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Abstract: Solvation of dicarboxylate dianions of varying length of the aliphatic chain in water clusters and
in extended aqueous slabs was investigated using photoelectron spectroscopy and molecular dynamics
simulations. Photoelectron spectra of hydrated succinate, adipate, and tetradecandioic dianions with up to
20 water molecules were obtained. Even—odd effects were observed as a result of the alternate solvation
mode of the two negative charges with increasing solvent numbers. The competition between hydrophilic
interactions of the charged carboxylate groups and hydrophobic interactions of the aliphatic chain leads to
conformation changes in large water clusters containing dicarboxylates bigger than adipate. It also leads
to a transition from bulk aqueous solvation of small dicarboxylates to solvation at the water/vapor interface
of the larger ones. Whereas oxalate and adipate solvate in the inner parts of the aqueous slab, suberate
and longer dicarboxylate dianions have a strong propensity to the surface. This transition also has
consequences for the folding of the flexible aliphatic chain and for the structure of aqueous solvation shells
around the dianions.

1. Introduction since they lack any hydrophobic center. Results of molecular
dynamics (MD) simulations indicate that in these cases the main
force that drives the above anions to the aqueous surface is their
large polarizability (softnesd)’8

Small multiply charged ions exhibit a more pronounced
hydrophilicity than those bearing a single elementary charge.
Pecause of the strong electrostatic interactions with surrounding

Water molecules, they tend to organize in the bulk liquid one
to two solvation shells around themselves. These ions are
repelled from the water/vapor interface because of huge image
}forces As a result, they never penetrate into the topmost surface
%yer of aqueous systems. Typical examples of positively
charged ions are alkali earth dications such ag'My C&",
while SO2~ represents a textbook hydrophilic dianibn.
Gas-phase solvated clusters provide ideal molecular models
r investigating the solvation behaviors of atomic and molecular
ions and can provide valuable information pertaining to the

The propensity of certain atomic and small molecular ions
for the water/vapor interface has important implications for
heterogeneous chemistry at aqueous surfaces. In particular,
important tropospheric reactions involving polluting gases such
as ozone or OH and leading to the production of reactive halogen
compounds take place at the surface of aqueous sea salt aerosols
in the lower marine troposphérgor salt solution films sprayed
over the polar snowpackThere is mounting computational and
experimental evidence that heavier halides (iodide, bromide, and
to a lesser extent, chloride) penetrate the aqueous surface, whe
they can react with atmospheric gagéésnong small molecular
ions, nitrate and azide were also shown to exhibit a similar
surface behavior® Note that the propensity for the water/vapor
interface of these ions cannot be attributed to hydrophobicity fo
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halogen ions (Cl, Br—, and I") and azide (N"), which have a solvation behavior in aqueous interfaces of the dicarboxylate
propensity for the water/vapor interface of extended systems, dianions may be essential to elucidate the chemistry of the
studies of their hydrated clusters demonstrate that they alsoorganic aerosols containing these species.

prefer a “surface” solvation stafé 2% An interesting class of These dianions with a varying length of the (thain also
systems are multiply charged ioffs2¢ Recent experimental  represent ideal systems for studying the competition between
advances using photoelectron spectroscopy and electrosprayydrophilic electrostatic forces due to theCO,~ groups and
have allowed multiply charged anions to be studied in the gas the hydrophobic interactions between the connecting aliphatic
phasée’’28 Hydrated clusters of small multiply charged anions chain and wate#35In the current work, we report a compre-
including SQ?~ have been produced and shown that these hensive experimental and theoretical study on a series of

species prefer to be in the center of the solvated cludtets, dicarboxylate dianions with different numbers of £spacer
anticipating their absence from the air/water interface in groups. Experimentally, we have obtained photoelectron spectra
extended systems or nanodroplets. for hydrated~O,C—(CH),—CO, forn= 2, 4, 12, and up to

