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Electrostatics for Exploring the Nature of Water Adsorption on the Laponite Sheets’

Surface

Introduction

“Smart” gels are a class of materials that expand and/or
contract as a result of changes in temperature, pH, solvent
polarity, light, or any other external stimuldsChe relatively
low cost involved in their fabrication, combined with their ability
to undergo significant but reversible changes in volume as a
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In this work, the topology of the electrostatic potential using density functional theory for periodic systems
was used to study the nature of the interaction of water with laponite surfaces; an uncharged sheet model was
also used. The topological analysis predicts that for uncharged surfaces the adsorption mode is such that the
water molecules are adsorbed almost parallel to the surface. For laponite surfaces, where there is a net charge,
the adsorption mode involves electrostatic repulsion between the negative lone pairs on the water molecules
and the ones on the surface oxygen atoms. As a consequence, the water molecules bind to the surface in a
perpendicular and tilted approach, minimizing the repulsive interactions. The advantage of using the topology
of the electrostatic potential as an efficient method to describe the electrostatic interactions between adsorbates
and surfaces is also discussed.

dures. Fundamental questions dealing with the nature of the
interactions between the components that lead to gel formation
after shaking need to be answered to pave the way for the
rational design of these materials. Simulations of these systems
based on reliable theoretical methodologies offer a powerful

tool that can complement the experimental data in order to shed
some light on the mechanisms governing the formation and

response to an external stimulus, makes these materials thestability of shake gels. WatePEO-laponite is a complicated

perfect vehicle to encapsulate and release other materials in

very cost-effective manner. The range of technological and
industrial applications of smart gels is quite large, and it widens
in scope every day. They can be used in the generation of
powerful sensors and actuators on the nanoscale level and i
molecular filters and molecular recovery systems. Among the
different kinds of smart gels currently under development,
“shake” gels (SG) have attracted considerable interest in
industry. Shake gelsare formed by aqueous solutions of

synthetic clays and polymers that form a gel after the solution
is shaken. The most common SG is built from mixtures of
laponite, poly(ethylene oxide) (PEO), and water. These materials

ystem that entails a competition between the PEO and water
binding to the clay. To understand the net effects of these
interactions in the actual system, it is useful to understand each
individual one. Thus, as part of an ongoing systematic study
Iﬁ'dealing with the nature of these interactions, in this work we
present the results of theoretical calculations describing the
binding between water and laponite.

A molecular-level understanding of the adsorption of water
on the surfaces of clay particles is of fundamental importance
to many processes® Clean, chemistry-customized synthetic
clays have made a large variety of useful and interesting

form a clear solution that leads to a gel once shaken. This gel €XPerimental and theoretical model systéfaccessible. The
relaxes back to a liquid after a certain period of time that MOSt widely studied synthetic clay to date is lapofiitea
depends on the laponite and PEO concentrations. At longerSYNthetic clay whose composition is on average {Mgio.7g-

times, the mixture forms a permanent gel because of an agingS8C20(0H)4Na.7s and belongs to the family of so-called
process that is not well understood. Despite the considerableSWelling 2:1 smectites. The behavior of water adjacent to a
interest in the properties of these materials, the design andvarety of clay surfaces has been studied using different
synthesis of SGs have relied on an empirical approach that &xperiment& 12 and computational techniqués? 8 It is gener-

entails long and expensive trial-and-error experimental proce- @lly concluded that the clay equilibrium hydration state is related
to the magnitude and localization of the clay layer charge. Monte

Carldt® and molecular dynami¢3!®studies of water molecules
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504 1350. at uncharged clay surfaces of talc and kaolinite have found that
ICen_tro de Quimica. _ the water molecules are adsorbed in the center of the SiO
. Eg'f?rl‘:%'o'gstg‘gg of Standard and Technologies. surface ring, each oriented with its molecular HOH plane
I Harvard University. appr_oximate!y parallel to the clay surfgce. It was suggésted
ULos Alamos National Laboratory. that in each ring a hydrogen bond involving the internal hydroxy!
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roups of the clay is formed. High-resolution neutron diffraction _ totr.1 _ T
gtudie§v9 and Monte Carlo simulatioA% of water confined V() = pr (" = Rr =1 ~dr )
between the charged layers of natural vermiculite clays have

