additional solvent
molecules. In the absence of additional solvation, wit O,
dimer formation with solvent displacement stabilizes the anion
by an additional 56.0 kJ/mol (13.4 kcal/mol), and therfore the

systems, carboxylate groups are often close enough to formacid dissociation enthalpy decreases by this amount. In the
hydrogen bonds. After protonation or deprotonation, the neutral presence of one or two additionab® molecules the effect of

hydrogen bonds are converted into (RCOOKYRCOOH or
RCOO ---HOOCR bonds. The effects are similar but stronger
than the solvation effects discussed in the previous section.

Acid dissociation in dilute solution with formation of the
H3O" counterion is modeled by eq 14, where each ion is
solvated byn H,O molecules. With aggregation whareCHs-
COOH molecules displace m,B molecules, the reaction is
modeled by eq 15.

CH,COOH(H,0), + H,O(H,0),—
CH,COO (H,0), + H;0"(H,0), (14)
CH,;COOH(CH,COOH}),(H,0),,_, + H,O(H,0), —
CH,COO (CH,COOH),(H,0O),_, + H3O+(H20)n (15)
The effect of aggregation with solvent displacement on the
acidity is obtained by subtracting eq 14 from eq 15, resulting
in eq 16.
CH,COO (H,0), + CH;COOH(CH,COOH),(H,0),_,—
CH,COO (CH,COOHY),, (H,0),_, + CH;COOH(H,0),
(16)

Similar to the preceding section, for models of linear -©H
-O bonded chains (excluding strong multiply bonded ¢CH

dimer formation is only sligthly smaller, 53.6 (12.8) and 49.8
(11.9) kd/mol (kcal/mol), respectively.

Similar considerations apply also to the effects of aggregation
on the thermochemistry of protonation.

(CH,COOH)H" (H,0), + mMCH,COOH—
(CH,COOH)H"(CH,COOH),(H,0),_,, + mH,O (18)

The thermochemistry is obtained by proceeding upward from
the second row in each column in Scheme 1. Protonation
accompanied by dimer formation with solvent displacement
results in (CHCOOH)H"(CH3COOQOH), which stablizes the ion
by an additional 32.2 kJ/mol (7.7 kcal/mol) compared with
solvation by one KO molecule, and therefore makes the
enthalpy of protonation more negative by this amount. The effect
of dimer formation with solvent replacement is somewhat
smaller, 20.5 (4.9), 17.1 (4.1), and 14.6 (3.5) kJ/mol (kcal/mol)
in the presence of one, two, and three furthgOHnolecules,
respectively.

The results show that in both acid dissociation and protona-
tion, the effects of the first aggregation step to form the dimer
with the displacement of anJ@ molecule are affected little
by the presence of further water molecules. Extrapolation to
the condensed phase would suggest that dimer formation with
the displacement of anJ@ molecule can make acid dissociation

COOH), aggregates), the solvation of the neutrals approximately more exothermic by about 50 kJ/mol (12 kcal/mol) and
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protonation more exothermic by about 15 kJ/mol (3.5 kcal/mol) —e— (CH,COOH)H*(CH,COOH)(H,0), .

than forming only the monomer ions. —— CH,COO (CH,COOH)(H,0),
Higher aggregation enhances these effects. For example, the A (CHOHIHT(CH,OH)(H,0),

formation of the CHCOO (CH;COOH) aggregate makes ~¥ CH,O (CHOM(H,0),

AH°17 more negative by 83.7 kd/mol (20.0 kcal/mol), compared - NH(NHO(H,0),

with the formation of CHCOO (H;0)s. In protonation, the —# N-CyH,NH,"(n-CsHNH,)(H,0),

formation of (CHCOOH)H"(CH3sCOOH) aggregate makes —~@— (CHZ),NH, ((CHs),NH)(H,0),

AH°1g more negative by 35.5 kJ/mol (8.5 kcal/mol), compared 60 -

with the protonation of the monomeric carboxylic function that _

forms (CHCOOH)H(H20)a. B N

In addition to the effect on the anion product of acid 50 - Te———a

dissociation, aggregation in concentrated solutions can also

enhance acid dissociation by stabilizing the released proton. In 40 -
dilute solution, the proton may remain in agueous solution as
the high intrinsic basicity of CECOOH vs HO is nearly
canceled even by partial solvation, as dicussed above. For
example, proton transfer fromgB* to CHRCOOH is exothermic

by 91.1 kJ/mol (21.8 kcal/mol) in the unsolvated species but
only slightly exothermic, by 18.7 kJ/mol (4.5 kcal/mol), in the
4-fold solvated clusters (#®), vs CHSCOOH(H,O)s. This trend
suggests that proton transfer from@® agueousto form (CHs- 10 4
COOH)H" aqueous may be endothermic. However, Scheme 1
shows that the proton is solvated more strongly in {CEOH)