In contrast to the above small multiply charged ions, 20 water molecules. There are two questions that we would
dicarboxylate dianionsO,C—(CH,),—CO,~ have two distinct like to address. Previous work has shown that the smallest

charged groups—CO,7) linked by a flexible hydrophobic member of the series, the oxalate@z?"), prefers to be in the
aliphatic chain. Recently, we have investigated the sequential center of the solvated clustefs¥ As the aliphatic chain length
solvation of an example of dicarboxylate dianion€),C— is increased, the size of the dianion increases and the hydro-
(CH2)6—CO;,~ (suberate), in clusters with-25 water molecules phobic interactions with water also increase. What is the largest
in a combined photoelectron spectroscopy and computationaldicarboxylate that can still have the interior solvation behavior?
study32 The main finding is that for up to about 16 water Second, we want to examine how the solvation-induced
molecules, both carboxylate charge centers of the linear gasconformation change would depend on the aliphatic chain
phase dianion are separately solvated, one water molecule aftelength, as well as on the number of solvent molecules.
another in an alternating pattern. However, upon adding more Despite the above cluster results, there is little direct
waters, the suberate dianion folds and a single water clusterinformation about the character of solvation of dicarboxylate
forms around and between the tw@O,~ groups. At the same  dianions in extended aqueous systems. While, as discussed
time, the hydrophobic (ChJs chain is not solvated by water ~above, a lot of valuable information is gained from cluster
molecules at all, regardless of the cluster size. studies, solvation at the extended water/vapor interface differs
Dicarboxylate dianions play important roles in many natural SOmewhat from thatin and on aqueous clusters with a diameter
environments. For example, carboxylate is an important nega’uvesma"er than about 100 nm because of the finite size and surface
charge carrier in proteins, which is present in the C-terminal of curvature of the latter. In particular, the curved surface of the
polypeptides and the side chains of aspartic and glutamic acids. 2dU€0us cluster represents a possible additional surface driving

As another example, dicarboxylate dianions originating from factor for the solute species, which is missing at the planar
small, water soluble acids (such as oxalic, malonic, or succinic Nterface of extended systerffsExtensive molecular dynamics

acid) were recently suggested to play an important role in simulations have thus been carried out within the current study

controlling the chemical and physical properties of organic COnceming the solvation and, in particular, the interfacial
aerosols in the polluted troposphéfeUnderstanding the behaviors of the dicarboxylates with different aliphatic chain
lengths. The main questions addressed, in conjunction with the

experimental work, which focused on small- and medium-sized
solvated clusters, are as follows: Do small dicarboxylate
(13) gggnc'ag%%“%}"%;6':3r;35°hk°r” C.; Weinkauf, R.; Neumark, D. M- gianjons solvate in the aqueous bulk, and do the larger ones
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(24) Boldyrev, A. I.; Gutowski, M.; Simons, Acc. Chem. Red.996 29, 497— olding of dicarboxylate dianions upon increasing the numbe
502. of solvent water molecules, as observed recently for sub&rate.
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Chem. B1998 102 4205-4208. In our previous work on clusters c.ont.alnlng a suberate dianion
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7) Wang, L. S.; Wang, X. BJ. Phys. Chem. 104, 1978-1990. : ;
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- 4\1(98 X Wang, X. B.: Wang, L. S. Phys. Chem. 2002 106 7607- measurements was established. Building on this success, in the
(29) Yang, X.. Wang, ang, ys. Chem. 2002 106 present study we employ experiment and computations primarily
(30) Y\{gngeng%Igng X.; Nicholas, J. B.; Wang, L.5.Chem. Phy2003 in a complementary way, the former focusing on extracting
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electron binding energies and inferring structures of dicarboxy- [T
late dianions in and on water clusters, while the latter aiming
at elucidating directly the thermodynamically averaged structures
of these dianions in the aqueous bulk or at the extended water/
vapor interface. 0 Ll ,[/
2. Experimental and Computational Methods
2.1. Photoelectron Spectroscopylhe experiment was carried out
using an apparatus equipped with a magnetic-bottle time-of-flight | 1 "y

photoelectron analyzer and an ESI sotifdeetails of the experimental
method have been given elsewh&rand the procedures were the same
as our previous study on the solvated suberate diaffoBsiefly,
solvated dianions with a wide range of solvent molecul€C(CH,).-

CO, (H20), were produced from electrospray of mixed solutions of
1073 M of the corresponding acids, HO(CH,),COH and 2x 1073

