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Diamond stabilization of ice multilayers at human body temperature
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Diamond is a promising material for wear-resistant medical coatings. Here we report a remarkable increase
in the melting point of ice resting on a diamond (111) surface modified with a submonolayer of Na*. Our
molecular dynamics simulations show that the interfacial ice bilayer melts at a temperature 130 K higher than
in free ice, and relatively thick ice films (2.6 nm at 298 K and 2.2 nm at 310 K) are stabilized by dipole
interactions with the substrate. This unique physical effect may enable biocompatibility-enhancing ice over-

coatings for diamond at human body temperature.

DOLI: 10.1103/PhysRevE.76.020501

Recent advances in the synthesis of large-area diamond
and diamondlike carbon films are opening up new applica-
tions for wear-resistant prosthetics [1-3], artificial heart
valves [4], and joint replacements [5,6]. While the wear re-
sistance of diamond is dramatically superior to titanium and
stainless steel, its blood clotting response as measured by
fibrinogen adhesion is slightly worse than these materials [7].
Moreover, the possibility has been raised that nanostructured
surface features of diamond might abrade tissue [8]. In the
present work, we show that chemically modified diamond
(111) films can stabilize remarkably long-ranged orderings of
ice up to human body temperatures and at ambient pressure.
The soft and hydrophilic ice multilayers sustained by this
unique physical effect might enable diamond-coated medical
devices that reduce abrasion and are highly resistant to pro-
tein absorption [8].

Low-temperature and short-range interfacial ordering of
water has been previously predicted and observed on a vari-
ety of other planar substrates, including muscovite mica
[9-11], platinum [12], chlorine-terminated silicon [13],
quartz [14,15], and graphite [16]. Ordering on these sub-
strates has been attributed to electrofreezing [16], lattice
matching to partially charged surface atoms [9-11,13,15],
polar binding of the first monolayer [12], confinement effects
[14], and combined electrofreezing and confinement [17]. Of
these mechanisms, only lattice matching to surface ions (in
particular, exposed K* ions on muscovite mica) has been
demonstrated to passively sustain ordering on an open sur-
face at room temperature [10]. Yet, even the ice phase on
mica is not stable when thicker than a single bilayer. Molecu-
lar dynamics simulations [18] show a first-order freezing
transition for water films of bilayer thickness in nanopores,
but for five or six layers there is no transition. Specular x-ray
reflection studies of mica (001)-water interfaces [19] reveal a
density oscillation amplitude significantly reduced beyond
3 A, while recent Monte Carlo simulations [20] suggest that
an ice Ih layer may not even exist at this interface.

In order to stabilize ice coatings with the nanometer-scale
thicknesses relevant to macromolecular adsorption, at tem-
peratures relevant to in vivo applications, a novel substrate is
therefore needed. In particular, for a stronger ordering effect
without external fields and at ambient conditions, a more
stable surface chemistry than silicate-intercalated ions is re-
quired: in the case of mica, at least half of the surface K*
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counterions may be removed by rinsing and replaced with
H;0% [19,20]. The counterions are displaced at two distinct
distances from the surface and none remains on the surface,
suggesting that the relatively weak solvation efficiency of K*
ions (as compared to Li* ions, for example) is responsible for
the stronger pinning of water molecules on the surface [20].

A substrate that solves this surface stability problem, the
(111) diamond surface partially terminated by alkali ions,
was proposed recently [21]. Diamond is an interesting can-
didate for achieving extreme hydrophilic behavior on a sub-
strate suitable for biomedical applications. It can be grown
over large areas in polycrystalline form [22] and exhibits
high corrosion resistance, making it attractive as a surface
finish for biomedical devices and implants [23]. Moreover,
its submonolayer surface structure has the added advantage
of minimal lattice mismatch with ice Ih (less than 2%), re-
ducing any strain effects that could be detrimental to the
stability of ice layers. Motivated by these considerations, we
study here the stabilizing effect of the chemically modified
diamond (111) surface on the melting transition of interfacial
ice. We specifically consider the synthetically accessible [21]
diamond surface in which 1/3 of the H atoms in the original
termination [denoted by C(111)-H in the following] are re-
placed by Na atoms [denoted by C(111)-Nal].

Direct simulations of the freezing phase transition are
challenging [24], so we focus instead on understanding the
stability of initially crystalline ice layers. We chose to use the
TIP4P/Ice water model [25], in order to reproduce the melt-
ing temperature of ice at 1 atm and the stability of the Th
phase. We begin with a configuration in which eight bilayers
[26] of ice Th are aligned epitaxially with the Na atoms,
which are covalently bonded to the C(111) surface, as shown
in Fig. 1(a). The ice is initially completely polarized parallel
to the C-Na dipoles. The initial Na-O distance is 2.38 A, as
calculated previously [21]. An Anderson barostat [27,28]
with a 100-fs relaxation time was used and two independent
thermostats were maintained for the diamond and the ice
multilayer to prevent unphysical heat transfer.

