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Abstract: The microsolvation of the suberate dianion, -O2C(CH2)6CO2
-, with two separate charge centers

was studied by photoelectron spectroscopy and molecular dynamics simulation one solvent molecule at a
time for up to 20 waters. It is shown that the two negative charges are solvated in the linear suberate
alternately. As the solvent number increases, the negative charges are screened and a conformation change
occurs at 16 waters, where the cooperative hydrogen bonding of water is large enough to overcome the
Coulomb repulsion and pull the two negative charges closer through a water bridge. This conformation
change, revealed both from the experiment and from the simulation, is a manifestation of the hydrophilic
and hydrophobic forces at the molecular level.

Introduction

Understanding the behavior of ions, especially multiply
charged species, in aqueous solution is essential to obtain insight
into many processes in chemistry and biochemistry. Many
textbook multiple-charged anions (MCAs), such as SO4

2-, owe
their existence to their hydration shell and would spontaneously
emit an electron in free space.1,2 For biological macromolecules,
solvation of their charged groups plays an important role in
determining their structures and functions.3-5 Studying the
microhydration of complex multiply charged anions in the gas
phase provides a unique vantage point to understand at the
molecular level the solvation effect on the structure of the solute
molecules.

Photoelectron spectroscopy (PES) is a sensitive probe for the
solvation environment of MCAs and their intramolecular
electrostatic interactions. We have developed an experimental
technique to study gaseous MCAs using electrospray ionization
(ESI) and PES.6 The ESI technique is a powerful soft ionization
method to produce MCAs, or any ionic species and solvated

clusters, from solution to the gas phase.7-10 Using these
techniques, we have investigated the hydration of two common
inorganic dianions, SO42- and C2O4

2-, with up to 40 water
molecules11-14 and a series of dicarboxylate dianions,-O2C-
(CH2)x-CO2

- (x ) 2-10), with one and two water molecules.15

Carboxylate is an important negative charge carrier in
proteins, present in the C-terminal of polypeptides and the side
chains of aspartic and glutamic acids. Linear dicarboxylate
dianions-O2C-(CH2)n-CO2

- have two distinct charged groups
(-CO2

-) linked by a flexible aliphatic chain and can be viewed
as a simple model for peptide chains. Here, we report the first
observation of solvent-mediated folding of suberate dianion
-O2C-(CH2)6-CO2

-. We studied the microsolvation of the
suberate dianion using PES and molecular dynamics simulations.
We observed that water molecules solvate the two negative
charges in the linear suberate alternately at the two ends, but
not the middle hydrophobic aliphatic chain. As the solvent
number increases, the negative charges are screened and a
folding occurs at about 16 waters, where the cooperative
hydrogen bonding of water is large enough to overcome the
Coulomb repulsion and pull the two negative charges closer
through a water bridge. The current work provides a simple
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and clean model system to study the hydrophilic and hydro-
phobic effects,16,17as well as solvent-mediated formation of like-
ion pairs in solution,18-20 and is likely to be important for
understanding the hydration and conformation changes of
biological molecules.21-23

Experimental Methods

The experiment was carried out using an experimental apparatus
equipped with a magnetic-bottle time-of-flight photoelectron analyzer
and an ESI source. Details of the experimental method have been given
elsewhere.6 Briefly, solvated suberate dianions with a wide range of
solvent number,-O2C(CH2)6CO2

-(H2O)n, were produced from elec-
trospray of a mixed solution of 10-3 M suberic acid and 2× 10-3 M
NaOH in water-acetonitrile (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 the PES experiment, the bare and solvated suberate dianions
were mass-selected and decelerated before being intercepted by a probe
laser beam in the photodetachment zone of the magnetic-bottle
photoelectron analyzer. In the current study, the detachment photon
energy used was 193 nm (6.424 eV). Experiments were performed at
20 Hz repetition rate with the ion beam off at alternating laser shots
for background subtraction, which was critical for high photon energy
experiments due to background noises. Photoelectrons were collected
at nearly 100% efficiency by the magnetic-bottle and analyzed in a
4-m long electron flight tube. 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 energy spectra
presented here were obtained by subtracting the kinetic energy spectra
from the detachment photon energies. The energy resolution (∆E/E)
was about 2%, that is,∼10 meV for 0.5 eV electrons, as measured
from the spectrum of I- at 355 nm.