M NaOH in a water-acetonitrile mixture (1:4 volume ratio). Anions
produced from the ESI source were guided into a room-temperature
ion trap, where ions were accumulated for 0.1 s before being pulsed
into the extraction zone of a time-of-flight mass spectrometer. During
photoelectron spectroscopic experiments, the dianions of interest were
mass-selected and decelerated before being intercepted by a probe lasg
beam in the photodetachment zone of the magnetic-bottle photoelectron
analyzer. In the current study, the detachment photon energy was 193
nm (6.424 eV). Photoelectron time-of-flight spectra were collected and
then converted to kinetic energy spectra, calibrated by the known spectra
of I and O. The electron binding energies (EB) were obtained by
subtracting the kinetic energy (KE) spectra from the detachment photon
energy (EB= 6.424 eV— KE). The energy resolutiorN\KE/KE) was
about 2%, i.e.~10 meV for 0.5 eV electrons, as measured from the
spectrum of T at 355 nm.

2.2. Computational Methods.The calculations involved classical
molecular dynamics simulations aimed at a Boltzmann sampling of
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solvation structures ofO,C(CH,),CO,~ , n =0, 4, 6, and 12 (i.e., Binding Energy (eV) Binding Energy (eV)
oxalate, adipate, suberate, and tetradecandioic dianion) in and oNngigure 1. Photoelectron spectra 00;C—(CHz),—CO,~(H0) (x = 0—18)
aqueous slabs. To construct the slab, a rectangular box of 3.5 x at 193 nm (6.424 eV). Note the low electron binding energies of the bare

17.5 nn¥ was used, containing 1400 water molecules, a single anion atx = 0.

dicarboxylate dianion, and two sodium cations as counterions. Ap- ) ) )

plication of periodic boundary conditions at constant volume with such 3- Experimental Results and Discussion

aunitcellyields an infinite slab with two open surfaces, perpend.icular 3.1. The Bare Dianions and the Observation of the

stan%ardgparticle mesh Ewald procedtfre ¥ % photoelectron specira 00,C(CH,),CO; (HzO)y (x = 0-20)
h i ibrated ' ‘ | “ for n = 2, 4, 12 are displayed in Figures-B, respectively.

The systems were first equilibrated at 300 K for atleast 0.5 ns, after o gnacira of the bare dianions all exhibited two bands,
which very long ¢-5 ns) production runs at the same temperature consistent with our previous study carried out at two lower
followed. A time step of 1 fs was adopted, and all bonds containing . P y . - .

_photon energie%* The weak band at higher binding energies

hydrogen atoms were constrained using the standard SHAKE proce-! o
dure® We employed the SPCE model of watérwhile for the in the spectra of the bare dianions was due to detachment of

dicarboxylate dianions, we used the Cornell force figldth fractional the singly charged anions by a second photon. The succinate
charges evaluated (as is the standard for force field parametriZgtions dianion was observed for the first time here and was found to
at the HF/6-31G level using the natural population analysis for be barely stable with an adiabatic detachment energy (ADE)
structures optimized at the MP2/6-3&" level. All molecular dynamics estimated as-0.0 eV. We were not able to observe this dianion
calculations were performed using the GROMACS 3.1 program in our previous study likely because of a harsher desolvation

package? condition in the electrospray source. The observed vanishing
value of ADE for succinate qualitatively agrees with a previous
(37) Wang, L. S;; Ding, C. F.; Wang, X. B.; Barlow, S. Bev. Sci. Instrum. ab initio calculation, which gives an ADE 6f0.086 eV44 \We

1999 70, 1957-1966. . .. N -
(38) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen, have shown previously that the oxalate dianiopd ") is not

L. G. J. Chem. Phys1995 103 8577-8593. i 31 gimi iani
(39) Allen, M. P.; Tildesley, D. JComputer Simulations of Liquid€laren- S'[ablztii IQ5 326 gas phaé%, S.Im.llarly to the sulfate dianion
don: Oxford, 1987. (S0O4%7).4>45The succinate dianion turns out to be the smallest

(40) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, J. Phys. Cheml987,
91, 6269-6271.