4H* than in (HO) 4H* by 54.2 kJ/mol (13.0 kcal/mol). These
trends suggest that in dilute aqueous solution of carboxylic acids
the proton may be located preferentially on a hydronium ion,
but in concentrated solutions, the proton may be more stabilized Figure 6. Enthalpy sequences for dimerization with solvent displace-

in a carboxylic acid aggregate. This can make acid dissociation Ment as a function of increasing solvatioms shown. Here denotes
more exothermic in concentrated solutions. the number of solvent molecules remaining after one is replaced by

. . . the organic ligand molecule. Data for ammonia/water from ref 9, for
>. Self-A&?semny of Carboxyl_lc Acids Compa_red with metha%ol/watgerfrom ref 10, and farpropylamine and dimethylamine
Other Functional Molecules.As discussed above, ion-neutral  from Meot-Ner (Mautner), 1997, unpublished results.
aggregation in solution constitutes the replacement of solvent
molecules by solute molecules in the inner shell. The thermo- enthalpies of addition of D molecules on both sides of eqs 7
chemistry is represented by the substitution reactions 7 and 8,and 8 approach the 42 kJ/mol (10.5 kcal/mol) condensation
proceeding vertically up in Schemes 1 and 2, and similarly for energy limit. This would predict that ionic aggregates of
other mixed clusters. Figure 6 shows that aggregation about ionscarboxylic acids in agueous solution are more stable than ionic
with solvent displacement is much more favorable for carboxylic aggregates of other functionalized molecules, favoring the self-
acids than for other functionalized molecules. This results from assembly of carboxyxlic acids to form micelles and mem-
a combination of strong bonding of the carboxylate ion to branes?
carboxylic acid molecules and weak bonding to solvent mol- .
ecules. For example, the bond strength ins,C80 (CH;COOH) Computational Results
is 122.6 kJ/mol (29.3 kcal/mol)), compared with the weak bond ~ We used ab initio calculations to examine the complexes of
strength in CHCOO (H20), which is 66.5 kJ/mol (15.9 kcal/  the acetate ion with up to three neutral molecules. The primary
mol). The weak bonding to solvent results from the |afd® ciq purpose of the computations, at the levels affordable for these
difference between C4€OOH and HO (175.7 kJ/mol (42.0 large systems, is to identify possible stable multiply hydrogen
kcal/mol))2? according to the correlation between the relative bonded structures. Results using the 4-31G basis set are reported
acidites of the components and hydrogen bond streRgths. in Figures 712 and in the Supporting Information. Bonding

lonic aggregation with solvent displacement is less favorable energies for these geometries calculated on a higher level using
for other functional groups because of weaker hydrogen bondsthe basis set MP2/6-31G* are reported in Tables 1 and 2. The
to the parent molecules compared with carboxylic acids, or enthalpies computed at this level are substantially closer to the
because stronger bonds to the solvent disfavor displacementexperimental results than with the-81 G set, although the
For example, in protonated amines, the formation of the-ion ~ Structures optimized with SCF/4-31G are not necessarily the
neutral dimer is less favorable because the strength of the NH minima on the MP2/6-3tG8 surface. At any rate, since all
-:N bond, 100 kJ/mol (24 kcal/mol), is weaker than the 125 the complexes involve one ionic species, the computational
kJ/mol (30 kcal/mol) strength of OHO~ bonds?®-26 In overestimate of the ionic interactions should be comparable in
protonated alcohols, ketones, and acids and in deprotonatedhe various isomeric clusters with the same composition and,
alcohols the bonding energy of the dimer is similar to that in in fact, the relative energies are similar on the lower or higher
CHsCOO (CHsCOOH), but these ions are bonded more strongly level. In the comparison with experiment, note also that the
to the solvent HO molecules because of the smaller PA or isomers observed experimentally may not be the lowest-energy
AH°,iq differences between these compounds and v#atét, structures, as entropy effects may render higher-energy isomers
making solvent displacement less favorable. dominant.