Theoretical Methods

The calculations involved a combination of classical molecular
dynamics simulations aimed at a Boltzmann sampling of geometries
of the-O2C(CH2)6CO2

-(H2O)n clusters and ab initio quantum chemistry
for evaluation of detachment energies. Very long (microsecond)
simulations were performed at constant temperatures (ranging from 150
to 230 K) with a time step of 1 fs. This temperature range encompasses
the estimated experimental temperatures. Also, from the technical point
of view, reduced temperatures help to avoid problems connected with
evaporation of water molecules from the clusters. Note that at these
temperatures the cluster is not solid but liquidlike and rather flexible,
which is due to both the presence of the suberate dianion and the small
size of the system. We employed the SPCE model of water,24 while
for the suberate dianion, we used the Cornell force field25 with fractional
charges evaluated at the HF/6-31G* level. These Mulliken charges have
been evaluated for the MP2/6-31+OG* (the subscript+O denotes diffuse
functions on oxygen atoms) fully optimized geometry of the dianion.
All molecular dynamics calculations were performed using the GRO-
MACS 3.1 program package.26

Ab initio calculations were employed to evaluate the vertical
detachment energies (VDE) of-O2C(CH2)6CO2

-(H2O)n (n ) 0, 1, 2,
and 21). For complexes with up to two water molecules, we performed
a full geometry optimization, while for the large cluster we did ab initio
calculations for a set of 52 snapshots taken from the MD simulation.
While for geometry parameters the performance of the Hartree-Fock
method was satisfactory (i.e., optimized HF and MP2 geometries of
the smallest complexes were very close to each other), correlation
effects had to be included for reliable calculations of the VDEs. From
the basis set point of view, a modest 6-31+OG* provided already almost
converged results, which was checked against calculations at the MP2
level with the 6-311+G* basis set. For the bare suberate dianion and
small clusters, we calculated their VDEs using CCSD(T)/6-31+OG*
and MP2 levels of theory. For larger clusters, explicit inclusion of water
molecules into the ab initio calculation became computationally
unfeasible. We, therefore, replaced the water molecules by fractional
charges of-0.82 e (oxygen) and+0.41 e (hydrogen). This replacement
almost did not change the value of VDEs; for example, the increase of
VDE of suberate by two water molecules changed from 0.83 to 0.89
eV by this procedure. All ab initio calculations were performed using
the Gaussian 98 program.27

Experimental Results

Mass Spectra.Typical mass spectra of-O2C(CH2)6CO2
-(H2O)n

from our ESI source are shown in Figure 1. Because of the perpen-
dicular extraction configuration of ions in our time-of-flight mass
spectrometer, we can only optimize ion signals for a limited mass range.
Figure 1 shows three separately optimized mass spectra, covering the
full mass range of interest for the present study. Solvated suberate
dianion clusters with up to 30 water molecules were readily produced.
In general, the mass intensities of-O2C(CH2)6CO2

-(H2O)n decreased
monotonically asn increased. Strong mass signals of two singly charged
ion pairs, NaO2C(CH2)6CO2

- and HO2C(CH2)6CO2
-, were observed,

as labeled in the second panel of Figure 1. Most of the unlabeled mass
peaks were due to the mixed solvent species,-O2C(CH2)6CO2

-(H2O)x-
(CH3CN)y.