(41) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.  (44) Skurski, P.; Simons, J.; Wang, X. B.; Wang, LJSAm. Chem. So200Q

electronically stable dicarboxylate dianion in the gas phase, if

A. J. Am. Chem. S0d.995 117, 5179-5197. 122 4499-4507.
(42) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys. Chem. (45) Boldyrev, A. I.; Simons, 1. Phys. Chem1994 98, 2298-2300.
1993 97, 10269-10280. (46) Wang, X. B.; Nicholas, J. B.; Wang, L. 8. Chem. Phys200Q 113
(43) Lindahl, E.; Hess, B.; van der Spoel, D.Mol. Model.2001, 7, 306-317. 1083710840.
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Figure 2. Photoelectron spectra 00,C—(CHy)4—CO;~(H20) (X = 0—20) Figure 3. Photoelectron spectra 0fO,C—(CH;)1o—CO;~(H0)« (x =
at 193 nm. 0—18) at 193 nm.

only barely. The malonate dianion, which lies between oxalate high binding energy part of the spectra for the very large
and succinate in size, is expected to be unstable, and we havesolvated clusters was cut off because of the repulsive Coulombic
indeed failed to observe it in our electrospray source. In an barrier universally present in multiply charged aniéhgor x
unpublished work, we showed that we could readily observe = 1-7, the weak feature at higher binding energies gained
malonate with three watersQ,CCH,CO, (H,0)3, indicating intensity and became broader. The binding energy of this feature
that one to three water molecules are needed to stabilize theseems to depend on the solvent number very weakly. We suspect
malonate dianion in the gas phase. We also showed previouslythat this weak band could also have contributions from ionization
that oxalate requires at least three waters to be stabiitZ8d.  of the solvent, as was observed previously in the photoelectron
3.2. Hydrated Succinate, Adipate, and Tetradecandioic spectra of hydrated sulfate and oxaléte.
Dianions. The first solvent molecule caused the spectra of the  3.3. Interior vs Exterior Solvation and Solvent-Induced
dicarboxylate to split, as previously observed for the suberate Conformational Changes. The ADEs, estimated from the
system?2 The first water can only solvate one of theCO,~ threshold of the photoelectron spectra shown in Figures, 1
groups, thus making the two carboxylate groups nonequivalent.are plotted as a function of solvent numbgy in Figure 4a.
The spectra of systems with two waters closely resemble thoseThe differential ADE AADE), defined as [ADE{ + 1) — ADE-
of the bare dianions, indicating that each water solvates one(X)], is the net stabilization of one water to the negative charge
—CO,~ group separately. This evewmdd pattern became as water is sequentially added. It is plotted in Figure 4b as a
difficult to recognize beyond four solvent waters for succinate function ofx.
and adipate, whereas for the hydrated sub&ated tetrade- 3.3.1.70,C(CH,)2,CO,(H20)x. The ADEs of the hydrated
candioic dianions such evedd changes were discernible for  succinate exhibit a relatively smooth increase with the solvent
up to nine solvent molecules. The everdd changes demon-  number. The evenodd effect in the ADE is not very strong
strated that the water molecules tended to solvate the twoand seems to completely smooth out beyond five waters. These
—CO, groups independently and alternately. For large solvated observations are consistent with the small size of succinate.
dianions, the cluster intensity became relatively weak and the Namely, after the first five or six waters, additional solvent can
photoelectron spectral signal-to-noise ratios became poor. Thebuild around the dianion and effectively stabilize both negative
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interactions. Atx = 13 and beyond, it is expected that the two
separately solvated centers merge. Our current clusters were not
large enough to extrapolate whether adipate assumes an interior
or exterior solvation state in extended aqueous systems. Our
computational study, described in detail below, suggests that
adipate, as an intermediate size dicarboxylate dianion, prefers
bulk solvation.

3.3.3.70,C(CH2)12C0O;~(H20)x. The tetradecandioic dianion
is the largest dicarboxylate systems that we have investigated.
Its ADEs exhibit the most pronounced evemdd changes
(Figure 4) since the two carboxylate groups are far apart and
the solvation of each is almost independent of the other.
However, the evenodd changes in the ADEs taper off beyond
x = 10. This observation implies that five waters are needed to
completely solvate the carboxylates on each end of the tetrade-
candioic dianion, presumably forming the first solvation shell.
Additional waters exert a relatively small stabilization to the
negative charges. Also, the eveodd effect was not measurable
because of the large experimental uncertainty for large clusters,
which were more difficult to produce because of the low
solubility of this dianion. In analogy to the hydrated suberate
systems, we expected that folding should happen for the
tetradecandioic dianion at a certain solvation level. Because of
the large distance between the two negative charge centers, a
much more dramatic decrease in ADE was anticipated upon
folding for the tetradecandioic dianion. It is apparent from the