shown that two ordered layers of water molecules are observedThe summation extends to all direct lattice vectors, the prime
close to the clay sheets. A Monte Carlo and a molecular on the integral sign indicating that an infinitesimal region about
dynamics simulatioH of the structure and dynamics of the r = r' is excluded from the domain of integration to avoid
interlayer aqueous solution in colloidal sodium laponite clay divergent nuclear self-interaction terms that would otherwise
have clearly shown that the water structure near the clay surfacearise in the electrostatic energy per &lp®° may be decom-

is significantly perturbed compared to the water structure in posed into electronic and nuclear components

the pure condensed phase. Similar to the vermiculite clays, two

ordered layers of water were observed close to the clay sheets. ™M) = ané(ra, r) )

The first layer of water is tilted and strongly oriented to form a

hydrogen bonds to the surface oxygen atoms at a distance of . .
1.85 A from the surface. Despite the amount of experimental Where the.summatlon extends.tp all of the reference cell nuclei,
and theoretical work in this area, the origin and nature of this with atomic numbers and position vectors denoggdndr,

n

behavior remain elusive. respectively.
The topographic features of the electrostatic potent{a) eloy _ e
of molecules are particularly useful for understanding the pr(r)= ZzPuRiijXu(r R) % (r —R)  (4)
hydration proces&: 25 \/(r) at a pointr generated by a molecule b
is given by whereP is the density matrix ang,(r — R;) is theuth reference
V(r) = Vi (r) + Ve(r) 1) cell local Gaussian basis function translated by the direct lattice

vectorR;. The summation overandj extend to all direct lattice
where the two terms represent the bare nuclear and electroniovectors, and those overandv include all of the basis functions
contributions, respectively, to the total electrostatic potential. of the reference cell. Substituting eqs 3 and 4 into eq 2 gives
The sign ofV(r) at a given point indicates whether the nuclear the nuclear and electroni(r) contributions.
or electronic effects are dominant. The topological properties For the studied system¥/(r) was calculated by means of
of V(r) are summarized by its critical points (CP). These are the CRYSTAL98%2% program using the KhonSham Hamil-
points where the gradient vector fieN\/(r), vanishes, and they  tonian with the gradient-corrected PerdeBecke-Ernzerhof
are classified by thé/(r) curvature or three eigenvaluds (PBE) exchange potentigl.For the laponite surface, 66-21G*,
(i =1, 2, and 3) of the corresponding Hessian mattl; & 6-21G*, and 86-21G* Gaussian basis sets for Si, O, and'Mg
92V(r)/a%; 0x). In molecules and crystals, there are four types and 6-21G* for the P! atoms was used. In addition, a 6-21&*
of these extremes that are labeled by their rank (number of basis was used for the water molecules.
nonzero eigenvalues) and signature (excess number of positive The topology of V(r) was analyzed using an algorithm
Vs negative eigenvalues). These can be maxima3g3, minima developed in our laboratory in the same way that those
(3,+3), or (3,—1) and (3,+1) saddles that bridge either two  developed for the study of electronic density topofSggwere
minima or two maxima. For the region closest to the nucleus, used. The CPs were calculated using the NewfRaphson
Vn dominates, andV(r) has exactly the same topology of (NR) technique®® The NR algorithm starts from a truncated
electron densityp(r) 26 (i.e., positive-valued maxima at the Taylor expansion at a point = ro + h aboutry of a
nuclear site and a positive-valued (31) bond saddle between  multidimensional scalar functiorV(V(r)):
every pair of bonded atoms). For the region whégelominates _
(V(r) < 0), the EP topography can be more complex. However, WV(r) = VV(ro) + Hoh + higher-order terms  (5)
it is well known that lone pairs of electrons as well as double ] i i )
7 bonds (G=C, C=N, etc.) are generally characterized as WhereH is the Hessian (the Jacobian ®#/(r)) at pointro.
negative valued (3+3) minima225 By locating CPs in Given _that a CI_3 is characterized BW/(r) =_0, the optimal
electrostatic potentials, one can precisely identify the host sitesSteph is then given byh = —H™*VV(r). This second-order
in which water molecules bind. Thus, the positive-valued EP correction is then used to obtain a vectaéw = ro + th (tis
zone of the hydrogen atoms in the water molecules are @ Small value), and the process is iteratedvi(r) = 0. The

positioned over the minima of the negative EP zone of the NR algorithm requires the evaluation of the fifs¢'} and
substrat@425 second{V"} partial derivatives ol(r) at arbitrary points .