Photoelectron Spectra.Figure 2 displays the photoelectron spectra
of -O2C(CH2)6CO2

-(H2O)n for n ) 0-20. The two intense overlapping
bands in the spectrum of the bare dianion were due to electron
detachment from the-CO2

- groups.28 The small bump centered at
∼4.6 eV forn ) 0 and a similar weak feature at higher binding energies
for n ) 1 were due to detachment of the singly charged product anions
by a second photon. Several observations can be made about the spectra
of the small solvated species (n ) 1-9). First, the electron binding
energies increase as a function of solvent number due to stabilization
of the negative charges by water. Second, the spectral features showed
an odd-even effect: those with even solvent numbers were similar to
those of the bare dianion, while those with odd solvent numbers exhibit
an extra band. Third, forn g 2, a new band emerged at the high binding
energy side. Its relative intensity reached the maximum atn ) 4, then
decreased gradually and disappeared forn > 8. Similar spectral features
wereobserved inourpreviousPESstudiesofSO4

2-(H2O)n,C2O4
2-(H2O)n,

and F-(H2O)n systems, and they were found to be due to ionization of
the solvent.12-14,29 The ionization potential of water was significantly
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lowered in the presence of the negative ions due to the strong Coulomb
repulsion. Fourth, spectral features on the high binding energy side
were cut off as a result of the repulsive Coulomb barrier (RCB), which
exists universally in multiply charged anions and essentially prohibits
slow electrons from being emitted.28 The cutoff point in each spectrum
provides a rough estimate of the barrier height (photon energy minus
the cutoff energy), which has been shown to be approximately equal
to the magnitude of the intramolecular Coulomb repulsion.28

For the large solvated clusters (n ) 10-20), the even-odd effect
of the spectral features became smeared out. With increasing solvent
number, the spectral features moved steadily to high binding energies
until n ) 16, where the spectrum suddenly shifted to lower binding
energies. Forn > 16, the spectral features moved again to high binding
energies. In addition to the sudden change of the binding energies, we
also observed a backward shift of the spectral cutoff at the high binding
energy side. This spectral cutoff at the high binding energy side is
characteristic of PES of MCAs and is a direct consequence of the RCB,
which prohibits low kinetic energy electrons to be emitted. The cutoff,
which increased slowly with the solvent number forn < 16 (Figure 1,
right column), is clearly shifted to lower binding energies in the spectra
of n > 16 relative to those ofn < 16, giving rise to the appearance of
a sharper peak for these large clusters.

Adiabatic and Vertical Detachment Energies. The adiabatic
detachment energy (ADE) and VDE determined from the spectrum of
each cluster are listed in Table 1. Because of the lack of vibrational
resolution, the ADEs were measured by drawing a straight line along
the leading edge of the threshold band and then adding a constant to
the intersection with the binding energy axis to take into account the
instrumental resolution at the given energy range. Despite the ap-
proximate nature of this procedure, a consistent set of ADEs with
reasonable uncertainties could be obtained. The VDE was measured
from the maximum of the first band. However, due to the overlap
between the first band and the higher binding energy band in the large

solvated clusters, the VDEs could not be determined precisely, as
reflected by the large uncertainties given for the reported VDEs in Table
1.

The measured ADEs are also plotted in Figure 3A (the blue curve)
as a function of solvent number. The odd-even effect and the sudden
drop of ADE atn ) 16 are revealed readily. These effects can be seen
more dramatically in Figure 3B, which showed the differential ADE
[∆ADE ) ADE(n) - ADE(n - 1)] as a function of solvent number.
The ADE of n ) 16 shows a decrease of∼0.3 eV relative to that of
n ) 15.

Discussion

Solvation at Linear Conformation. The suberate dianion
has two equivalent-CO2

- groups. The Coulomb repulsion
between the two charges keeps them as far as possible from
each other in the free dianion, that is, in a quasi-linear
conformation, as we showed previously.28 For small solvated
clusters, both the PES features and the electron binding energies
show clearly an odd-even effect (Figures 2 and 3). This
observation suggests that the solute dianion maintains its linear
conformation in the small solvated clusters and the two-CO2

-

groups are solvated alternately with increasing solvent num-
ber: the first water solvates one of the two-CO2

- groups on
one end of the suberate dianion, while the second water solvates
the other one independently. Forn ) 1, only one side of the
dianion is solvated (stabilized), leaving the other-CO2

