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Abstract

It has long been puzzling that water nanodroplet undergoes simultaneously “supercooling” at freezing and
“superheating” at melting. Recent progress [Sun et al., J Phys Chem Lett 2013, 4: 2565; ibid, 4: 3238]
enables us to resolve this anomaly from the perspective of hydrogen bond (O:H-O) specific-heat disparity.
A superposition of the specific-heat 7,(T) curves for the H-O bond (x = H) and the O:H nonbond (x = L)
defines two intersecting temperatures that form boundaries of the quasi-solid phase between ice and liquid
water. Molecular undercoordination (with fewer than four nearest neighbours in the bulk) stretches the
nw(T) curve by raising the Debye temperature ®py through H-O bond shortening and phonon stiffening.
The 7u(T) stretching is coupled with the 7. (T) depressing because of the Coulomb repulsion between
electron pairs on oxygen ions. The extent of dispersion varies with the size of a droplet that prefers a core-
shell structure configuration — the bulk interior and the skin. Understandings may open an effective way
of dealing with the thermodynamic behaviour of water droplets and bubbles from the perspective of O:H-

O bond cooperativity.
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Content entry

Molecular undercoordination raises its melting point and lowers its freezing by dispersing
boundaries of quasi-solid phase through O:H-O bond relaxation.
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It has long been puzzling that water droplets undergo “supercooling” at freezing and “supercooling” at
melting despite intensive investigation. With the involvement of undercoordinated skin molecules such as
water droplets encapsulated in hydrophobic capillaries™? and ultrathin water films deposited on graphite,
silica, and certain metals *** behave like ice at room temperature. The transition temperature for liquid
formation (T, shifts from the bulk value of 273 K*? up to 310 K for the skin™ and 325 K for the
monolayer film**; the homogeneous ice nucleation temperature (Ty) drops from the bulk value of 258 K**
to 242 for 4.4 nm and 220 K for 3.4 nm®, 205 K for 1.4 nm* and 172 K for 1.2 nm sized droplets *'.
Freezing transition for clusters containing 1-18 molecules cannot be observed at temperature down t0120
K.18

The T, elevation is more apparent at the curved skin because of its even lower coordinated molecules
compared with those on a flat skin. For instances, a water droplet on a roughened Ag surface having a
greater contact angle and higher curvature freezes 68.4 seconds later than the droplet on a smooth Ag
surface at -4°C *°. Transiting the initial contact angles of water droplet on quartz at 27.9°, on sapphire at
64.2°, and on graphite at 84.7° to zero requires heating to 185, 234, and 271°C, respectively®. Sum
frequency generation spectroscopy revealed that the skin of two adjacent molecular layers are highly
ordered at the hydrophobic contacts compared with those at the flat water-air interface®. An air gap of 0.5
~ 1.0 nm thick exiting in the hydrophobic contacts® increases with the contact angle of the droplet or with

the lowering of the effective coordination number (CN) of molecules at the skin.

It is yet unclear why the undercoordinated water molecules undergo both Ty depression and T, elevation
and why molecules are thermally more stable in the curved skins. Furthermore, the droplet size
dependence of the Ty depression and T, elevation is often referred to “supercooling” and “superheating”
with unclear reasons . In fact, supercooling, also known as undercooling %, is the process of lowering
the temperature of a liquid or a gas below its freezing point without it becoming a solid. Superheating is
the opposite. Supercooled water occurs in the form of small droplets in clouds and plays a key role in the
processing of solar and terrestrial radiative energy fluxes. Supercooled water is also important for life at
subfreezing conditions for the commercial preservation of proteins and cells, and for the prevention of
hydrate formation in nature gas pipelines. This communication aims to resolving this puzzle of droplet

size induced Ty depression and T, elevation based on the recent progress in understanding water and ice
12,13,24-30

Generally, melting a specific atom inside a solid requires heat that is a fraction of its cohesive energy, Ec

=zE,, i.e., the sum of bond energy E, over its coordination neighbors (z or CN). The T, of a solid



changes with the solid size because of the skin atomic undercoordination induced bond order-length-
strength (BOLS) correlation and the varied fraction of undercoordinated skin atoms®. Atomic
undercoordination shortens and stiffens the bond between undercoordinated atoms, which differentiates
the Ec¢ = zE, at the skin from that of the bulk and hence governs the T,, of a nanosolid. The T, usually
drops with the inverse solid size because of the fraction change of undercoordinated atoms*2. However,
the presence of the critical temperatures at 273 K (T, and 258 K (Ty) for transiting the bulk liquid into
the quasi-solid and then into ice' indicates that a quasi-solid (or quasi-liquid) phase exists in this
temperature regime, which follows a different rule of thermodynamics.