In this work, the nature of the interaction of water molecules These partial derivatives are evaluated by numerical differences
with the surface of the laponite sheets has been studied byand are fed into an automated algorithm for the systematic
carrying out a systematic determination of the topology/(@) determination of the all of the CPs inside the unit cell of the
for the laponite platelet surface, water molecules, and an Crystal®>** . .
uncharged sheet model using ab initio density functional theory =~ Model of Idealized Laponite SheetsAll dehydrated smec-
(DFT) methods for periodic systems. It is shown that the tites consist of a layered silicate microstructure where each
computation of the topology o¥(r) provides a reliable and mineral leaf is a monoc_rystalllnezstructure consisting of 2D
relatively inexpensive method (that does not require the full- sheets 70f tetrahedral silica (SjO* covalently bonded to-
geometry optimizations of the supermolecule) of studying the getherd7In Iapom;e, the octahedr_al_ sites between the t_etrahedral
nature of the interactions between adsorbates and extendedn€ets are occupied by Mg (or Li) ions. The 2:1 clays in general
surfaces. To our knowledge, this novel methodology has not consist of charged 1-nm-thick sheets, which in the dry state

been previously used to treat these systems. stack by sharing charge-compensating cations. Under hydration,
] laponite forms suspensions of 25-nm-diameter colloidal platelets.
Computational Methodology Water can easily penetrate the interleaf regions, dissolving the

The electrostatic potential atgenerated by the total charge interleaf cations and separating the platelet surfaces by solvation
distribution, o', of a periodic system is given By forces. In dilute suspensions, the platelets separate completely
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TABLE 1: Topological Properties (au) of V(r) at the
Critical Points (CP) for the H,0O Molecule

CP A A2 A3

minima (3,+3) 0.0017 0.0383
2 oxygen lone pairs
1 saddle (3+ 1)

2 (3,—1) OH bonds

V(re)
0.1900 —0.1043

—0.0009
—4.387

0.0372
—4.180

0.1872 —0.1042
13.259 1.1464

TABLE 2: Topological Properties (au) of V(r) at the
Critical Points (CP) for the Outermost SiO Ring of the
Uncharged Platelet Surface

cP A A2 A3

V(re)

6 minima (3,+3) 0.0019 0.0294 0.0722 —0.0946
at the oxygen atoms

6 saddle (3+ 1) —0.0044 0.0015 0.0040 —0.0295
12 (3,—1) SiO bonds —1.2885 —1.2789 5.4419 0.8078

the generalized gradient approximation of Perd@&urke—
Ernzerhof®® A conjugate gradients minimization scheme is
utilized to locate the electronic ground states directly. The
calculation of the HellmanaFeynman forces acting on the
atoms and a standard BFGS technique allows the structural
optimization to be carried out. The optimized parameters were
a=b=5.26 A a=p=90, andy = 120°. Figure 1b shows

the top view of a 3x 3 supercell. A 25-nm-diameter platelet
contains about a 5& 50 supercell.

In the real systems, some of the magnesium atoms are
substituted by lithium ions, and some spaces are empty, giving
the corresponding empirical formula Ng{SigMgs sLi0.3)Oz0-
(OH)4]7°7. Laponite leads to platelets with a layer charge of
—0.7% per unit cell. The model of the charged platelet was
built in a similar way (i.e., by leaving a sheet of the hectorite
Figure 1. Structure of the unit cell of the idealized laponite platelet. C€ll parallel to the (001) plane). To obtain the overall negative
(a) Side view of a 1x 1 cell. (b) Top view of a 3x 3 cell. Red, charge closest to the empirical formula, the substitution of one
yellow, green, and white spheres denote O, Si, Mg, and H atoms, Li for a Mg atom was carried. This site was selected to lie as
respectively. far away as possible, thereby producing a mostly regular array