- group
relatively unaffected. The asymmetric solvation lifts the degen-
eracy of the two-CO2

- groups and gives rise to three PES
bands, which are due to the superposition of detachment from
a solvated-CO2

- and a free-CO2
-. It is thus understandable

that only a small increase of ADE (0.19 eV) was observed for
then ) 1 case relative to the bare suberate dianion. Forn ) 2,
both-CO2

- groups are stabilized by one water, resulting in an
extremely large∆ADE (0.62 eV), as shown in Figure 3B. For
even solvent numbers, the two negative charges are solvated
symmetrically and maintain their equivalence. Thus, their PES
spectra are similar to that of the bare dianion. For odd solvent
numbers, however, the two charges are solvated asymmetrically
and become inequivalent, thus giving rise to the extra band in
their PES spectra. The odd-even effect becomes smeared out
beyondn ) 9 because the inequivalence due to the difference
of one water becomes insignificant. The odd-even effects due
to the alternating solvation of the two-CO2

- groups were also
observed previously in the free energies of hydration of the
dicarboxylate dianions.8

Control Experiments. The observation of a decrease in ADE
at n ) 16 in the hydrated suberate was totally unexpected. In
all previous PES studies of solvated anions,11-14,30,31the ADEs
were always observed to increase with solvent numbers. A
decrease of ADE with increasing solvent numbers has never
been observed before. To confirm our observation, we per-
formed two control experiments using two isomers of the
benzene-dicarboxylate (BDC), in which the-CO2

- groups are
connected by the rigid phenyl ring. The first experiment was
the hydratedo-BDC dianions, in which the two-CO2

- groups
are next to each other. The ADEs of the hydratedo-BDC in
the same range of solvent numbers (n ) 0-20) are also plotted
in Figure 3A (the green curve). In contrast to the hydrated

(29) Yang, X.; Wang, X. B.; Wang, L. S.J. Chem. Phys. 2001, 115, 2889.

(30) Markovich, G.; Pollack, S.; Giniger, R.; Cheshnovesky, O.J. Chem. Phys.
1994, 101, 9344.

(31) Coe, J. V.; Earhart, A. D.; Cohen, M. H.; Hoffman, G. J.; Sarkas, H. W.;
Bowen, K. H.J. Chem. Phys. 1997, 107, 6023.

Figure 1. Typical mass spectra of-O2C(CH2)6CO2
-(H2O)n from electro-

spray ionization of a suberate solution, that were optimized for three mass
ranges. H[DA]- and Na[DA]- indicated the singly charged protonated and
sodiated suberate ion pairs, respectively.
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suberate dianions, no odd-even effect was observed (Figure
3B, the green curve) because each solvent molecule can interact
with the two -CO2

- groups at the same time due to their
proximity. Our second control experiment used hydratedp-BDC,
in which the two-CO2

- groups are on the opposite site of the
phenyl ring in a linear configuration. The ADEs of the hydrated
p-BDC (Figure 3A, red curve) are higher than those of the
o-BDC due to the reduced Coulomb repulsion. Unlike the
o-BDC system, the hydratedp-BDC dianions displayed an odd-
even effect (Figure 3B, red curve), because water solvates the
two carboxylate groups inp-BDC separately and independently
in a fashion similar to that in the hydrated suberate. The
magnitude of the odd-even effect is much smaller for the
p-BDC system because the aromatic phenyl ring between the
two charges is much more polarizable than the aliphatic chain
in suberate. However, both theo-BDC and thep-BDC systems

exhibit only a monotonic increase in their ADEs as a function
of solvent number, and no drop was observed atn ) 16 (Figure
3A).

