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Abstract: A number of situations such as protein folding in confined spaces, lubrication in tight spaces,
and chemical reactions in confined spaces require an understanding of water-mediated interactions. As an
illustration of the profound effects of confinement on hydrophobic and ionic interactions, we investigate the
solvation of methane and methane decorated with charges in spherically confined water droplets. Free
energy profiles for a single methane molecule in droplets, ranging in diameter (D) from 1 to 4 nm, show
that the droplet surfaces are strongly favorable as compared to the interior. From the temperature
dependence of the free energy in D = 3 nm, we show that this effect is entropically driven. The potentials
of mean force (PMFs) between two methane molecules show that the solvent separated minimum in the
bulk is completely absent in confined water, independent of the droplet size since the solute particles are
primarily associated with the droplet surface. The tendency of methanes with charges (Mg+ and Mg with
g" = |qg | = 0.4e, where e is the electronic charge) to be pinned at the surface depends dramatically on
the size of the water droplet. When D = 4 nm, the ions prefer the interior whereas for D < 4 nm the ions
are localized at the surface, but with much less tendency than for methanes. Increasing the ion charge to
e makes the surface strongly unfavorable. Reflecting the charge asymmetry of the water molecule, negative
ions have a stronger preference for the surface compared to positive ions of the same charge magnitude.
With increasing droplet size, the PMFs between Mg+ and M- show decreasing influence of the boundary
owing to the reduced tendency for surface solvation. We also show that as the solute charge density
decreases the surface becomes less unfavorable. The implications of our results for the folding of proteins
in confined spaces are outlined.

1 Introduction between two methanes has a primary minimum approximately
equal to 0.38 nhe that roughly corresponds to the distance of
closest approach in the gas phase. In addition, there is a
secondary solvent-separated minimum at approximately 0.7 nm
in which the two methane molecules are separated by a water
molecule? The barrier separating the two minima represents,
perhaps, the desolvation penalty that needs to be paid to squeeze
out water molecules so that a stable hydrophobic core can be
created in the protein folding proces¥.

Although the nature of hydrophobic forces between small
solutes in bulk water is understood, relatively little is known
about their interactions in confined droplets. The nature of water-
mediated interactions between amino acids in nanopores affects
the stability of confined proteind: 15 Several experiments have
shown that the stability of the folded state, compared to the

Hydrophobic interactions are presumed to be the dominant
force in the folding of proteins and the assembly of oligomeric
structures:? The nature of hydrophobic interactions in proteins
has been clarified using experiments which measure the free
energy of transfer of amino acid side chains from a reference
solvent to wateP. Indeed, understanding the nature of hydro-
phobic interactions between sma# 1 nm) solutes has given a
qualitative perspective on the major forces that render proteins
(marginally) stablé. Interactions between small hydrophobic
solutes have long served as model systems in describing the
balance of forces that stabilize proteins and peptides. The
distance dependent potential of mean force (PMF) between
solutes, such as methane, are quantitatively underétddkhe
PMF is a measure of the effect of the solvent (water) on the

mutual interaction between hydrophobic solutes. The PMF (8) Shimizu, S.; Chan, H. SIl. Chem. Phys200Q 113 4683-4700.
(9) Rank, J. A.; Baker, DProtein Sci.1997, 6, 347—-354.

. . ] , . (10) Cheung, M. S.; Garcia, A. E.; Onuchic, J.Rtoc. Natl. Acad. Sci. U.S.A.
T Biophysics Program, Institute for Physical Science and Technology. 2002 99, 685-690.

* Department of Chemistry and Biochemistry. (11) Betancourt, M. R.; Thirumalai, Dl. Mol. Biol. 1999 287, 627—644.
(1) Dill, K. A. Biochemistry199Q 29, 7133-7155. 12) Zhou, H.-X,; Dill, K. A. Biochemistry2001, 40, 11289-11293.
(2) Liu, P.; Huang, X.; Zhou, R.; Berne, B. Blature 2005 437, 159-162. (13) Klimov, D. K.; Newfield, D.; Thirumalai, DProc. Natl. Acad. Sci. U.S.A.
(3) Tanford, C.Adv. Protein Chem197Q 24, 1-95. 2002 99, 8019-8024.
(4) Pangali, C.; Rao, M.; Berne, B. Chem. Physl979 71, 2975-2981. (14) Takagi, F.; Koga, N.; Takada, Broc. Natl. Acad. Sci. U.S.2003 100,
(5) Pratt, L. R.; Chandler, DJ. Chem. Physl977, 67, 3683-3704. 1136711372.
(6) Pratt, L. R.AAnnu. Re. Phys. Chem2002 53, 409-436. (15) Jewett, A. I.; Baumketner, A.; Shea, J.oc. Natl. Acad. Sci. U.S.A.
(7) Chandler, DNature 2005 437, 640-647. 101, 13192-13197.
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Table 1. Lennard-Jones Parameters Used in the Simulations?@ Table 2. Number of Water Molecules N, in Droplets of Different