Figure 4. (a) Adiabatic electron binding energies (ADE) of hydrated Spectra that folding would require more solvent molecules than
succinatel(l), adipate ©), and the tetradecandioia dianions as a function we were able to produce in our current experiment. The fact
‘ifi%‘é"iz)t]r;imabfﬁﬂ}ég)&he differential ADE pADE = ADE(x + 1) that the critical size is large (beyond those experimentally

' accessible) can be expected from the significant entropic
contribution to the stability of the quasi-linear conformation at
inite temperature® Twice as large as suberate, the tetrade-
candioic dianion is expected to prefer surface solvation with
its hydrophobic aliphatic chains pointing into the vapor phase.
This is exactly born out from the MD simulations presented
below.

charges more or less equally. This suggests an interior solvatio
state for succinate, analogous to sulfate and oxaldtés also
expected that succinate prefers bulk solvation in extended
aqueous systems.

3.3.2.70,C(CH,)4CO, (H20)x. The ADE of the hydrated
adipate as a function of the number of solvent molecules is more
intriguing (Figure 4). First, theAADEs exhibited more pro-
nounced evenodd changes than those of the succinate systems
and tapered off beyond about eight waters. The ADEs then 4.1. Oxalate: GO4*~. The smallest dicarboxylate dianion,
increased smoothly witl up to 12. But change in the slope Oxalate, does not contain any hydrophobic Gffoups. Ex-
was observed between= 12 and 13: the ADEs ok = 13 perimentally, it was shown to sit in the center of water clusters,
and 14 showed no or little increase relative to thak ef 12. similarly to other small hydrophilic dianions (such as sulféte).
This is an indication of a conformation change. Previously, we It was thus expected to solvate deeply in the aqueous bulk. This
observed that for the hydrated suberate systems folding takeds indeed confirmed by the present MD simulations. Figure 5a
place aix = 16, where the quasi-linear suberate dianion became shows the density profiles of the individual atomic species, i.e.,
bent and the two separately solvate@O,™ centers mergetf histogrammed occurrences of the oxygen and carbon atoms of
The folding was caused by the strong cooperative H-bonding 0xalate, the sodium counterions, and water oxygens across the
interactions between the solvent molecules and the hydropho-water slab, averaged over the MD simulation. The water oxygen
bicity of the aliphatic chain. In the suberate systems, a dramatic Signal defines the extension of the slab, with an aqueous bulk
ADE decrease was observed between the folded conformationregion surrounded from both sides by a water/vapor interface.
atx = 16 relative to the unfolded conformationxat 15. This The signals from both oxalate oxygens and carbons clearly show
is a result of the increased Coulombic repulsion upon folding, that the smallest dicarboxylate dianion is strongly repelled from
which brought the two negative charges closer to each other.the aqueous surface and solvates deeply in the bulk region of
Adipate has a shorter chain of four gspacer groups, which  the slab. As for aqueous sodium chloride, the sodium counter-
is not long enough to allow for such a dramatic folding structural ions are also, albeit somewhat less strongly, repelled from the
change. But the ADE behavior betwerr 12 and 13 signals ~ Wwater/vapor interface.
a conformation change that brings the two carboxylates slightly  4.2. Adipate: ~O,C(CH2)4CO,~. The next investigated
closer to each other at= 13. The fact that this happens at a aqueous dicarboxylate dianien adipate, contains in addition
smaller solvent number than in suberate is a manifestation ofto the two carboxylate groups a short aliphatic chain containing
both the smaller size of adipate and the strong wateater four CH, groups. The result of competition between the

4. Computational Results and Discussion
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Figure 5. Density profiles of dicarboxylate dianions in an aqueous slab. Color coding: red, carboxylate oxygen; black, carbon; green, sodium counterions;
and blue, water oxygen. (a) Oxalate (bulk salvation), (b) adipate (bulk salvation), (c) suberate (surface salvation), and (d) tetradecaoli(sartéae
salvation).