These trends can be extended to larger clusters and possibly 1he geometries and charge densities computed for the
to solution, because the relative energies of aggregation shouldSeParated monomers are shown in Figure 7, for comparison with

not be affected significantly in larger clusters when the  (29) Hargreaves, W. R.; Deamer, D. \Biochemistryl1978§ 17, 3759.
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the geometries and charge densities altered by hydrogen bonding S';?l:ge;

in the complexes.

In the first complex, CHCOO (H20), in Figure 8, there are
two minima. The first, isomer A in Table 1, involves a single
hydrogen bond with the $#0 and CHCOOH rotated by 180

about the hydrogen bond. The second structure, isomer B, has

a nearlyCy, symmetry in that each hydrogen atom theCH
molecule forms a hydrogen bond to an O atom of the acetate.

The extra hydrogen bond makes isomer B more stable by 15.1

kJ/mol (3.6 kcal/mol) than isomer A on the SCF/31 G level,

but the constraint decreases the computed entropy on the 4-31
level by 14.6 J moi! K1 (3.5 cal mot! K=1). The added
stability of 14.7 kd/mol (3.6 kcal/mol) is confirmed by the MP2/
6-31+G* calculations.

In CH3COO (H20), in Figure 9, two minima are again
identified. In both isomers, one-® molecule bonds to each
of the acetate O atoms. In the less stable isomer A in Table 1
the two HO molecules are pointed away from each other and

do not interact. The more stable energy isomer B contains a

hydrogen bond between the twe® molecules. The extra bond
in the system makes this isomer significantly more stable, by
25.1 kJ/mol (6.0 kcal/mol) or by 21.3 kd/mol (5.1 kcal/mol)
with MP2/6-3H-G*, but the calculated entropy difference on
the 4-31G level is more unfavorable for this isomer by 69.9 J

J. Am. Chem. Soc., Vol. 121, No. 33, 7163®
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CH;COO (H:0),, isomer B.
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Figure 11. Computed geometries and Mulliken charges forsCH
COO (CH;COOH)(H0).

mol~t K~1 (16.7 cal mot! K71). In terms of free energies at
298 K, the stabilities of the isomers are comparable.
For the dimer CHCOO (CH3;COOH), only the minimum

éhown in Figure 10 was found. The computed binding enthalpy

of this complex is 136.0 kJ/mol (32.5 kcal/mol) or 115.9 kJ/
mol (27.7 kcal/mol) and, with MP2/6-31G*, is close to the
experimental value. In addition to the ®HD~ bond, there is
another weaker interaction between the methyl group of the
acetate and the second oxygen of the acetate ion. ThisGH
bond is likely weak, as the ++O distance is 0.2344 nm. We
note that a higher-level calculation for the analogous HCOO
(HCOOH) dimer also found a doubly bonded structure with a
CH---O~ contribution3°

In CH3COO (CH;COOH)(H,0) in Figure 11, the most stable
minimum contains a network of four hydrogen bonds. Each
component is hydrogen-bonded directly to each of the other

(30) Basch, H.; Stevens, W. J. Am. Chem. S0d.991 113 95.
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components, with two hydrogen bonds between the two ligands.

Again the MP2/6-31G* binding enthalpy of 170.7 kJ/mol (40.8

kcal/mol) is rather close to the experimental binding enthalpy.
The largest computed complex is g@EDO (CH3COOH)-

(H20),. Seven minima were located as shown in Table 2. The

energies and enthalpies of five of the seven isomers are

comparable within 15.6 kJ/mol (3.8 kcal/mol) on both levels
of calculation. Three structures corresponding to local minima

and a proton-transfer transition state are shown in Figure 12.

We note that only in three of the seven minima is there a

direct bond between acetate and acetic acid. Even in these iso=

Meot-Ner et al.

The least stable isomer, A in Table 2, involves no direct
OH---O~ bond between the acetate and acetic acid, only a bond
through the methyl group of the neutral and a bridging water
molecule. In the next least stable structure, isomer B, only one
water molecule is bridging by two water hydrogen bonds, and
the other water molecule is bonded on the periphery. These high-
energy structures are not shown in the figure.

