Downloaded viaNATL INST OF CHEMISTRY on December 28, 2021 at 11:59:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Wwww.acsnano.org

Tuning the Dielectric Response of Water in
Nanocon nement through Surface Wettability

Ermioni Papadopoulou, Julija ZavaRladolf Podgornik, Matej Praprotnik, and Petros Koumou

Cite This: ACS Nan®021, 15, 2031120318 I:I Read Online

ACCESB [l Metrics & More | Article Recommendations | * Supporting Information

ABSTRACT:The tunable polarity of water can be exploited in emergi
technologies including catalysis, gas storage, and green chemistry.
experimental and theoretical studies have shown that water can be ren
into an e ectively apolar solvent under nanocoement. We furthermore
demonstrate, through molecular simulations, that the static dielectric constant ‘ A\
of water can be moded by changing the wettability of the caring material. <\ éi\‘w\ /’ ;
We nd the out-of-plane dielectric response to be highly sensitive to the level of 1 /F)T ,
con nement and can be reduced up tox40in accordance with experimental
data. By altering the surface wettability from superhydrophilic to super-
hydrophobic, we observe a 36% increase for the out-of-plane and a 31% decrease for the in-plane dielectric consta

ndings demonstrate the feasibility of tunable water polarity, a phenomenon with great potential for scanrdi
technological impact.

KEYWORDS:dielectric constant, ned water, molecular dynamics, surface wettability, surface tuning

critical to the structure, stabilityexibility, and  water layer is known to depend on the chemical composi

dynamics of biological macromolecules such as lipisf the conning material, that is, on the interactions betwe
membrane®, nucleic acids, proteins;? and their complexes, the channel and water atoms, which can be characterize
enabling their proper functionalityielectric properties of the surface wettabilftyOptical techniques have introduce
water in contact and/or comed between soft or hard, the water contact angleas the experimentally determinabl
hydrophobic or hydrophilic bounding surfaces, are particulaiyetric that quantes the wettability of a surfaayith
important also in the context of long-range interactions ialues lower than 9@denoting a hydrophilic surface and
biological systerfissince both quintessential components ofyajues higher than“9@enoting a hydrophobic surface. Thu:
the nanoscale long-range interactiotise van der Waals apart from adjusting the level of cwment, dielectric
interaction® as well as the electric double-layer interatfions, properties could also be tuned by selecting theiingn
depend crucially on t.he.static as well as _dynamic diele.ct%teriaL For example, the wettability of the graphene ca
response of the media involved. Despite its well-establishghred with substrates due to its wetting transparency anc
importance, the experimental probing of the dielectrige even reversibly modulated with external stimdfatio

responsfe of i?terfacial vlvater has been limited. HOW?I%/eI’, Ifr8chniques that can tune the graphene surface wettabilit
recent feat of nanoscale experimentation, Funeags currently being considered for eent nanotechnology

[)netasuredtthe Itocal_ Cﬁlpatcnanci_tof wat?rl Iayefrs;ed:on ) applications>? such as self-cleaning, water harvesting, .
ctween two atomicallyat graphite crystal surtaces at ,aious nanaidic devices. Interestingly, previous compu

hanometer separations. They reported an interfacial I""yt'iecgnal investigations into dielectric response ohedrwater

with an anomalously low out-of-plane dielectric constant ( did not consider the wettability aspect or have reported ¢
2). These ndings have been comed by several studies : . :
the in-plane dielectric response for selected 4ses.

employing molecular dynamics (MD) simulatiorfs.
Decreased was observed in various aong geometries,
for protic (capable of hydrogen bonding) and apraitis>’ Recelved: September 27, 2021
whereas the phondnsf the graphene sheets have not been\ccepted: November 19, 2021
linked to variations of static dielectric water propériée. ~ Published: November 23, 2021
anomalous dielectric response was attributed to the orientation

anisotropy of the vicinal water molecules to the channel wall,

suppressing the reorientation of polarization’

I he behavior of water at surfaces and intérfaies The structural and dynamical behavior of the interfa
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Figure 1. (a) Schematic representation of the simulated channehednwvater with the periodic images shown in transparent. (bpBint
surface wettabilities measured by the corresponding contact anglegl) Surface plots of and  with respect to the height of the
con nementh and the surface channel wettability measured by the contact anbie colored points correspond to simulation results and
gray markers (setting = 90C°) to previous experimental resultts.