Diameters D and with Varying Number of Solutes Ny,

€ [kd/mol] o [nm]
methane-methane 1.23c1m) 0.373 wv) Dinm] =2 Mo =1 o =0
oxygen—oxygen 0.64400) 0.315 @oo) 1.0 6 12 17
methane-oxygen 0.887dwmo0) 0.344 omo) 15 48
2.0 128 134 140
aThe methaneoxygen parameters are obtained from the methane 3.0 460 466 472
methané* and oxyger-oxygert® parameters by applying the Lorentz 4.0 1107 1112 1118

Bertholet mixing rules.

situation in the bulk, increases upon confinemént? In many parameters for their LJ interactions with water oxygens are given in
cases the confinement-induced stability is adequately explainedTable 1. Simulations are performed at constant number of molecules
in terms of entropic destabilization of the unfolded state$? N, total volumeV, and absolute temperatufieand thus sample the
However, one can envision scenarios in which alterations in canonical ensemble. The simulations are carried out at 298 K and a
hydrophobic interactions in confined water can also destabilize Water density of 997 kg/fnWe also simulated th® = 3 nm droplet
the folded staté? The alteration in the properties of confined at a temperature of 328 K with one me_thane, at the same water density.
water are also important in the context of lubrication in thin '€ number of water moleculdé,, in each droplet, is calculated

S o1 . . ; A by assuming that the effective volume available to the water is

films2! and colloid science. Thus, in a number of applications

the role highly confined water plays in affecting solvation of
hydrophobic and charged species is important.

Motl\[/)ated by the abovhe ConSIdFratllonS,' we h?vedcalcr:ﬂa.tedl whereN, is the number of solute molecules in the droplet &d=
PMFs between tW(_) m_Gt ‘?‘ne molecules In confined sp _enca (Y3)7o%wo, is the excluded volume due to each solute. With the
water droplets ranging in diameter from 1 to 4 nm. Interestingly, experimental water density of 997 kgt 298 K and 1 atm pressure,
we find that for all \_/61_|Ues Qf the confining dlam?t@‘? the we get the number of water moleculllg listed in Table 2.
solvent-separated minimum is completely destabilizedause Simulation Details. We performed canonical ensemble Monte Carlo
methane molecules are pinned to the boundary of the spheresimulations withNm, ranging from 0 to 2 and the appropriate number
In order to describe the competition between charged residues of waters (Table 2). Each system was equilibrated for at ledsuibate
which would prefer to be fully solvated, and hydrophobic Carlo steps. Trial moves consisted of a random translation for both
interactions, we have also calculated PMFs betwegn ahd solute and solvent molecules and an additional random rotation for
Mq_. Here, one of the methane molecules has a positive charge50|vem molecules only. These were accepted according to the Me-

P . i tropolis criterion?
g" while the other carries a negative charge. The extent of . . .
e S . . The free energy of a single methane is calculated as a function of
destabilization of the secondary minimum in the confined space

. g B its radial distance from the center of the droplet using umbrella
depends critically on the magnitude of the charggs= |q|, sampling. The PMFs between two methane molecules apdavid

and ionic radius. The possible implications of our results for \, confined in these droplets are evaluated using the same technique.
protein stability in confined geometries are briefly outlined.  we calculated the PMFs using the weighted histogram analysis method
(WHAM)?28 with code from Crouzy et &