Proceeding to lower-energy structures, isomer C is the only
local minimum that contains a direct bond between the acetate
ion and acetic acid plus one bridging water molecule, while
the other water molecule provides a supporting peripheral bridge
with a bond to the first KO molecule as a hydrogen receptor
and to the acetate ion as a hydrogen donor. However, the next
more stable isomer, D, has no direct bond and is bridged by
only one water molecule, with the other water molecule
providing a supporting peripheral bridge. The next lower-energy
structures E and F are bridged by two water molecules. Finally,
in the most stable isomer, G, there is a direct acetate/acetic acid
bond and also two bridging water molecules.

While the binding energies and enthalpies computed at the
more reliable MP2/6-31G* level are somewhat smaller than
SCF/4-31G, the results are quite consistent at either level. At
both levels, the A and B geometries are less stable than the
others. The remaining configurations,—G, are close in
enthalpy, within 10.9 kJ/mol (2.6 kcal/mol) with SCF/4-31G
or within 14.3 kd/mol (3.4 kcal/mol) on the MP2/6-8G* level.

Probably the most interesting species is F, which is formed
from E by proton transfer from the neutral acetic acid molecule
to a bridging water molecule. This species can be described as
a pair of acetate anions bridged by agCF ion and one HO
molecule. This charge-separated species is not a local minimum,
but rather a transition state on a nearly flat surface, which is
less stable only by 3.4 kJ/mol (0.8 kcal/mol) or 4.2 kJ/mol (1.0
kcal/mol) with MP2/6-3%#-G* than the parent structure E.
Although a local transition state, it has a lower energy than some
of the local minima that correspond to non-charge-separated
isomers. The ease of proton transfer from the neutral carboxylic
acid group in isomer E to the water O atom to form this isomer
may be due in part to the already large negative charge on the
water O atom in isomer E, due to the bond to the ionized
carboxylate group.

In the proton transfer to form the species F, the overall charge
of —0.026 on the bridging water molecule changes-@658
in the HO™ ion. The charge on the acetate O atoms participating
in the bridge becomes more negative, and each carboxylate
group carries a charge of0.796. The structure assumes a
symmetric geometry that is a suitable intermediate for proton
transfer between the carboxylic groups.

Note that in isomer F the proton is located on apOH
molecule adjacent to GJECOO™ groups, although the proton
affinity of H,O is lower by as much as 768 kJ/mol (184 kcal/
mol) than the carboxylate ions. Similar cases were observed
where an HO™ ion was between two CICN, ether or ketone
groups that have proton affinities higher by up to 170 kJ/mol
(40 kcal/mol) than the central 4 molecule’3%-33 Evidence
was found also for a similar structure involving®t™ and two
(CHg3)sN molecules’* where the PA difference is 270 kJ/mol
(65 kcal/mol)??2 These structures can be seen as a compromise
geometry where the strong bases attract the proton in opposite

mers, further bridging between the acetate and acetic acid occurs (31) Meot-Ner (Mautner), MJ. Am. Chem. Sod.994 116, 7848.

by water molecules. In the other energy minima, the structure

is bridged entirely by one or two water molecules, without direct

(32) Sharma, R. B.; Kebarle, B. Am. Chem. S0d.984 106, 6193.
(33) Wei, S.; Tzeng, W. B.; Castleman, A. \0/.Phys. Cheml991, 95,
585. Wei, S; Tzeng, W. B.; Castleman A. . Phys. D 1991, 20, 47.

bonding between the acetate and acetic acid components. IN"" 34y Meot-Ner (Mautner), M.; Scheiner, S.; Yu, W. @. Am. Chem.

fact, the most stable structure is such a bridged structure.

Soc.1998 120, 6980.
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directions, and it becomes located in a balanced position onbridging HO molecule allows a low-energy pathway for proton
the less basic molecule in the center. Structure F represents arransfer through an ¥0* bridged intermediate.
extreme example, where the proton is located e@Horidging These results have potential biological implications. Acid
between two anions whose proton affinities are higher by 768 dissociation of carboxylic acid groups in membranes and
kJ/mol (184 kcal/mol) when they are separated gas-phaseproteins can be facilitated by the proximity of other carboxylic
species. groups by forming strong RCOG--HOOCR bonds. This need
The general observation from the computed results is that not require a strict positioning of the carboxylic groups, as
there is little difference in the energetics whether the carboxylic several geometries can allow strong-ereutral hydrogen bonds
acid and carboxylate are in direct contact or are bridged by waterand bridging water molecules can mediate these stabilizing
molecules or whether the ligand system constitutes only neutralsinteractions between separated carboxylic groups.