Here, we employ extensive atomistic MD simulations tevettabilities of the channel walls, denoted through the
characterize the dielectric response of water in planaorresponding water contact ang|€igure &,b).
nanoconnement. We report the in-plane and out-of-plane To be able to directly compare with experimental résults,
dielectric components for various heights ofneoment as  we explore 10 channel heights tvitainging between 0.5 and
well as dierent surface wettabilities of the channel walls. W80 nm. These simulations are performed aed channel

nd that the out-of-plane dielectric component exceedingBurface wettability & 8C°), which roughly corresponds to a
decreases as the height of therement decreases, whereas pure graphene surfé¢@he e ect of the surface wettability is
it increases as the surface wettability changes from hydrophifiobed at a xed channel heighh & 2.2 nm) using ve
to hydrophobic. We report the opposite trends for the in-plan@eéttability-varying surfacesvaried between® and 157).
dielectric constant, although the increase of the paralléle, thus, probe a wide spectrum of wolg surfaces, ranging
component with decreasing channel height is moderate afif@m superhydrophilic to superhydrophobic.
evident only for comements smaller thanl0 nm. We Static Dielectric Response.In the bulk, the dielectric
rationalize the dielectric response of resh water by ~ constant of water is isotropic and can be compiged
investigating the structural changes of water at the interfaciictuations of the total dipole moment and the Clausius
with the use of local order parameters, which are metrics fjlosotti relatio” *” (Supporting Informatiyn In - our
the tetrahedrality and dipole orientation of thermmhwater. ~ Simulations, we obtain the value of 80.25+ 0.65, which
Additionally, we augment the capacitance Hotélwith within error bars matches the reported value=o]‘9.'63 for_
the simulation extracted interfacial layer properties arf#€ employed SPC/Fw mod&In con nement, the dielectric
propose a two-dimensional (2D) response surface of in-plafRSPONse is anisotropic, and the component of the second-rank
and out-of-plane dielectric constants with respect to th@nsor exhibits spatial inhomogertéity.** For planar
channel height and the surface wettability. The construct&@" Neéments, the dielectric response lpr@an be fully

phenomenological model enables the prediction of the stafif@racterized by the parallglig-plane) and normal (out-
dielectric response beyond the simulated channels. of-plane) components of the dielectric constant with respect to
the surface of conement. In distinction to some previous

studies;*** our simulations are performed under no external
RESULTS AND DISCUSSION eld. Instead, dielectric response is extracted from the
The static dielectric response and the nonbulk-like structuraduilibrium simulations using the framework proposed by
properties of the nanocored water are investigated for Balleneggeet al****** (described in detail iSupporting
various channel heights as well as derent surface Information.
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Figure 2. Dielectric response of water in caement for various (a) heights and (b) surface wettabilities. Thezgve normal (blue) and
e ective parallel (red) components of the dielectric constant of water are calculated along the whole height of theroemt. The red
and blue dashed-dotted lines correspond to the 2D capacitance model predegfoignd?2) for =80 in (a) and forh=2.2 nm in (b).
The error bars denote the standard deviation. (a) Results are compared with the experimenta(giatapoints). Bulk value of the
dielectric constant of water is denoted with the dashed black line.
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Figure 3. Spatial distribution of the inverse normal dielectric constaht(a,d) Parallel dielectric constant (b,e) and density (c,f) with
standard deviations (shaded regions). &axis for (a ¢) is in symmetric logarithmic scale witt 0 denoting the middle of the channel,
while for (d f) z=0 denotes the start point of the graphene wall.¢aThe green, gray, light green, gold, and orange curves correspond to
the channel heights d&f= 1.4, 2.2, 7, 10, 20 nm, respectively. {iThe red, light red, gray, light blue, and blue curves correspond to contact
angles of 7, 52, 80, 110, 157