The interaction between atoms is represented by a
Lennard-Jones (LJ) potential and a Coulomb potential with a
14.69-A cutoff, using LJ parameters [29] for surface H
adapted from Ref. [30], surface Na from Ref. [31], and dia-
mond C from Ref. [32]. The bond lengths [33] for C-Na are
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FIG. 1. (Color online) Visualization of epitaxial ice bilayers on
the modified diamond surface. (a) Side view, showing the slab rep-
resenting the C(111)-Na substrate at the bottom and the eight ini-
tially distinct bilayers of ice separated by dashed lines in an instan-
taneous configuration after 5 ps at 310 K. The distance between
dashed lines is 3.7 A. (b) Top view of bilayer 1 with C(111)-Na
surface in background.

adapted from Ref. [21], and for C-C and C-H from Ref. [34].
The C(111) surface is represented by a 33.94 A X29.39 A
periodic supercell in the lateral dimensions and two bilayers
in the (111) direction, capped by H atoms on the far side
from the ice. The H and Na atoms have partial charges of
+0.1e and +0.4e, respectively, as determined from ab initio
quantum mechanical calculations [21], which are neutralized
by the directly bonded C atoms.

We turn next to the method of determining melting of the
ice layers. In two-dimensional melting, mean square dis-
placements diverge [35] and are not a good criterion to dis-
tinguish between liquid and solid states [36]. Instead, we
adapted a shell-relative-displacement criterion [37] to intra-
bilayer neighbor shells: we define the local displacement

(1) = —(r(t) 3 > rj(t)), (1)

JeNN

where r; is the position of a water O atom i, the sum is taken
over the positions of the three initial nearest-neighbor O at-
oms within the bilayer of that atom, and a=2.75 A is the
measured O-O separation in ice Th [26]. The atomic Linde-
mann parameter is defined as the deviation
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where the sums are taken over all previous time steps. The
Lindemann parameter for bilayer »n is then naturally defined
as 6,(r)=(s,(r)), where the average is over all O atoms in the
bilayer. The displacements and Lindemann parameters de-
fined above are independent of bilayer shear. This feature
proved essential since, at 240 K, bilayer 1 was observed to
relax laterally from its initial epitaxial alignment such that,
after 1 ps, the bottom-most O atoms close-packed between
Na atoms. However, at 310 K, bilayer 1 remained approxi-
mately epitaxial to the Na submonolayer, as shown in Fig.
1(b).

A dynamic criterion for determining if a bilayer has
melted at a given temperature can be defined in terms of the
dynamic Lindemann parameter &,(r). When bilayers melt,
the motion of each water molecule becomes uncorrelated
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FIG. 2. Calculation of the bilayer melting threshold. Main fig-
ure: Time evolution of Lindemann parameters &,(¢) for all ice bi-
layers over a range of temperatures. Inset: Extraction of §; from a
piecewise linear fit of &8,(7) versus 8,(7)—&,(7/2). The fitted value
of J; is indicated with dashed lines.

with the motion of its initial nearest neighbors, allowing the
displacement u; to diffuse freely, and causing §,(¢) to grow
linearly with time [36]. In contrast, for layers that have not
yet melted, &8,(¢) saturates asymptotically to a constant value
[36]. For sufficiently long simulation times 7, this melting
transition manifests as a first-order discontinuity in 8,(7) ver-
sus 8,(7)—5,(7/2), since 8,(7)—8,(7/2) approaches zero as-
ymptotically as a function of 7 below the melting point. The
critical 8,(7) value separating the linearly growing versus
constant values is then used as the effective Lindemann cri-
terion &; [36].

With these definitions, we can extract a value for ; from
the molecular dynamics simulations. By examining collec-
tively the evolutions over time 7=5 ps of all ice bilayers
under a range (240-340 K) of ice thermostat values, we find
8,=0.161+0.009 (corresponding to a 0.44 A r.m.s. shell dis-
placement), as shown in Fig. 2. This value agrees well with
the threshold of 0.167 predicted by the cooperative motion
model of 2D melting, in which layers slide past each other
[37,38]. As additional confirmation, Lindemann parameters
that rose above §; tended to continue to increase monotoni-
cally, while those below saturated. Finally, the ice vapor
pressure was found to be nonzero when the Lindemann pa-
rameters of the top-most layers rose above &, as seen by the
molecules about to be released from layer 8 in Fig. 1(a).

To solve for the melting point of each bilayer, §; must be
equated to the Lindemann parameter, as a function of tem-
perature, for that bilayer. Since &,(r) for a melted bilayer
does not saturate with time, the Lindemann function was
calculated after the finite time 7=5 ps. Cubic spline interpo-
lation, with quadratic extrapolation for boundary tempera-
tures, was then applied to each Lindemann function to solve
for its unique melting point. The final parameters &,(7) are
shown in Fig. 3 over the temperature range 210-350 K, for
all ice bilayers in three different environments: free ice, ice
on C(111)-H, and ice on C(111)-Na. For &(7) < &, the func-
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FIG. 3. (Color online) Temperature dependence of Lindemann
parameters for ice bilayers in different environments. The environ-
ments considered are (a) free ice, (b) ice on C(111)-H, and (c) ice
on C(111)-Na. The melting threshold &; is indicated with dashed
lines.

tions &(7) of temperature T scale roughly with 7'/, which is
expected for diffusion in a harmonic potential. For
S(7) > &, the functions scale linearly or superlinearly with
temperature, which is suggestive of ballistic motion and en-
ergy transfer to melted molecules in those bilayers.