Firstly, one has to consider the specific-heat per bond n(T/®p) in Debye approximation when dealing
with the thermodynamic behaviour of a substance from the atomistic point of view. The specific-heat is
regarded as a macroscopic quantity integrated over all bonds of the specimen, which is also the amount of
energy required to raise the temperature of the substance by 1 °C. The specific-heat per bond is obtained
by dividing the bulk specific-heat by the total number of bonds involved *. For other usual materials, one
bond represents all on average, and therefore, the thermal response of all the bonds are the same, without

any discrimination in responding to thermal excitation **.

However, for water ice, the representative hydrogen bond (O:H-O) is composed of two segments with
strong disparity in the specific-heat of Debye approximation n,(T/®py), as illustrated in Figure 1(O:H-O
with “:”” denoting the electron lone pair of oxygen; x = L and H denotes the O:H and the H-O segment,
respectively). The O:H-O bond forms between O ions (instead of between molecules) with asymmetric
and short-range interactions, and importantly the Coulomb repulsion between electron pairs on oxygen
ions. At the standard ambient condition (4 °C and atmospheric pressure, 0.1 MPA), the H-O bond is
1.0004 A long with about 0.1 eV cohesive energy; the O:H nonbond is 1.6964 A long and about 4.0 eV

energy™.

Parameters characterize the 1,(T/®p,) include the Debye temperature ®p, and its thermal integration. The
®py, which is lower than the T, determines the speed of the n,(T/®py) curve reaching saturation. The
Nx(T/Bpy) curve of the segment with a relatively lower ®@p, value will rise to saturation quicker than the
other segment does. The ®p, is proportional to the characteristic frequency of vibration w,, following

Einstein’s relastion: Zim, =K®,, with 7 and k being constant.



On the other hand, the integral of the n.(T/@py) curve from 0 K to the T is proportional to the cohesive
energy E, per segment *. The T, is the temperature at which the vibration amplitude of an

atom/molecule expands abruptly to more than 3% of its diameter irrespective of the environment or the

size of a molecular cluster >,

Thus, with the known values of w; ~ 200 cm’ for O:H stretching and oy ~ 3200 cm’! for H-O stretching
2 ®p = 198 K <273 K (T,), EL=0.095 eV *’, and E;; = 3.97 eV *, one can estimate

O, =16x0, ~3200 K and T,y >> Opy from the following,

@, /0, ~198/0,, ~w_I w, ~200/3200~1/16

( " antj/( " nLdtj ~E, [E, ~4.0/0.1~ 40
0

0

(1)

The 7, ends at T, = 273 K and the 7, ends at T,y ~ 3200 K, which means that the area covered by the

Ny curve is 40 times that covered by the 1 curve.
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Figure 1 Illustration of the segmental specific-heat disparity of the O:H-O bond (inset; paring dots denote
electron pairs on O” ions) and its evolution with the coordination number (z) of water molecules.
Superposition of the specific-heat ny(T) curves for the O:H nonbond and the H-O bond defines two
intersecting temperatures T,, and Ty that form the boundaries of the quasi-solid phase. Molecular

undercoordination (z < 4) stretches Nu(T/Opy) by raising the Opy(wy) and depresses the M (T/OpL) by



lowering the ®Op(®.), which disperses the intersecting temperatures in opposite directions. Therefore, a
nanodroplet undergoes Ty depression and T, elevation simultaneously and the extent of dispersion varies

with the fraction of undercoordinated molecules of the droplet.

Secondly, a superposition of these two 1, curves makes the heat capacity of water ice to be different from
those of other regular materials. Such a specific-heat superposition defines two intersecting temperatures
that divide the full temperature range into water phases of liquid, quasi-solid/liquid, and solid with
different n;/ny ratios. The inter-electron-pair repulsion and the external stimulus dislocate the O ions in
the same direction but by different amounts. The weaker O:H always relaxes more than the H-O does.
Therefore, in the liquid and in the solid phase (n/ny< 1), the O:H nonbond contracts more than the H-O
expands at cooling, resulting in the cooling densification of water and ice '>'°; in the quasi-solid phase,
the O:H and the H-O swap roles (nu/n. < 1), the H-O contracts less than the O:H expands at cooling, so
the Adoo > 0 and water in quasi-solid phase become less dense as it cools, which is responsible for ice
floating'?. At the quasi-solid phase boundaries (ny/n. = 1), Ad; and Ady, transit in sign, which correspond
to density extremes. Ideally, the T,, corresponds to the maximal density at 4 °C liquid and the Ty the minimal
density of crystal '>'**. Figure 2a and b verifies these expectations using Molecular Dynamics calculations.