At a xed wettability, we observe a drastic decrease in tliee experimental and simulation results as well as between
perpendicular dielectric constant as the height of the channetliserent simulations can be attributed to the various employed
decreased-(gure 2 exact values irable S} water models and wettability of the suffadde normal

The obtained values, calculated along the overall height diflectric constant attains the bulk value only for channel
the connement, are in excellent agreement with thenheights larger thanl00 nm. On the other hand, theetive
experimental data reported by Fumagalli® In comparison,  parallel component of the dielectric constant of water is found
the reported values in a recent MD studsomewhat to increase for conements below 10 nm. However,
underestimate the dielectric constant. Discrepancies betwetsviations from the bulk values are smaller compared to the
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Figure 4. Distribution o), (a ¢)and @ (d e) order parameters. (a) The red, blue, gray, green, orange, purple, sea-green, gold, rose, light
blue, olive green, magenta, khaki, light red, yellow green, and sky blue curves are computed for slabs of 0.1 nm thickness at increased
distance (from 0.2 to 1 nm) from the channel wall. The des are shown for channel height 3.5 nm. (b e) Distribution in the interface

layer (within 0.9 nm from the channel wall) for contact angke 80° and heightd1=1.4, 2.2, 3.5, 7, 10, and 20 nm shown in green, gray, sea
green, light green, gold and orange, respectively (b,d) and for hielgl22 nm and contact angles of 7, 52, 80, 110, and 188hown in

red, light red, gray, light blue and blue, respectively (c,e). The black dashed curves correspond to the distributions of buliedimadar.

normal component. For the smallest considered channel heig ) from which the perpendicular response is extracted. As the
(h = 0.5 nm), the increase is around 40%. An increase in tlngettability of the coming surface is reduced {), the charge
parallel dielectric response was reported also in the previaiensity prole becomes smoother. This translates into an
studies. Nonetheless, it remains unresolved, as results iagzease of .

quantitatively in disagreement. Haeti@!** report a more The parallel component of the dielectric lpr@Figure
pronounced increase of which deviates from the bulk value 3b,e) is well correlated with the density distribution inside the
for channel heights up t0100 nm. Schlaickt al’* in channel Eigure 8,f). In the vicinity of the channel walls, the
contrast, report for soft polar surface mement only a slight density prole exhibits several peaks due to the well-known
increase ( 10%) but only for channel heights bel®x6 nm. layering of water near the coing boundaries, whereas away