Solvent-Mediated Folding.Thus, the ADE decrease atn )
16 for the hydrated suberate must indicate a conformation
change of the dianion caused by solvation. In contrast to the
rigid phenyl ring, the aliphatic chain in the suberate is flexible.
As water is added one molecule at a time, there are two major
forces acting in the hydrated dianions: the Coulomb repulsion
and the hydrophilic hydration. The Coulomb repulsion domi-
nates in the bare dianion and smaller hydrated clusters, keeping
the two negative charges as far as possible in the linear
confirmation. The first few waters provide enormous stabiliza-
tion to the negative charges, on average by∼0.4 eV per water
for the first four waters in all three dicarboxylates (Figure 3B).
As the negative charges are further solvated, the stabilization

Figure 2. Photoelectron spectra of-O2C(CH2)6CO2
-(H2O)n (n ) 0-20) at 193 nm (6.424 eV).
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of adding an extra water steadily decreases. Beyondn ) 8, the
differential ADE is less than 0.2 eV and drops to about 0.1 eV
per water forn > 12 (Figure 3B). This is because the negative
charges become fully solvated at certain solvent number, and
additional waters have no direct interactions with them.

As more water is added, the two negative charges are screened
and it becomes thermodynamically less favorable to have two
separate solvation centers. The merge of the two separated water
droplets would result in a significant energy gain due to the

cooperative hydrogen-bonding effect in the resulting larger water
droplet. However, the formation of a single water droplet would
require pulling the two negative charges closer and excluding
the hydrophobic aliphatic chain by folding. This causes unfavor-
able Coulombic interaction between the two negative charges
in the folded conformation. Hence the merging of the two water
droplets only becomes possible when there are enough water
molecules to provide a sufficiently high stabilization due to the
cooperative hydrogen bonding to overcome the resulting increase
in Coulomb repulsion. For suberate, our data suggest this
happens atn ≈ 16. The extra Coulomb repulsion upon folding
can be estimated to be approximately the ADE drop fromn )
15 to 16, that is,∼0.3 eV. Thus, the cooperative hydrogen-
bonding effect resulting from the merge of the two water
droplets must be higher than 0.3 eV.

The increase of Coulomb repulsion in the hydrated suberate
for n > 16 can also be inferred from the spectral cutoff at the
high binding energy side in the PES spectra (Figure 2).28 This
cutoff is clearly shifted to lower binding energies in the spectra
of n > 16 relative to those ofn < 16, indicating that the RCB
in the larger solvated clusters has increased. We note that in
the spectrum ofn ) 15, there is a small tail at the lower binding
energy side, which could indicate that there might already be a
small population of folded clusters. The fact that the spectral
cutoff of n ) 16 is similar to that ofn ) 15 also suggests that
there might be a small amount of linear isomers in then ) 16
solvated clusters. Yet forn ) 17 and higher, the folded isomers
seem to dominate.

NMR experiments on the hydration of polypeptides32 showed
that the aspartate and glutamate anions (each contains one
-CO2

- group) are commonly hydrated by 6 or 7 waters under
normal solution conditions at-35 °C and pH 6-9. These
numbers are strikingly similar to our current observations,
implying that folding only occurs once each carboxylate is fully
hydrated and screened.

Molecular Dynamics Simulations. Molecular dynamics
simulations at the microsecond time scale confirm the above
interpretation of the PES spectra in terms of folding of the
suberate dianion upon solvation, and the consequent close
approach of the two anionic centers and the merge of the two
water structures around them. Our simulations revealed that the
folding depends on both the cluster size and the temperature.
In Figure 4A, we show the distribution of distances between
the carbon atoms of the two-CO2

- groups of the dianion for
n ) 15 at 230 K. This distribution strongly peaks around 9 Å,
which is a clear signature of the linear suberate dianion. There
is also a very weak signal at around 5.5 Å, which corresponds
to the folded geometries. A very similar picture emerges from
a simulation forn ) 18 at the same temperature, as depicted in
Figure 4B. Upon further solvation, however, the folded geom-
etries start to be significantly populated, as shown by the rise
of a peak around 5.5 Å forn ) 21 (Figure 4C). We see in
Figure 4C a coexistence of folded (5.5 Å) and linear (9 Å)
structures with small fractions of almost unfolded (7-8 Å)
geometries. Further increasing the cluster size to 24 waters leads
to a continuing population shift toward the folded geometries
(Figure 4D), such that at this cluster size the folded structures
clearly dominate. These simulation results are already in
qualitative agreement with the PES observation.