hydrophilic and hydrophobic forces is seen in density profiles
shown in Figure 5b. Clearly, for this dianion the former forces
won over the latter resulting in the interior solvation of adipate.
4.3. Suberate: “O,C(CH,)sCO,". The aqueous clusters of
suberate were the topic of our previous joint experimental and
theoretlcal mvestlgatlo?F In particular, experlmentally inferred

" e * LAY '.p.ﬂ\. * -m.-.
"IN 53 "'"o‘ o

.

cluster studies suggested that suberate would exhlblt an interest|
ing behavior in the interface with its hydrophobic aliphatic chain
point out of the solution. This is clearly born out in the current
MD simulation of an extended slab, as shown in the density
profiles of agueous suberate (Figure 5c). We see that upon
moving from a dicarboxylate dianion with four to six GH
groups a transition from bulk to surface solvation occurred. This
is demonstrated in Figure 5c¢ by the signal from the aliphatic
carbons, which peaks right at the water/vapor interface. Note
that the signal of the carboxylate oxygens peaks closer to the[fg. A
bulk aqueous region than that of the carbon atoms. This reflects
a generic pattern of longer, surface-solvated dicarboxylate
dianions with the hydrophilie-CO,~ groups immersed in the
surface solvent layer and the hydrophobic aliphatic chain
repelled from water and, consequently, somewhat bent, analo-gjgure 6. Typical snapshot from the simulation showing the surface-
gous to the picture derived from our previous cluster study. solvated suberate ion with the carboxylate groups solvated in the interfacial
Figure 6 shows a typical snapshot from the MD simulation, layer and the aliphatic carbon chain sticking into the vapor phase.
displaying the aqueous surface with the suberate dianion and

demonstrating clearly this surface solvation behavior. Finally, Sodium cations themselves have no propensity for the water/
note that the counterions also reside at the same side of thevapor interface, but rather they tend to neutralize the charges
slab as suberate, albeit much deeper in the aqueous phasenf the dicarboxylate dianion.
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Figure 7. Distributions of carboxylate carbertarbon distances for aqueous (a) adipate and (b) suberate. Unfolded structures dominate the bulk-solvated
adipate, while suberate folds at the water/vapor interface.

4.4, The Tetradecandioic Dianion: ~0,C(CH2)1,CO;". (a)
Upon prolonging the aliphatic chain of the dicarboxylate dianion
the hydrophobic interactions can only become stronger and the
aqueous surface solvation pertains. Figure 5d shows the density
profiles for the largest investigated system, the tetradecandioic
dianion. We see that the propensity of the dianion for the water/
vapor interface is even stronger than in the case of suberate.
Again, the aliphatic chain bends and sticks out into the vapor
phase, while the carboxylate groups tend to solvate in the
interfacial layer of the aqueous phase. The tendency of the Figure 8. Strucyure of the solvation shell around (a) adipate and (b)

. . S . suberate. While in the former case water molecules encompass the whole
sodium counterions to follow the dianion also pertains. dianion, in the latter case the aliphatic chain remains unsolvated.

4.5. Folding of the Aliphatic Chains in the Water/Vapor
Interface. A typical feature present in all but the shortest depicted in Figure 8a, while a similar snapshot from a MD
dicarboxylate dianions is the possible existence of a collinear simulation of aqueous suberate is shown in Figure 8b. In both
and various folded structures due to the flexibility of the aliphatic cases, the charged carboxylate groups are strongly hydrated.
chain. While in the gas phase all the dicarboxylate dianions While the short aliphatic chain of the bulk-solvated adipate
tend to be collinear because of a strong Coulombic repulsion “squeezes” within the aqueous solvation shell, that of suberate
between the two carboxylate groufdsn an aqueous environ- is too long and is pushed out from the aqueous phase.
ment an efficient dielectric screening of the charged groups We have quantified the solvation structures in terms of radial
allows also for the occurrence of folded geometries. It is distribution functions. Figure 9 shows the carboxylate oxygen
illuminating to compare the distribution in the aqueous slab of water oxygen radial distribution functions for adipate and
structures of a short, bulk-solvated adipate (see Figure 7a) withsuberate. On the first view the two curves look similar, with
that of the longer, surface-solvated suberate (Figure 7b). In thethe first sharp (second broad and, in the case of suberate,
case of adipate collinear geometries, corresponding to a distancesomewhat structured) maximum corresponding to the first
between the carboxylate groups of8 A dominate. The (second) solvation shell, despite the fact that the adipate solvates
situation is to some extent reversed for the surface-solvatedin the aqueous bulk while suberate sovates at the water/vapor
suberate (Figure 7b). Because of the hydrophobic interactionsinterface. However, the integrals under the first peak, which
of the aliphatic chain, which is pushed out of the aqueous phase,give the numbers of the water molecules in the first solvation
the suberate dianion tends to bend to solvate at the same timeshell, are different for the two cases. Namely, while there are
as the charged carboxylate groups. This corresponds to the peaksoughly seven water molecules around each of the carboxylate
at6.5 A and 7.5 A in Figure 7b, which reflect different degrees groups of the bulk-solvated adipate, this number drops to five
of folding of the aliphatic chain. for the surface-solvated suberate. We note that the first solvation