We note that quantitatively the results also depend on tHeom the boundaries, the densities of all channels collapse to
calculation of (Supporting InformatipnTypically eective ~ the expected bulk density vé&itfé. The density peak
values are reported. Ifis instead computed as an averagepositions and values are independent of the channel height
over the spatial distribution ple then lower values are variation Figure 8). An exception from this behavior are
obtained Figure SR channels with < 2 nm, where water does not exhibit a distinct
Next, we x the channel height and examine the impact obulk-like region in the middle of the channel. On the other
surface wettability of the channel walls. Interestinglpdwe hand, the variation of the surface wettability induces changes in
that both components of the dielectric constant arteal, the density prde near the channel wallsdure 8. Going
but that these ects are smaller than theet of the channel  from hydrophilic to hydrophobic surfaces)( the layering
height as well as that they act oppositely for the twdecomes less and less pronounced. The water molecules are
components. Upon modifying the wettability from hydrophilippushed away from the walls, as evident from the shifted water
to hydrophobic ( ), the normal dielectric constant is density peaks toward the channel interior. The same behavior
increased by 36%, whereas the parallel component is decredsetserved for the dielectric response in the parallel direction
by 31%. These percentages are calculated asettemodi and is consequently eeted in the overall, which decreases
between the most hydrophilic and most hydrophobic testeas we move from hydrophilic to hydrophobic)(channel
surfaces, divided by the value obtained for the roughly neutvedlls. Bonthuist al*® retrieved a reverse correlation between
surface ( = 80). Insight for the observed behavior can be and density. We believe that this observation is related to
obtained by looking at the dielectric fg® along the channel the fact that the water volume was notmed in a channel
height. and that the variation of the surface wettability was performed
For the inverse normal dielectric respdrgelie a,d), we with a chemical deposition of terminal ion groups on the
observe an overscreening behavior in the interface laysurface. We note that in a recent study by Kvalj'™® an
consistent with previous wotkThe response prie of increased value of contact angle was connected to a decrease of
(Figure S)idisplays numerous imite discontinuities (at* = density and the relative permittivity, in accordance with our
0) and regions with negative values giving rise to low valuesreéults.
normal dielectric constant in the proximity of the wall surfaces.We also examined the total average water density inside
The observed reduction of overalwith the decrease of the channels to ensure that the water in each channel is well
channel height can be roughly understood in terms of thequilibrated. For channel heights abev& nm, we nd that
proportionality between the interface and the bulk regionthe conned water density values agree with the umedn
The dependency on surface wettability can be traced bawkater density of 1.01 g/€rref 38 and our simulations) at
to the charge density ple along the channel heightgure ambient conditions (exact value§ale S). An increased
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Figure 5. Normal | (blue) and parallel | (red) components of the dielectric constant of water computed in the interface region for
various (a) heights and (b) surface wettabilities. The error bars denote the standard deviation. (a) The red and blue dashed lines correspond
to the average values of, and . Bulk value of the dielectric constant of water is denoted with the black dashed line. (b) The red and blue
dashed lines correspond to théted relation between the interface dielectric constnat and surface wettaBilifypOrting Informatioh

density is found for very small channels, which is reasonabltering the channel material from hydrophilic to hydrophobic
since at such small separations, water never reaches the bulk ), the rst peak in the distribution decreases and
behavior as already stated before. Similar density deviatiapproaches values of the unpned water. These results
were also observed in other stuties. demonstrate that water in proximity to hydrophilic surfaces

Characterizing the Interface Layer.As the variations in  tends to interact with the surface and the hydrogen-bond
the density as well as in the dielectric response are locatechitwork is highly perturbed.
the interface region near the channel walls, we determine theSimilar conclusions can be deduced from the dipole moment
extent of the region where water exhibits nonbulk-like behavigistributionsP( ) of water molecules in the interface layer
by examining several of its local order parameters: (i) thg-igure 4,e). In the bulk, the water dipole moments have no
dipole moment orientatiod?, (ii) the nematic order®, preferred orientation in space and thus the mean vdkie of
(iii) the quadrupole moment in direction of the channel heighD, whileP( V) is constant for allV). In the interface region, a

©®) and the tetrahedralit®,(z) (de ned in Supporting preferred orientation of water molecules is evident. Irrespective
Informatiol). Computing the average order parameters of the material surface, the highest probability is fouRid=at
distance from the channel wallg(re Sy we observe that 0, which corresponds to dipole moments lying in the plane
(irrespective o and ) in close proximity to the walls, all parallel to the wall. However, this preferred orientation appears
order parameters showcase a structure tlesis diom the  more pronounced the more hydrophilic the channel material.
bulk and only approach bulk values at distaGc@sim from  To verify the correct determinationhpfwe also calculate
the wall. P(Qy andP( ) in the bulk-like region of the channel, that

To determine a more precise value for the height of thg, the region excluding the two interface lalyarsré Sp
interface layeh, we perform a sensitivity study for the we nd all proles to match well with the uncaed water
distribution ofQ, order parametef{gure 4). results.