or a charge-separated ion pair. We noted the small energy difference between the charge-
) separated structure F and the other isomers in Table 2. This
Conclusions charge-separated isomer arises by proton transfer from the

The effects of partial solvation on the acidity, basicity, and neutral carboxylic group inisomer E. Subsequent proton transfer
self-assembly of acetic acid were examined by measurementsio the other carboxylate ion amounts to overall proton transfer
of cluster thermochemistry. Acetic acid is a strong intrinsic acid Petween the two carboxylic groups through the bridging water
and base and its ionized forms bond strongly to carboxylic molecule. This is similar to proton transfer between ether or
groups, while the correlations with hydrogen bond strengths lead carbonyl groups through water bridges that model proton
to relatively weak bonding to solvent molecules. These relations transport in membranéé.in both cases, the proton moves by
determine the thermochemistry of mixed ionized acetic acid/ Pond rearrangement in a hopping mechanism rather than
water aggregates. The resulting effects in the 4-fold hydrated Physical diffusion, similar to proton transport in water. Through
clusters nearly eliminate the exothermicity of proton transfer this mechanism, solvent bridges can provide low-energy path-
from H,O to CHsCOOH molecules and reverse the intrinsic Ways for proton transfer.
molecular proton affinity order between @BH and CH- In general conclusion, ionic hydrogen bond strengths correlate
COOH. The relative acidities are affected similarly, but because With the intrinsic acidities and basicities of the componénts.
of its strong intrinsic acidity, acetic acid remains a stronger acid These relations have broad significance. They affect ion

than water and methanol in the 4-fold hydrated clusters, as well Solvation, acidities and basicities in solution, aggregation, self-
as in agueous solution. assembly, and the energetics of membranes and enzymes. The

The cluster models show that aggregation in concentrated correlations between molecular acidities and basicities and ionic
solutions can significantly enhance acid dissociation by stabiliz- hydrogen bond strengths, first observed in dinfefgherefore
ing the carboxylate anion by GBOO™++*HOOCCH; bonds and also have fundamental effects in complex ionic hydrogen bonded
the released proton in (GBOOH),(H,O)H* assemblies. assemblies.

The clustering results explain why self-assembly and mem-
brane formation is particularly favorable in ionized carboxylic
acids, compared with other types of functionalized molecifles.
The effect results from the strengths of hydrogen bonds between
various components due to the correlations with the relative
acidities and basicities. First, the bonding strength in many-OH
O and O ---HO dimers is about 125 kJ/mol (30 kcal/mol).
This is stronger than in NH--N bonds, 100 kJ/mol (24 kcal/
mol), and therefore oxygen functional groups will tend more
to ion—neutral association than amines. However, ionized
oxygen groups such as (ROHjtnd RO ions bond relatively

strongly to HO molecules because of the relatively small PA . -
o ; CH3COO (CH3COOH)(HO), with a —CHz+*O~OCCH; bond,
and AH%q difference between alcohols and,®| making an HO bridge, and a peripheral B molecule bonded to

solvent displacement unfavorable. Conversely, because of the .
strong intrinsic acidity of the carboxylic group, correlations with CH,COQ ; isomer B (Table 4) of CkCOO (CHCOOH)(HO),

e - - with an H,O bridge and a peripheral & molecule bonded to
the acidities result in weak bonding to solvent molecules. The -
trends in Figure 6 show that the combination of strong CHCOO; isomer C (Table 4) of CHLOO (CHCOOH)(H0),

RCOQG +-*HOOCR bonds and weak RCO®G-H,0 bonds to with a direct CHCOQ ---HOOCCH; bond, a bridging KO

solvent molecules makes aggregation with solvent displace- molecule, anz a p(;riplgegal bridgingg(BII molleculedbonded to
. . ; CH3COO™ and to the bridging KD molecule; and isomer D
g/i?érﬁsart|cularly favorable for carboxylatearboxylic acid (Table 4) of CHCOO-(CHCOOH)(HO), with a bridging HO

. . . molecule and a peripheral bridging,® molecule bonded to
Three interesting computational results on the;CEO - S . o
(CHsCOOH)(HO), clusters are the following: (1) a variety of CH3COO™ and to the bridging D molecule. This material is

geometries are comparable in stability; (2) directly bonded and available free of charge on the Internet at http://pubs.acs.org.
solvent-bridged isomers have comparable stabilities; and (3) theJA982173I
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