We used harmonic biasing potentidli,.s = k(r — ro)?, whererg is

Models. We use Metropolis Monte Caddsimulations to study the the center of each window and the spring conskaistchosen to be 5
energetics of aqueous solvation of methane molecules and the modekcal/(motA2).28 Window centers are 0.1 nm apart in all calculations.
ions Mg+ and M;- in confined spherical water droplets. The droplet Data sets consist of 2 10*~1 x 10° data points in every window.
diameter D) ranges from 1.0 to 4.0 nm, and are bounded by hard walls. Each such data set is added to the previous ones, and the WHAM
The potential energy at the wall is large enough*{Xd/mol) that it equation® are iterated to a tolerance of ¥8-1075.2 The calculations
confines the system to the desired volume. To simulate confinement are considered to have converged if the addition of the last data set,
effects we do not use periodic boundaries. Electrostatic and Lennard-with at least 5x 10* data points in each window, does not change the

Veff =V = NyV,

2 Methods

Jones interactions are evaluated without a cutoff. We use the TIP3Pfinal PMF significantly. Typically, between 2 10" and 5x 10" Monte

model for watef® and a unified atom representation for methatiehe

Carlo steps are required to achieve convergence.

Lennard-Jones (LJ) parameters for these interactions are listed in Table We adapted a standard method to calculate the radial distribution

1. Model ions are created by adding charges of magnimyide=
|g7| = 0.4e or e to the methane spheres, wheres the electronic

functionsg(r), for the confined water. An inner sphere of radius=
0.5 nm (0.2 nm for the smallest droplets) was defined in each case and

charge?® In order to assess the importance of charge density in affecting theg(r) values were averaged for all the waters inside this inner sphere.

solvation we also study, for the 3 nm droplet, ions M’and M*,-
with g = |q~| = e and twice the volume of the methane sphere. The

(16) Eggers, D. K.; Valentine, J. S. Mol. Biol. 2001, 314, 911-922.

(17) Ravindra, R.; Zhao, S.; Gies, H.; Winter, RAm. Chem. So2004 126,
12224-12225.

(18) Campanini, B.; Bologna, S.; Cannone, F.; Chirico, G.; Mozzarelli, A.;
Bettati, S.Protein Sci.2005 14, 1125-1133.

(19) Bolis, D.; Palitou, A. S.; Kelly, G.; Pastore, A.; Temussi, P.JA.Mol.
Biol. 2004 336, 203-212.

(20) Cheung, M. S.; Thirumalai, 0. Mol. Biol. 2006 357, 632-643.

(21) Raviv, U.; Klein, J.Science2002 297, 1540-1543.

(22) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller,
E. J. Chem. Phys1953 21, 1087-1092.

(23) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926—-935.

(24) Kalra, A.; Hummer, G.; Garde, 8. Phys. Chem. B004 108 544-549.

(25) Wallgvist, A.; Covell, D. G.; Thirumalai, DI. Am. Chem. S0d998 120,
427—-428.

The normalization is therefore accurate up to a distancR ef rj,
whereR = 0.5D is the radius of the droplet. These functions go to O
at a distance oR + rj, unlike the case of bulk water where they
converge to 1 for large.

Excess chemical potentials,, for TIP3P water were evaluated using
Bennett's method of overlapping histograffis®* The histograms of
water insertion and removal (binding) energies required for this

(26) Kumar, S.; Bouzida, D.; Swendsen, R.; Kollman, P.; RosenbetgCamp.
Chem.1992 13, 1011-1021.

(27) Crouzy, S.; Smith, J. C.; Baudry, J.; Roux,B.Comp. Cheml1999 20,
1644-1658.

(28) Roux, B.Comp. Phys. Comni995 91, 275-282.

(29) Bennett, C. HJ. Comput. Phys1976 22, 245-268.

(30) Hummer, G.; Rasaiah, J. C.; Noworyta, JNRture2001, 414, 188-190.

(31) Vaitheeswaran, S.; Rasaiah, J. C.; Hummer].&hem. Phys2004 121,
7955-7965.
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Figure 1. Density profiles of water in droplets of different sizes. There is 0.03 .
depletion of water close to the surface of the spHerie.the droplet diameter ’ D=1 —— b
in nm andNpn, is the number of solute molecules. D=2 ——
D=3 ——
calculation were collected in simulations with two methanes in each 002 | D=4 ——
droplet with no biasing potential applied to the methanes. =]
3
3 Results and Discussion Q
We first characterize the equilibrium properties of water R
confined to a sphere to discern the role of the boundary. The
boundary should predominantly affect the layer of water i . . Np=0 ‘
molecules close to the surface. -100 80 60 40
Density Profiles of Confined Water.Water density profiles U [kJ/mol]