and become dispersed as colloidal platelets, and the sodium@f lithium atoms. The starting configuration was prepared by
cations diffuse into the surrounding polar liquid and screen the Placing a sodium counterion at the middie of the SiO ring and
negative surface charge. These platelets may be individuaIIyC/ZAfroml the surface. This cell was replicated through a point
considered to be single particles with a well-defined crystal Of inversion at the origin and converted to a P-1 unit. The
structure®? resulting unit cell is shown in Figure 2. The geometry of the
Laponite is a typical synthetic smectite that resembles the C€ll was also fully optimized using the CASTEP program, fixing
natural clay hectorite in structure and composition. The hec- thec parameter of the cell at 30.0 A. The optimized parameters
torite3® lattice is a monoclinic-prismatic cell described by the Werea = 10.584 Ab=19.166 A, anda = = y = 90".
space grouc2/m with parameters = 5.25 A,b=9.18 A, ¢
=16.0 A, 0 = 90°, B = 99°, andy = 90.C°. The unit cell of
the platelet is constructed of a single octahedral sheet sand- )
wiched between two tetrahedral layers, with the octahedral sheet_ Interactions between Water and the Uncharged Surface.
sharing the apical oxygen of the tetrahedral layer (Figure 1). The V(r) topologlcal features of the |solated. water moleculg
This structure has a neutral charge: there are 6 octahedra@'® Shown in Figure 3, and the corresponding CP properties
magnesium ions, 2 layers of 4 tetrahedral silicon atoms, 20 are listed in Table 1. As previously report&dthe negative
oxygen atoms, and 4 hydroxyl groups. Each layer of the ideal potential is located over Fhe nonbond_lng region of Fhe oxygen
platelet consists of a hexagonal network of basal oxygen atomsatom forming a lone-pair pattern with two negative-valued
of the tetrahedral SiO. We have built the model of an Minima connected by a (3;1) saddle point. The EP over the
uncharged ideal platelet by leaving a sheet of the hectorite cell €ntire nuclear region is positive with a (3,1) CP associated
parallel to the (001) plane. Vacuum layers thicker than 10 A With each OH bond.
were used to ensure that there were no interactions between The corresponding topological features of a ring of the
adjacent slabs. The symmetry of the cell changes from mono-uncharged platelet surface are shown in Figure 4, and the
clinic to a triclinic type P-1. The geometry of the cell was fully parameters that characterize the obtained CPs are collected in

Results

optimized using the Castep progrdhfjxing the ¢ parameter
at 20.0 A. In this program, the KokrSham equations of DFT

Table 2. The EP negative region is localized outside the surface
over the nonbonding region of the oxygen atoms, and the EP

are variationally solved in a plane-wave basis set using over the entire ring region is positive. Figure 4b clearly shows

optimized ultrasoft pseudopotentials in KleinmeBylander
form38 for the description of the electretion interactions. The

that the negative EP zone is exposed to the incoming molecules

and that it hinders free access to the positive area of the surface.

exchange-correlation part of the Hamiltonian is described using There is a set of six minima, located only at the oxygen site,
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Figure 2. (a) Side view and (b) top view of the optimized unit cell of
the laponite platelet. Red, yellow, green, white, pink, and dark-blue
spheres denote O, Si, Mg, H, Li, and Na atoms, respectively.

connected by a set of six (3;1) saddle points on the negative
zone and, as expected, a positive{3,) saddle at each SO
bond.

The topological properties of the isolated water molecule and
uncharged surface discussed above lead to the conclusion th
water molecules can bind to the surface only by the mode shown
in Figure 5, which is driven by mutual alignment of the water
hydrogen atoms to adjacent minima of two surface oxygen
atoms and one water lone pair (minimum) that points toward
the positive zone at a Si atom.