(32) Kuntz, I. D.J. Am. Chem. Soc. 1971, 93, 514.

Table 1. The Experimental Adiabatic (ADE) and Vertical (VDE)
Detachment Energies of -O2C(CH2)6CO2

-(H2O)n

solvent number ADE (eV) VDE (eV)

0 1.55( 0.05 1.86( 0.06
1 1.74( 0.05 2.02( 0.06
2 2.36( 0.05 2.71( 0.06
3 2.53( 0.05 2.81( 0.06
4 2.96( 0.05 3.3( 0.1
5 3.07( 0.06 3.4( 0.1
6 3.35( 0.06 3.8( 0.1
7 3.50( 0.06 3.9( 0.1
8 3.72( 0.06 4.2( 0.1
9 3.80( 0.06 4.3( 0.2

10 3.96( 0.06 4.5( 0.2
11 4.07( 0.08 4.6( 0.2
12 4.23( 0.08 4.9( 0.2
13 4.34( 0.08 5.0( 0.2
14 4.39( 0.08 5.0( 0.2
15 4.41( 0.08 5.1( 0.2
16 4.13( 0.08 4.7( 0.2
17 4.20( 0.08 4.8( 0.2
18 4.3( 0.1 5.0( 0.2
19 4.4( 0.1 5.1( 0.2
20 4.5( 0.1 5.2( 0.2

Figure 3. Comparisons of the adiabatic electron detachment energies (ADE)
of -O2C(CH2)6CO2

-(H2O)n (n ) 0-20) with those ofp-C6H4(CO2
-)2 (n

) 0-20) ando-C6H4(CO2
-)2 (n ) 0-20). (A) The ADE as a function of

solvent number (n). (B) Differential ADE, defined as∆ADE ) ADE(n) -
ADE(n - 1). Blue curve, hydrated suberate; red curve, hydratedp-benzene
dicarboxylate; green curve, hydratedo-benzene dicarboxylate.
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To assess the influence of temperature, we also performed
simulations at 150 K. Unlike the run at 230 K, we were not
able to obtain fully thermodynamically converged results within
a microsecond simulation due to increasing nonergodicity of
the system at 150 K. Nevertheless, the results indicate that the
effect of decreasing temperature is nonnegligible, shifting the
critical cluster size for folding to smaller values. While at 230
K folding of the suberate dianion only starts aroundn ) 15-
18, at 150 K clusters of these sizes have already significant
fractions of folded structures. Clearly, the entropy term, which
is more important at higher temperatures, shifts the balance
toward the more floppy linear geometries, disfavoring the more
rigid folded structures. Note that the temperatures of the clusters
in the experiment were not precisely defined. However, due to
evaporative cooling during the long trapping time (∼0.1 s), the
cluster temperatures could lie significantly below the room
temperature, at which the ion trap was held. On the basis of a
previous estimate of protonated water clusters under evaporative
cooling,33 the temperatures of our hydrated suberate clusters
could be below 200 K. Within this uncertainty, we conclude
that the simulation results not only strongly support the above
interpretation of the solvent-induced folding based on the PES
data, but are also in semiquantitative agreement with the
experimental observations.

Figure 5 shows snapshots from the molecular dynamics
simulations for several clusters. The first three snapshots display
an unfolded suberate dianion forn ) 1, 2, 15. The last snapshot
(Figure 4D) shows a folded suberate dianion fron ) 18.
Comparing Figure 5C and 5D, we see that for the linear structure
a separate water cluster is formed around each of the two-CO2

-

groups, while in the folded structure a single water cluster is
formed, bringing to close contact the two anionic centers. In
the Supporting Information, we include two short movies made
from the simulation, showing how a linear solvated suberate
comes to the folded configuration at two solvent numbers and
two different temperatures.