without methanes,. WhI.Ch measure the local density dIVIC.jed by Figure 2. Probability distributiongp(U), of binding energied) of water
the average densityo, in the droplet fo = Nw/V whereV is molecules: (a) the water molecules in the whole droplet are considered,;
the total volume of the droplet) are shown in Figure 1. Remnants (b) same as panel a except the distributions are computed using water
of layering, that are expected in the presence of the walls, aremolecules that are in the surface layer (oxygen atoms within 0.2 nm of
apparent. Three layers can be seen for the dropletshvith2, droplet surface). Comparison of panels a and b shows that water molecules
. . at the surface are loosely bound.
3, and 4 nm that become progressively less well defined as the
droplet size increases. The hard walls confining the droplets there is essentially no distinction between “surface” waters and
induce a narrow region at the surface in which the water density water molecules in the interior. For tiie= 2 nm droplet, the
is substantially depleted: at the walls, the density is ap- two distributions in Figure 2a,b are similar but not identical.
proximately equal to 60% of the average dengity,This results The distribution for the surface waters in Figure 2b peaks at
in the scaled density beingl far from the walls (Figure 1).  —65 kJ/mol, while the corresponding one evaluated for all the
Confinement in a droplet perturbs the water structure, and the waters in the droplet (Figure 2a) peaks at approximatelp
perturbation becomes progressively weaker as the droplet sizekJ/mol, a difference of~2kgT, where kg is Boltzmann’s
increases. In thB = 1 nm droplet, the local density is spatially  constant.
different from the average densipy at all values ofr, the For larger droplets witld = 3 and 4 nm, the surface waters
distance from the droplet center. are substantially more loosely bound than those in the interior.
Radial distribution functions for the confined water (Figures We also note that the distributions for the surface waters (Figure
S.1 and S.2 in Supporting Information) are identical to those 2b) in the 3 and 4 nm droplets coincide with each other, that is,
for bulk TIP3P wate# in all important respects. Confinement even though the 4 nm droplet is more bulk-like than the 3 nm
causes thg(r) values to go to 0 at a distané®+ r;. In the droplet (Figure 2a), their surfaces are energetically identical.
case of the 3 and 4 nm droplets thig) values are greater than Figure S.3 (Supporting Information) shows the probability
1 for 0.7 < r = (R — rj), the range in which there are no distributions of cos for surface and interior water molecules
oscillations in the functions and the normalization holds. This for droplets of different sizes. Heré,is the angle between the
is because the scaled density (Figure 1) is greater than 1. dipole moment of each water molecule and the position vector
Figure 2a shows the binding (or removal) energy distributions for its oxygen atom (the origin being at the center of the droplet).
for all water molecules in droplets of different sizes. The binding Orientations of the interior water molecules are almost isotropic.
energy is the potential energy required to remove a water However, surface waters are preferentially oriented with their
molecule from the spherical droplet. As the droplet size dipole moments nearly orthogonal to the droplet radfibhis
increases, the peak of the distribution shifts to larger negative implies that a typical water molecule at the surface has one
values ofU, that is, the waters inside become more strongly hydrogen atom pointing away from the bulk, in the process
bound. The distribution for the 4 nm droplet is almost identical sacrificing its ability to donate one hydrogen bond. This
to that for bulk TIP3P watel? By this measure, the largest conclusion agrees with the results of earlier molecular dynamics
droplets in this study are substantially bulk-like. (MD) simulations of Lee et &2 who probed the behavior of
Figure 2b shows the same quantity evaluated for only the water near a hydrophobic wall.
waters in the first layer (defined to be 0.2 nm thick) closest to .
the droplet surface. The distributions in Figure 2a,b are virtually ggg Pt ,\agg‘ﬂﬁ{oﬁ’%?’g:;%&ésﬁ?’ S0z 2ort .22?135198 480
identical for theD = 1 nm droplet. Thus, for small droplets 4448-4455,
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Figure 3. (a) Free energy of a single methane molecule as a function of

a methane at a water liquid/apor interfacé>36In the largest
and the most bulk-like droplet, the free energy difference of
~10 kJ/mol is close to the hydration free energy of a methane
molecule calculated from simulations and experinfénthis
supports our view of the droplet surface inducing a vaporlike
state of low density with broken hydrogen borid$n the 2, 3,

and 4 nm droplets, the free energy rises steeply from the
minimum at the surface and reaches its interior value within
0.4 nm of the droplet surface and stays constant in the droplet
interior. The region with the steep gradient in the free energy
coincides almost exactly with the first layer of water in each
droplet (Figure 1). In the smallest dropl& & 1 nm), there is

no interior region; the free energy changes continuously over
the whole distance.