To test the validity of the predictions made by the EP model,
the binding of the water molecule on the uncharged surface was
explored using the CASTEP progra&A monolayer of water
molecules (one per cell) was placed inside the surface cell, and c
the system was completely optimized while the cell parameters
were fixed. A top view of the optimized adsorption mode is
shown in Figure 6: the 0 molecules are adsorbed almost Figure 3. Contour maps of the electrostatic potential (EP) for th@H
parallel to the surface, centered at each ring, WithQdurtaces molecule. Blue and yellow zones denote the negative and positive values

o - . of the EP, respectively. (a) Side view of the negative-valued zone. (b)
Owater—Sisurtace aNd Quater~Onyaroxy distances of 2.477, 3.599, Top view of the positive-valued zone. Red spheres denote the EP

and 2.657 A_’ respectively. These results are in excellent minima critical points characterizing the oxygen lone pairs. Red and
agreement with the predictions of our EP model and experi- white cylinders denote O and H atoms, respectively. (c) Complete view
mental and theoretical data available in the literat8f&.16The of the HO EP. Dotted contours denote the border of the region.
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Figure 5. Top view of the predicted adsorption mode of the water
molecule on a ring of the uncharged surface. Blue and yellow zones
denote negative (around the O atoms) and positive values of the surface
EP, respectively. Red spheres denote the oxygen EP minima critical
points.

Figure 4. Top and side views of the contour maps of EP for a ring of
the uncharged platelet surface. Yellow and red cylinders denote Si andi¥
O atoms, respectively. Blue and yellow zones denote negative (around o
the O atoms) and positive values of the EP, respectively. Red spheresFigure 6. Top view of the optlmlzed structure of a water monolayer
denote the EP minima critical points on the negative zone of the on the uncharged clay platelet surface. Yellow, red, white, and green
potential. The negative area impedes the easy access to the positivepheres denote Si, O, H, and Mg atoms, respectively.

area of the surface.

nonbonding region of the negative potential (light blue). These
binding energy (BE) of this configuration was found to be 10.79 lone pairs are located inside the rings and connected by a (3,
kJ mol per cell. This BE was calculated by the following +1) saddle point sitting on top of the oxygen atom. The net
expression: effect of the charge on the laponite is the concentration of the

negative EP inside the ring and away from the Si atoms. Note

BE=Eg ,, — Es— Ey (6) that the value ofV/(r) at the negative minima of the charged

surface is 3 times the corresponding value for the uncharged

with Es-w = total energy of the KD monolayer adsorbed on  surface (Table 3).

the surfaceEs = total energy of the isolated surface, abg The EP topology for laponite leads to the conclusion that
= total energy of the LD layer isolated in the cell. contrary to the ideal uncharged model system the water
Interactions between Water and the Laponite Surface. molecules bind to the surface in a perpendicular approach that

Given the excellent qualitative agreement between the EP modelfinally yields different tilted arrangements such as the ones
and the CASTEP calculations in describing the adsorption mode shown in Figure 8. These modes involve the attractive interac-
of water into the uncharged surface, we applied the sametions between the positive zone around the H atoms of the water
methodology to probe the interactions between water moleculesmolecule and two negative minima lone pairs at neighbor surface
and the laponite surface. oxygen atoms. One possible mode (Figure 8a) involves an
The EP topological features for the laponite surface are shownadditional attractive interaction of a water oxygen lone pair with
in Figure 7, and the parameters that characterize the calculatedhe positive zone of a Si atom of the surface, and another mode
CPs are collected in Table 3. Figure 7 shows that the charge in(Figure 8b) involves electrostatic repulsion between the negative
the laponite unit cell produces drastic changes in ‘e lone pairs on the water and the surface oxygen atoms. It is also
topology as compared to the uncharged ideal surface modelpossible that an entirely perpendicular mode exists, mainly
(Figure 4). It is observed that each outermost oxygen atom is dominated by the attractive interaction between the water
characterized by two lone pairs (red spheres) lying along the hydrogen atoms and the oxygen atoms on the surface. As a
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Figure 7. Top view of a contour map of the unit cell of the laponite
platelet surface. Red, yellow, green, and white cylinders denote O, Si,
Mg, and H atoms, respectively. Blue and yellow zones denote negative
and positive values of the EP, respectively. Red and blue spheres denot¢
EP minima and saddle critical points on the negative zone of the
potential, respectively.