In particular, the distribution is probed in thin regions 2D Capacitance Model.Since the structural character-
centered at various distances from the channel wall. We fogstics in the interface layer hinge on the wettability of the
on the tetrahedral order parameter due to its connection wiigbn ning material but not on the height of the cement,
the hydrogen-bond network of way.can take values we expect a complementary dependency for the dielectric

between 0 and 1, with the former characterizing the randogbnstant in the interface layigure Sshows that this is
distribution and the latter corresponding to the regulaindeed the case.

tetrahedral symmetry. At ambient conditions, the averageThe results are used to build a phenomenological
tetrahedrality of water in bulkQs  0.67° With increased  capacitance model in order to predict the dielectric constant
distance from the channel surface, the distributi@ysbffts ~ of nanoconmed water beyond the simulated cases. To this
from a unimodal to a bimodal distribution and progressivelynd, we extend the previously proposed capacitance
resembles the bulk distribution. Beyond 0.9 nm, thenodet®3*** to include the wettability ects. The eective
distributions COIIapse to the bulk distribution. Repeating thi@vera” and can be obtained by Considering the two
analysis for derent channel heights and wettabilitiesnele  interface layer capacitors and the bulk capacitor connected in
thath, is not aected by neithef~gure Sp series and in parallel, respectively. Furthermore, by considering

With the height of the interface layer séf £00.9 nm, we  the interface layer capacitors as wettability dependent, we
then compute the tetrahedrality distribution in the interfacgyptain the following relations:

layerQ,, (Figure #,c). For very small channel heights 2

nm), the distribution is very distinct from the other cases, ho) = h
denoting a structure highlyeated by the interface. As already (h )= h , hS2h
mentioned, the separation between channel walls is so small aO0) B 1)

that no bulk-like region is formed and the distribution is

computed in the whole channel sihee 2h,. For all other ~ and

channel heights, tR¢Q, ) are approximately equal (see also

Figure S} In contrast, a clear sequence of distributiotegro (h, )= Z_h' () +
can be seen for dirent wettability caseSigure ¢). Upon ! h !

h$ 2h
h B @)
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where ( )and () relations are extracted frémure 6 corresponding to the pure graphene sufffabetermining the
(Supporting Informatidnh, = 0.9 nm as determined above, wettability of at graphene has been a source of controversy among
and g = 79 the bulk dielectric constant of water. The obtaine@*Perimental studies, since the measured contact angles of water
2D surface plots of dielectric response of water with respectdgPosited on graphene reported in the literature V%%Jro.m neutral
the height of the conement and the wettability of the \ciapility values 0°) " “ to more hydrophilic values, with

i - these discrepancies being attributed to airborne contamination of
channel wallKigure &,d) match well the experimental as well experimental samplés.

as simulation data. Both components of the dielectric respons@ne nanochannels are constructed using two graphene-like layers
are aected under the conement and depend also on the with the WCCNT packag&The width and length of the channels
wettability of the coming material. In comparison to the are settd,, |, 10 nm, while the height of the charimedries for
degree of comement, that ish, the consequences of di erentsetups. We simulate 10 systembwiih5, 0.8, 1.4, 2.2, 3.0,

wettability are not as drastic but still considerable, especiadp. 7.0, 10, 20, and 30 nm. We use periodic boundary conditions in
for smalkh. the planar directions and nonperiodic boundary conditions in the

normal directions of the channel, where the slab correction is applied
for the computation of long-range electrostatics, by adding a vacuum
space of 8 the slab height in between periodic images.
In summary, we have demonstrated the possibility of tuningThe protocol for the simulations consists of two phases:
the dielectric response of water in nanoenent through ~ €quilibration and production runs. The systems used for the
modi cations of the surface wettability. The present COmpu,[g_qumbratlon runs consist of a nonperiodic channel with water