The preference of the methane for the droplet surface over
the interior can be understood in terms of the disruption in the
water hydrogen bond network at the surface. The presence of
broken H-bonds at the surface implies that the solvent has to
pay a smaller entropic cost in solvating the methane if it is
confined to the surface. In other words, there is less entropy
lost in reordering the hydrogen bonds in the immediate vicinity
of the nonpolar solute. We attribute the larger free energy
differences in 2 and 3 nm droplets to the greater distortion in
water structure and greater surface curvature in these droplets.

its distance from the droplet center. The clear preference for the surface isQur interpretation that methane prefers being localized at the
evident at all values ob. (b) Temperature dependence of the free energy g, fac6 s consistent with the observation that even in bulk water

of a single methane molecule as a function of its distance from the center

of a droplet of diameter 3 nm. The zero of the free energy scale for every
droplet is at its surface, and only differences within each curve are relevant.

The D-dependent excess chemical potentjalg of TIP3P
water are calculated from overlapping histograms of water

small hydrophobic solutes occupy regions in which water has
the largest number of unsatisfied hydrogen botids.

From the temperature dependence of the free energy differ-
ence in theD = 3 nm droplet, we infer that af = 328 K the
surface is more favorable by about 1.2 kJ/mol compared to that

insertion and removal energies (see Figure S.4, Supporting ;1 — 29g K (see Figure 3b). Estimates foAS (12.4 kJ/mol

Information). As expected/ex decreases monotonically &
increases and approaches the value for bulk TIP3P wai5.8
kJd/mol)3! However, even ab = 4 nmu.y differs significantly
from the bulk value. It is clear that in equilibrium with bulk

at T = 313 K) andAU (—1.8 kJ/mol) show that the surface

free energy is entropically dominated. Both the entropy and the

enthalpy are favorable at the surface of the droplet for methanes.
Potentials of Mean Force between MethanesSince the

water, none of these cavities will have an average bulk density ., sthane molecules are confined to the surface of the water

ps = 997 kg/n¥. The presence of the depleted region near the
droplet surface implies that the average density inside will be
less tharpg when the droplet is in equilibrium with bulk water.

Introduction of methane molecules into the droplets results
in some layering in the water around them. Figure S.5
(Supporting Information) shows methanexygen radial dis-
tribution functions, that is, probability distributions of methane
oxygen distance®(r, dr), divided by rR?, wherer is the
distance between them aRd= 0.5D is the droplet radius. Two
water layers can be seen around the methanes.

Solvation of Methane.Figure 3a shows the free energy of a
single methane molecule as a function of its distance from the

center in droplets of different diameters. The position dependent

free energy is evaluated using a harmonic biasing potential to
localize the methane molecules at different values,othe
distance from the droplet center. Each valuerfeorresponds
to a shell concentric with the droplet boundary. The final
unbiased probability distributions (evaluated by WHAM, as
described earlier) are scaled byR)? before taking the logarithm
and multiplying by—kgT to obtain the free energy. Thus, these
profiles do not include thes?2 contribution to the entropy.

In droplets of all sizes the surface is more favorable for the
methane than the interior by10 to 15 kJ/mol (46 kgT at
298 K)34 This value is similar to the free energy difference of

droplets, their mutual solvent mediated interaction will reflect
the disruption in the water structure due to the confining walls.
Figure 4 shows the potentials of mean force (PMFs) for two
methane molecules in droplets at varidizalues. Compared
with bulk water® these show an increased tendency for the
methanes to associate. These profiles show only a single
minimum at contact. Somewhat surprisingly, we find that the
secondary, solvent separated minimum that appears in the bulk
profile is completely absent, even whBn= 4 nm. The absence

of the solvent separated minimum in tBe= 4 nm droplet,
which is entirely due to the presence of boundaries, is intriguing
because the properties of water are bulk-like in all crucial
respects. The solvent separated minimum in the bulk corre-
sponds to configurations where the methanes are separated by
a single water molecule that is hydrogen bonded to other waters.
In the immediate vicinity of the confining surface, where water
water hydrogen bonds are disrupted, such configurations are
strongly unfavorable. The preference for being pinned at the
surface is consistent with a view that a methane is likely to be
localized in regions with maximum unsatisfied hydrogen bonds.