Ab Initio Calculations. To further support this interpretation,
we carried out additional ab initio calculations for the VDEs.
At the CCSD(T)/6-31+OG* level, the VDE of the bare suberate
dianion amounts to 1.63 eV, which compares favorably with
the experimental value (1.86 eV, Table 1), while at the MP2
level the value is only 1.14 eV. However, the differential
detachment energies between the bare anion and clusters with
different numbers of water molecules are well described already
at the MP2 level, presumably due to the dominant electrostatic
effect. For example, two water molecules increase the MP2 VDE
by 0.83 eV as compared to the bare suberate, the experimental
value being 0.85 eV (Table 1). The only exception is the
complex with a single water molecule, where this differential
detachment energy is hard to converge due to its very low value
(∼0.2 eV). We evaluated the differences between VDEs for a
set of 20 folded, 20 linear, and 12 almost unfolded structures
for n ) 21, taken from the simulations. Although the VDEs in
each set exhibit a certain spread (∼0.2 eV), the detachment
energies for the set of folded geometries lie on average 0.5 eV
(or 0.4 eV) below those of the linear (or almost unfolded)
structures. The 0.5 eV decrease in VDE of the folded structures
is due to the increased Coulomb repulsion between the two
negative charges relative to the linear isomers. This theoretical
result confirms the PES observation that the decrease of
detachment energies atn ) 16 signified a conformation change.(33) Klots, C. E.J. Chem. Phys.1985, 93, 5854.

Figure 4. Distributions of distances between the carbon atoms of the two-CO2
- groups of hydrated suberate at 230 K. (A) Suberate with 15 water

molecules. (B) Suberate with 18 water molecules. (C) Suberate with 21 water molecules. (D) Suberate with 24 water molecules. Note the appearance and
rise of folded suberate (peak around 5.5 Å) and decrease of unfolded suberate (peak around 9 Å) upon increasing solvent number.
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Despite the increase of intramolecular Coulomb repulsion in
the folded structure, the total energy of the system is decreased
due to the enhanced solvent interaction, giving the appearance
of an “attraction” between the two negative charges as they are
pulled closer in the folded conformation. Thus, the solvated
suberate dianions not only provide a detailed molecular picture
of hydrophilic and hydrophobic salvation, but also demonstrate
how these forces operate synergically to dictate the molecular
configuration and give rise to an overall effective attractive
interaction between the two negative charges.

Conclusions

Using photoelectron spectroscopy and molecular dynamics
simulation, we studied the microsolvation of the suberate
dianion,-O2C(CH2)6CO2

-, one solvent molecule at a time for
up to 20 waters. Both the PES spectral feature and the ADE
show an odd-even effect, revealing that the suberate dianion
keeps its linear conformation in the small solvated clusters, and
water molecules solvate the two negative charges alternately
and independently at the two ends. As the solvent number
increased, we observed surprisingly that the ADE for suberate
solvated with 16 water molecules decreased relative to that for

the 15-water solvated suberate, indicating a solvent-mediated
conformation change. For the large solvated clusters, the
negative charges are screened and a folding occurs at 16 waters,
where the cooperative hydrogen bonding of water is large
enough to overcome the Coulomb repulsion and pull the two
negative charges closer through a water bridge. Molecular
dynamics simulations and ab initio calculations strongly sup-
ported the experimental observations and further revealed the
temperature effect on the critical size for folding. We found
that at higher temperatures the critical size for folding shifts to
larger solvent numbers due to the entropic effect, which is more
important at higher temperatures. The current experimental and
theoretical methods provide a new tool to probe solvent-
mediated conformation changes and the electrostatic environ-
ments in multiply charged macromolecules, and hydrophobic
and hydrophilic interactions at a molecular level.21-23,34,35
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Figure 5. Snapshots from simulations of the suberate dianion in selected water clusters. (A) Suberate with one water molecule. (B) Suberate with two water
molecules. (C) Suberate with 15 water molecules. (D) Suberate with 18 water molecules (folded structure).
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