i | study i tioates the interd d f thee reservoirs placed in both ends of the channel. A constant force is
lonal study investigates the interdepenaency o eon applied to all water molecules at the outer edges of the reservoirs,

ment size with the wettability properties of the ntog {)ushing the water in the channel until the density within the channels
surfaces. Our results demonstrate that the abnormal dielecigiequilibrated. The value of the force is selected so that the sum of

response of water in planar c@ment is due to the nonbulk- forces applied to all water molecules normalized with the cross-

like behavior of the interfacial water. The structural charactesectional area corresponds to a pressure of 1 bar. After equilibration,

istics in the interfacial layer are sensitive to the hydrophili¢he reservoirs are removed and periodic boundaries are applied. The

hydrophobic nature of the caming wall material and Production runs are performed for a total of 40 ns for all smaller

consequently play a role also in the overall dielectric respo stems and for 30 ns for channel sizes above 7 nm. The trajectories

Aside from the level of carement, the wettability can of the water molecules are saved every 0.5 ps. The analysis of the

theref dditiomakt . ter for th trajectories takes place after tt&t 1 ns of the production run
erelore Serve as an additio uning parameter 1or € - g, ation. Visualizations were performed with the Visual Molecular

manlpu_latlon of dielectric response of water. To obtain a |0Wynamics (VMD) packag®.

dielectric constant of the solvent, our results advocate for a

small connement size (smdl) and a hydrophobic surface

material (large ). We envision that the capability of « Supporting Information

controlling the 2D response of the water dielectric constar,q Supporting Information is available free of charge at

could boost critical technologies, such as chemical reamionsnﬂbs'//pubs.acs.org/doillo.1021/acsnano.1008512
gas dissolution that require a lower dielectric constant of the ™

solvent? Additional MD simulation details, density computation,
total density of comed water, dielectric constant
computation, charge density pes, perpendicular
dielectric response ples, order parameters nigons

All simulations are performed with LAMMPS paéﬁa@e.use the and pro'es] and order parameters d|str|but|m
velocity Verlet integration with the time step of 1 fs. The radinis

for the nonbonded interactions is 8here is the largest Lennard-
Jones (LJ) interaction parametefo(= 0.319 nm) in the system.
The electrostatic interactions beyond the amcorrected with the  Corresponding Author

particle particle particle-mesh (P3M) solver schemith a root- Julija Zavadlav Professorship of Multiscale Modeling of Fluid
mean-squared error in the force calculation dfih@hez-direction, Materials, TUM School of Engineering and Design, Technical
we exclude the long-ranged electrostatic contributions from the University of Munich, DE-85748 Garching near Munich
periodic images, introducing the correction for slab geGhiétey. Germanyp orcid org/bOOO—0002—4495—9956 '

slab-geometry correction resembles the computation of the 2D Ewald Email:iulii dlav@t d
summation on a simulation system withite length along the third maii:julija.zavadiav@tum.de
dimensiori’“° The temperature of 298 K is maintained in the NVT A

ensemble with the Noddoover thermostat with the constant,of Ermioni Papadopoulou Computational Science and

= 0.1 ps. . . . .
Water is modeled with SPC/Ewnodel, as it reproduces well the Engineering Laboratory, ETH-Zurich, CH-8092 Zurich,
bulk dielectric constant of water. The wall atoms rereairfor all Switzerland _ _ _
simulations, in order to omitexts due to phonon excitati6rithe Rudolf Podgornik School of Physical Sciences and Kavli

surface wettability is controlled by modifying the energetic parameters Institute for Theoretical Sciences, University of Chinese

of the nonbonded interaction between the graphitic surface and water. Academy of Sciences, Beijing 100049, China; CAS Key

In particular, the interaction is modeled with the LJ potentiakwith Laboratory of Soft Matter Physics, Institute of Physics,
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