(34) Matubayasi, N.; Levy, R. MJ. Phys. Chem1996 100, 2681-2688.
(35) Henin, J.; Chipot, CJ. Chem. Phys2004 121, 2904-2914.

(36) Ashbaugh, H. S.; Pethica, B. Aangmuir2003 19, 7638-7645.
(37) Wallqvist, A.; Levy, R. M.J. Phys. Chem. BR001, 105 6745-6753.
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Figure 4. Potentials of mean force between two methane molecules in 15

droplets of different sizes. Just as in the bulk, there is a distinct primary
minimum. However, the characteristic solvent separated minimum is absent
even atD = 4 nm. The curves are shifted vertically so that the zero of the
free energy scale is at contact for the two methanes. Only differences within
each curve are relevant.
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+ 0.4e
-0.4e
methane

In confined water droplets this situation is readily realized at
the boundary.

A striking feature of Figure 4 is that the calculated PMFs 0 0.2 0.4 06 0.8 1
are independent of the size of the droplet. This is because the
methanes approach each other along the surface which is
energetically similar in all the droplets (Figure 2b).

Charged Solutes.The interaction between charged solutes
Mg+ and My- is interesting because of the competing prefer-
ences for surface (due to excluded volume) and the interior (due
to solvation of charges). Such a situation naturally arises in
proteins in which we expect that the charged backbone and polar
and charged residues prefer to be solvated in bulk water while
hydrophobic residues prefer the surface. It is likely that in
confined systems, the relative tendency toward surface localiza-
tion and solvation in the interior of the droplet would depend
on the magnitude af*. The presence of charges on the solutes
will reduce the tendency for surface solvation by making the
interior of the droplet enthalpically more favorable. The
magnitude ofg* will determine the extent to which ions will
be solvated. In Figure 5 we plot the free energy aofiMind
Mg with gt = |g~| = 0.4e as a function of their radial position
in droplets of different sizes. The free energy profiles show a
reduced preference for the surface for ions of either sign
compared to methane.

There is a dramatic dependence of the free energy profiles
of charged ions o®. This finding differs from the behavior of . .
methane which is always found at the surface (Figure 5). For 0 0.5 1 15 2
D < 3 nm, the ions are more likely to be localized near the r [nm]
surface wherg® = |q7| = 0.4e (see Figure 5ac). For the Figure 5. Free energies profiles for ions of charge magnitudes 04
largest droplet (Figure 5d), the interior which is almost droplets of diameteD = 1—4 nm. Corresponding profiles for methane are
completely bulk-like, is more favorable for both positive and it;flll?C\j\(/eacief?rbcec:ng:rTSp?)r;itﬁ/teagn\(ljaLu:;ag/ ;hgr:(;rgeasrzf?gemr:ritfgr’eiscem
'negatlve Ions_. The pene'Fratlon of the ions into the droplet lnterlqr for surfacé localization depends dramatically on thé valub ¢€ompare
increases with decreasing curvature of the droplet surface, inresults in panels a, b, ¢ with results in panel d). Each curve is referenced
accord with the findings of Stuart et al. for the chloride #n.  to the surface of its respective droplet as in Figure 3.

Just as in bulk waté? there is an asymmetry between the
behavior of cations and anions. Asincreases, the enthalpy
gain owing to the solvation of the ions is greater than the entropy
loss owing to ordering of water molecules around this solute.
The enthalpy-entropy interplay depends @fi. In addition, the
magnitude of the effect depends on whether the ion is positively

Free energy [kJ/mol]

r [nm]

Free energy [kJ/mol]

Free energy [kJ/mol]

or negatively charged. For example, fgf — 0.4ein D = 4
(Figure 5d), M- is only marginally more stable in the interior

of the droplet compared to the surface. On the other hapd, M

is strongly solvated in the interior. Anions have a stronger
tendency for surface solvation than cations with the same charge
(38) Stuart, S. J.: Berne, B. J. Phys. Chem. 4999 103 1030010307, _magnitqde. Localization of nega_tive ions_ at_ the surface enables
(39) Lynden-Bell, R. M.; Rasaiah, J. G. Chem. Phys1997 107, 1981. interaction of water molecules with unsatisfied hydrogen bonds.