4.6. Solvation Structures of the Carboxylates.There is shell of five waters in the surface-solvated suberate agrees
another interesting question pertaining to the bulk vs interfacial remarkably well with the solvated cluster results. These show
solvation of dicarboxylate dianions of varying aliphatic chain a negligible everrodd effect in the measured ADEs once each
length. What is the structure of water molecules around the carboxylate is solvated by five waters since additional waters
hydrophilic carboxylate groups, and are there differences do not interact with the negative charges directly, i.e., they are
between bulk- and surface-solvated dianions? A typical geom- added to the second solvation shell. Note that the first solvation
etry of adipate with the surrounding 30 water molecules is shell derived from the solvated clusters of the tetradecandioic
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Figure 9. Carboxylate oxygenwater oxygen radial distribution functions for (a) adipate and (b) suberate.

dianion, which is surface-solvated as well, contains also five dianions up to adipate bulk agqueous solvation prevails, since
waters for each carboxylate group, as discussed above (sedydrophilic interactions of the charged carboxylate groups win
Section 3.3.3.). over the hydrophobic forces due to the aliphatic chain. However,
upon further increasing the aliphatic chain length hydrophobic
interactions overwhelm the hydrophilic ones. As a result,

We have investigated using molecular dynamics simulations syperate and longer dicarboxylate dianion have a strong
and photoelectron spectroscopy aqueous solvation of a serieyropensity for the water/vapor interface. This change of the
of dicarboxylate dianions with 0, 2, 4, 6, and 12 &ftoups of  aqueous solvation behavior of dicarboxylate dianions upon
the aliphatic chain connecting the two carboxylate groups. increasing the lengths of the aliphatic chain is in accord with
Photoelectron spectra of solvated clusters of succinate, adipatejhe solubility data of the corresponding acids (obtainable, e.g.,
and tetradecandioic dianions with up to 20 water molecules werefrom the Beilstein database). Namely, the transition between
obtained. Together with previous reports on solvated oxalate so|yble and insoluble acids correlates with that between the bulk
and suberat&) 32 a relatively complete data set for solvated s syrface located dianions, while oxalic, malonic, succinic, and
dicarboxylates with various chain lengths is available now. The glutaric acids are strongly soluble in water and adipic acid is
isolated succinate dianion was observed for the first time and moderately soluble, subaric acid is only slightly soluble, and
was shown to have an adiabatic electronic binding energy of 4¢igs with longer aliphatic chains are practically insoluble in
~0.0 eV, being the smallest stable dicarboxylate dianion. \yatar.
Photoelectron data of solvated succinate were consistent with . . _—

The bulk vs surface solvation of dicarboxylate dianions also

an interior solvation state for this dianion. The electron binding -
energies as a function of solvation revealed for adipate that therehas an effect on the structure of aqueous solvation shells and
on the folding of the flexible aliphatic chain. Small bulk-solvated

was a small conformational change between 12 and 13 solvent,. -
molecules. The most pronounced d effect was observed dicarboxylate dianions prefer more unfolded .structures and a
for the electron binding energies of the tetradecandioic dianion. larger number of water molecules in the solvation shell_s a_round
The effect tapered off above 10 water molecules, suggestingthe carboxylate groups than large surface-solvated dianions.
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