The calculated melting temperatures for bilayers in each
environment are shown in Figs. 4(a)-4(c). The primary
source of error in each melting curve is the uncertainty in &;.
We discuss first the melting curves in free ice and ice on
C(111)-H, which are our reference systems, the first being
devoid of any substrate effects, the second being a hydropho-
bic surface [39]. The melting curves for both environments
show an approximate symmetry, with bilayers 1 and 8 melt-
ing at temperatures much lower (by 70-115 K) than the
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FIG. 4. (Color online) Calculated melting points for ice bilayers
in different environments. Melting temperatures are shown for each
bilayer in (a) free ice, (b) ice on C(111)-H, and (c) ice on
C(111)-Na. (d) The melting point elevation of bilayers in ice on
C(111)-Na relative to free ice, with the phenomenological fit shown
as a dotted line.
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melting temperature of the middle bilayers. The difference in
melting temperature between layers 1 and 8 of 20—45 K is
attributable to the polarization of the ice film, which exposes
asymmetric ice surface structures. The close correspondence
between the behavior of free ice and ice on C(111)-H is
consistent with the latter exhibiting hydrophobic behavior.

In sharp contrast to these two control environments, ice
on C(111)-Na shows an increase of the melting temperature
by 130 K for bilayer 1 relative to free ice. Moreover, the
increase in melting temperature persists through the entire
ice film, as shown in Fig. 4(d), such that six bilayers (2.2 nm
thick) are predicted to remain frozen at 310 K (human body
temperature) and seven bilayers (2.6 nm thick) remain frozen
at 298 K (room temperature). The average melting tempera-
ture of free ice is 265+37 K, in agreement with the estab-
lished 1-atm value, and ice on C(111)-H has only a moder-
ately elevated average melting temperature of 275+34 K. In
contrast, ice on C(111)-Na has an average melting tempera-
ture of 314+30 K.

We next develop a phenomenological model to explain
the observed temperature elevation, by considering sepa-
rately the electrostatic stabilization of bilayer 1 and the sta-
bilization of each subsequent bilayer by the previous bilayer.
Assume that each molecule in bilayer n experiences a planar
potential well V,(r,z)=A,r*8(z—z,) centered at its equilib-
rium position in the ice phase. The Boltzmann position dis-
tribution is then given by

Py(r) = A"rz). 3)

7TkBT exp<_ kBT

Furthermore, if the planar potentials in bilayer n>1
are centered at the projected molecular positions in bilayer
n—1, the individual thermal distributions are convolved,
P/(r)=P,(r)* Py(r)*---* P, (r)xexp(-B,r*/kzT), with B,
= (=" ,A7")7!. Since the dipole-dipole interaction strength
drops off as z73, we can neglect surface field effects for
n>1 and assume that A,=A;="---=A,. Therefore, molecules
in bilayer n experience an additional effective potential from
the diamond surface V,'l(r,z)=[A]1+(n—l)A;l]‘lrzﬁ(z—zn).
For a thermalized molecule in this effective potential (r?
:[A[l +(n- l)Agl]kBT, and therefore the melting temperature
at the Lindemann threshold (r?)~ &;a? is given by

T,=[A7" + (n— DA 61a%/ k. (4)

The observed temperature elevation is reproduced well with
A;=0.94 J/m® and A,=1.18 J/m?, as shown in Fig. 4(d). To
justify the value of A;, we consider the strength of the po-
tential in the equilibrium plane of a bilayer-1 water molecule
epitaxial to the diamond surface, due to near-field dipole-
dipole interaction with ions on the modified diamond sur-
face. For surface charges ¢g=0.4e with separation d=2.5 A, a
nearly epitaxial water molecule with dipole moment p paral-
lel to the surface dipole experiences an in-plane quadratic
potential V,(r,z)=A[r’8(z—z;) with strength
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A= - : 5
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For submelting displacements at a distance z away from the
surface, with z; =z=z,+6;, we obtain A|=1.04+0.26 J/m>,
in excellent agreement with the value obtained from the fit of
Eq. (4). This suggests that the electrostatic interaction of
molecules in bilayer 1 with the neighboring Na* sites domi-
nates the observed melting temperature elevation for that bi-
layer.
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In summary, we have shown through simulation that
chemically modified diamond may stabilize, at elevated tem-
peratures, ice multilayers substantially thicker than experi-
mentally observed on other surfaces. This work opens up the
possibility of protective ice finishes for in vivo diamond ap-
plications without cryogenics.
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