13494 J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006



Interactions in Nanosized Water Droplets ARTICLES

25 10
) ,
g 20 _ g |
2 5]
= 15| E 6L
> 2
S 10t w 47
S =
[0 D=1 ——
® 5¢F o E
o 2t q =0.4e D=2
- D=3 d
0 el o LV ‘ . . D=4 -,
0 02 04 06 08 1 12 14 04 06 08 1 12 14
r [nm] r [nm]
Figure 6. Free energies profiles for ionsg¥i Mg—, M* ¢+, and M*;— of 10 . . :
charge magnitude. The starred ions have twice the volume and therefore b N._=
half the charge density of the corresponding unstarred ion. Curvesqfior M 8 v
Mg-, and M*;: are referenced to the origin (droplet center), while that for —
M* 4- is referenced to the minimum at 1.3 nm for clarity. As in Figures 3 g
and 5, only differences within each curve are relevant. i 6
Solute Charge Density Determines the Extent of Interior w4t
Solvation. On general theoretical grounds it can be argued that E
charge densityq*/vs where v is the volume of the solute) 2t q'=e b=2 -
determines hydration of ions. In the case of confined water, 8;2 ¥
charge density should determine the preference of the ions for U 0‘4 0‘6 0I8 1 18 A4 :
the surface compared to the interior. In order to probe the effect J ) ) ’ ’
of charge density on ionic interactions we also examingg/M £ {raer]

and Mg /- with q+ = e (Figure 6) in aD = 3 nm droplet. The Figure 7. Potentials of mean force betweengMand M-: (a) the

. magnitude of the chargg"™ = 0.4e. The symbols correspond to different
latter have twice the volume and therefore half the charge "o oin (b) Same as panel a excapt = e. In this case, because of

density of the former. Both Wl and M- have a strong  the tendency of the charges to be fully solvated, the PMF has bulk
(enthalpic) preference for the interior over the surface of the characteristics even @ = 3 nm. Curves are shifted vertically as in

droplet, with the free energy difference being of the order of Figure 4.
10—15kgT. Molecular dynamics simulations with a nonpolar-
izable force field® have obtained similar values for the free
energies of sodium and chloride ions in water near hydrophobic
or purely repulsive surfaces and also at a water ligwialpor
interface. For M%:+ and M*, the surface is much less
unfavorable compared todvland M-, respectively. The profile

for M*4- shows that the anion preferentially resides 0.2 nm
below the droplet surface, but the barrier to penetrate the droplet

mterlpr IS o.nIy on the order OksT. Clearly,. the solute charge secondary minimum is destabilized by2 kJ/mol relative to
density is important, not Ju,St the magnitude of the chgrge. the 4 nm droplet, reflecting the greater role of confinement.
Whe_ther a solute molecule is solvated at the surface or in the Figure 7b shows the PMFs betweer Mind My of charge
Interior depends_ on the_ balance _between sqlatévent and magnitudee. In the 3 and 4 nm droplets, the profiles are virtually
solve_nt—_solvent interaction energiés.Decreasing the charge jqentical. This is not surprising since these ions are strongly
density increases the tendency for surface solvation. driven away from the surface even in droplets of 3 nm diameter.

q Thle asyn|1metry'|r;]thhe solr\]/atlon gf ca.tlonosl and gnlons n Watler The secondary minimum is slightly less favorable (89.5ksT)
roplets, along with the charge density dependence can alsqq yhe 2 nm droplet reflecting the effect of confinement.

explain the differences in the solvation of sodium and halide Figure 8 compares the PMFs betweer:Mand M, and

ions in water clusters and slaB#sSodium and fluoride ions were M*q; and M*%_ (q* = €), in the 3 nm droplet. As Mg and
found to be solvated in the interior while the larger halides had M* Z_ are driven closer tc; the surface, as a result of the reduced
a propensity for surface solvat|on.|n the order@ Br- <17 charge density, the secondary, solvent separated minimum in
The tendency for surface solvation in these ions apparently the PME becomes shallower.