TABLE 3: Topological Properties (au) of Electrostatic
Potential at the Critical Points, V(r¢), for One of the
Outermost SiO Rings of the Laponite Platelet Surface

CP A A2 A3 V(ro)
3 minima (3,+3) 0.0178 0.0391 0.0898 —0.1067
close to a Li atom
3 minima (3,+3) 0.0070 0.0372 0.1271 —0.1414
far from a Li atom
3 saddle (3+ 1) —0.0085 0.0345 0.2038 —0.0983
close to a Li atom
3 saddle (3-1) —0.0038 0.0276 0.2093 —0.1217

4(3,—1) SiObonds —1.2734 —1.2655 5.4636 0.6643
near to a Li atom

8(3,—1) SiObonds —1.2878 —1.2690 5.5155 0.70145
far from a Li atom

consequence of the interactions described above, the wate
molecules should not be parallel to the surface. On the contrary,E
the water molecules should be perpendicular or tilted, maximiz-
ing the attractive interaction between the Si atoms and @& H
lone pair and/or minimizing the repulsive interaction between
the minima lone pairs of the water and surface oxygen atoms.
The results listed in Table 3 indicate that the oxygen lone-
pair minima of the surface closest to the Mg atoms are deeper

predicts that the water molecules should prefer to adsorb in the
vicinity of the surface oxygens located above the Mg atoms.
Additionally, the values o¥/(r) at the oxygen minima lone pairs
indicate that the her—OsurfacebONd Must be stronger in the
case of the laponite charged surface.

As with the uncharged surface case, full optimizations using
the DFT module contained in the CASTEP progtamwere
carried out to validate the predictions of the EP model. A
monolayer of water molecules was placed inside the surface rigyre 8. (a and b) Top view of the EP-predicted water adsorption
cell, and the system was optimized while the cell parameters modes on a ring of the laponite platelet surface. Blue and yellow zones
were fixed. A top view of the optimized adsorption mode is denote negative and positive values of the EP, respectively. Red spheres
shown in Figure 8c. In agreement with the EP topology analysis, denote EP minima critical points. Large red spheres denote lone-pair
the optimization results indicate that the® molecules are ~ Minima CPs of the water molecule. (c) Top view of a cylinder model
adsorbed almost perpendicularly to the surface, nearly to theS"oWing the adsorption mode of a water (ball-and-stick models)

. monolayer on the laponite platelet surface. Yellow, red, green, violet,
oxygen above the Mg atoms, with +Dsurace aNd Quater and white cylinders denote Si, O, Mg, Li, and H atoms, respectively.
Onydroxyl distances of 2.441 and 3.402 A, respectively. The
adsorption modes predicted by our EP model and CASTEP and computation&l-?°results previously reported in the litera-
calculations are in very good agreement with experiméftal ture. The calculated BE for this adsorption mode was 19.58 kJ
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mol~? per cell, which is almost 100% larger than the corre-
sponding value (10.79 kJ md) for the uncharged surface.

Final Remarks
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The results obtained in this work indicate that the analysis 200q 2, 3663.

of the EP topology of the isolated interacting systems (water
and surface) provides a reliable and efficient method to predict
and understand the different adsorption modes of complicated
systems involving molecules and surfaces dominated by elec-

trostatic interactions. In wateiclay systems such as the ones
studied in this work, the model provides a useful tool to
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understand the effect of charge in the system. As our resultsPotentials: Reactity, Structure, Scattering, and Energetics of Organic,
indicate, the presence of Charge in the |ap0nite surface driveslInorganic, and Biological SystemBolitzer, P., Truhlar, D. G., Eds.; Plenum

the water adsorption toward perpendicular and tilted configura-

Press: New York, 1982.
(22) Molecular Electrostatic Potential: Concepts and Applicatipns

tions, in stark contrast to the uncharged surface, where the onlymurray, J. S., Sen, K. D., Eds.; Elsevier: Amsterdam, 1996.

adsorption mode consist of water molecules lying parallel to
the surface. We are currently extending our calculations to

(23) Gadre, S. R.; Shirsat, R. Electrostatics of Atoms and Molecule-
s;Universities Press: Hyderabad, India, 2000.
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include polymer adsorption on hydrated clay surfaces, which 14 g976.

is important in the design of shake gels.
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