correlates with their polarizabiliti€d, but also their charge

densities and the sign of the charge. The current results readily4 Conclusions

explain this trend even without considering polarizability. From 5 results show that methane molecules confined in spherical
our results it is clear that decreasing charge density increasesyater droplets have a strong preference for the surface, thereby
the tendency for surface solvation. For a given charge density, maximizing the solvent entropy. This effect is due to the
anions have a greater preference for the surface than cationsgytensive disruption of water hydrogen bonds caused by the
Thus, the presence of electric charge on a solute moleculeconfining walls. The PMF between two methane molecules
drives it away from the surface region where solvent hydrogen cqnfined in these droplets reflects the disruption in solvent
(40) Marrink, S.; Marcelja, SLangmuir2001, 17, 7929-7934. strgcture c_al_Jsed by the conf?nement. These profiles show only
(41) Jungwirth, P.; Tobias, D. J. Phys. Chem. R002 106, 6361-6373. a single minimum at contact; the secondary, solvent separated

bonds are broken. Positive ions have a much reduced preference
for surface solvation compared to negative ions. This is also
reflected in the PMFs between/Mand M,- charge magnitude
0.4e which are plotted in Figure 7a. As the size of the water
droplet increases, the interior becomes increasingly bulk-like
and for the largest droplet, the profile is very similar to that for
two methanes in bulk water, with a solvent separated minimum
at a separation of~0.7 nm. In the 2 and 3 nm droplets, the
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10 at the surface which invariably destabilizes the folded structure.
These qualitative predictions are consistent with explicit simula-
= 8 tions of polyalanine models confined in carbon nanotdb¥ge
g 6l 8 find that in this case, which correspondsctgep > 1, the helix
3 is destabilized in the carbon nanotube.
: 4! The situation is complicated whem/ep ~ O(1) as appears
E to be the case wheq" = 0.4e. Stability of the confined
2t ] polypeptide chains for whicku/ep ~ O(1) may depend on
M'\g‘,‘ﬁ/- . sequence and the precise interaction energetics between water,
0t : ' San R : peptide, and the wal®:“3 It should be emphasized that
04 06 08 1 1214 conformational entropy of the polypeptide chain and the
r [nm] sequence will play a key role in determining the stability of
Figure 8. Potentials of mean force between M*and M*,— (q* = €) in proteins under confinement. The present study suggests, in
the D = 3 nm droplet (in black). The corresponding curve fogVand accord with the conclusions reached elsewﬁérthat the

Mg- is shown in red for comparison. Curves are shifted vertically as in

Figures 4 and 7. diagram of states for polypeptide chains is complicated espe-

cially wheneplep ~ O(1).
minimum seen in bulk water is completely absent. Confinement It has been propos@ that barriers in the folding process
by nonpolar walls increases the tendency of hydrophobic solutesarise because water molecules that may be trapped between
to associate. Similar behavior will occur in the presence of hydrophobic residues have to be squeezed out prior to the
nonpolar surfaces immersed in bulk water. Since Surfacesformation of the hydI’OphObiC core. This conclusion is rational-
(confining or otherwise) are almost always present in practical ized in terms of the PMF between methane molecules in bulk
Situationsy we expect the PMF of Figure 4 to reflect methane Wwater, in which there is a barrier between the contact and
methane interactions in such cases. The addition of charges tcsolvent-separated minima. Such an explanation is likely not
the methanes reduces their preference for surface solvationapplicable for folding in nanopores because of the absence of
Correspondingly, the PMF betweengMand M,- becomes  the solvent-separated minimum between small hydrophobic
progressively less influenced by the bounding surfaces as thespecies in confined water. Our results imply that barriers to
droplet size and the magnitude of charge increase. The balancérotein folding in nanopores should be greatly reduced. If the
between interior solvation and preference for the surface is native state is unaffected then the barrier reduction must arise
determined by the charge density of the solute. As the solute because of confinement induced changes in the denatured states.
charge density decreases, the boundary of the droplet becomeghe arguments given here show that alterations in the interac-
less unfavorable. Our results show that the enhanced preferencéons between hydrophobic and charged species in confined
of the heavier halides for interfacial water can be fully Wwater can lead to many sequence-dependent possibilities for
rationalized in terms of decreased charge density. folding in nanopores.
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native state should be entropically stabiliZédin the opposite
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