Refs '*** described details of the calculation procedures using Sun’s algorithm COMPASS27 code®.
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Figure 2. O:H-O bond segmental length response to: (b) cooling in the quasi—solid phase; (c) cooling in
the liquid phase; and (d) (H,O)y cluster size reduction (molecular undercoordination). Arrows indicate the

master segments driving the relaxation dynamics.



One can imagine what will happen to the phase boundaries by raising the ®p and meanwhile lowering
the ®p.. The n will saturate quicker and the ny slower than they were in the bulk case. This process will

raise the T, and lower the Ty, as illustrated in Figure la.

Strikingly, molecular undercoordination shortens the H-O bond and meanwhile lengthens the O:H
nonbond, as shown in Figure 2¢c. Computations'? also derived that the dj; contracts from the bulk value of
about 1.00 to about 0.95 A while the d; elongates from about 1.68 to about 1.90 A at the flat skin. This
cooperative relaxation lengthens the O-O by 6.8% and reduces 18% skin mass density. Measurments also
revealed that the distance between oxygen ions increases by 10% from the bulk value of 2.6950 A to
2.9650 A*, which defines the segmental lengths of dy = 0.8406 A and d, = 2.1126 A*, associated with a
0.75 g-cm” skin mass density*'. The extrely low mass density, high eleasticty, high thermal stability, and
strong polrization entitle the sperdolidity nature to be responsible for the sliperiness of ice and for the

toughness and hyphodrobicity of water skin .

This O:H-O copperativ erelaxation due to molecular underoordination stiffens the oy phonon and softens
the m; phonon®, and shifts the O 1s binding energy positively as well. It has been confirmed that **” the
oy has a peak centered at 3200 cm™ for bulk water, and at 3450 cm™ for the skins of water ice; the wy for
gaseous molecules is around 3650 cm’™. The ay shifts from 3200 to 3650 cm™ when the N of the (H,O)n
cluster drops from 6 to 1 ****°. Furthermore, molecular undercoordination shifts the O 1s energy level
more deeply from the bulk value of 536.6 eV to 538.1 eV and 539.7 eV when bulk water is transformed

. . . -52
into skin or into gaseous molecules™ .

Thirdly, as illustrated in Figure 3, the (H,O)y size effect on the ®, and on the npy curve for illustration. N-
reduction-stiffened @y is consistent with spectroscopic measurements (scattered data). For instance,
reduction of the (H,O)y cluster from N = 6 to 1 stiffens the @y from 3200 to 3650 cm’ and meanwhile
softens the ey from 260 to 170 cm™ as the bulk water turns into dimers*®. Indeed, molecular
undercoordination shortens and stiffens the H-O bond, and lengthens and softens the O:H nonbond
consistently. Therefore, molecular undercoordination disperses indeed the quasi-solid phase boundaries
through ®p,(w,) relaxation. According to the relationship in eq (1) (@p = 198 K, ®py= 3200 K) and data
in Figure 3a, the ®p, =~ ®y in absolute values though the calculated wp, is subject to modification with

respect to measurements and o, is experimentally hardly avaiable'>. We can estimate ®p; =198



(nulk)/260(calculated bulk)x195(calculated cluster) = 149 K and ®py =3200/3200x3550 = 3550 K (for N
=2).
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Figure 3. (a) Molecular undercoordination raised wy and depressed o, in (H,O)y clusters in comparison
with (scattered data) measurements shown as Exp-1*', Exp-2 **, Exp-3 *, and Exp-4 *°. (b) Illustration of

the ny modulation by ®@py(my) relaxation.

Finally, understandings may extend to the thermodynamic behavior of water droplets and gas bubbles at
the nanometer scales. These systems of undercoordinated molecular dominance have far-reaching
physical, chemical, and biological effects ** because molecular undercoordination induced unusual bond-
electron-phonon behavior, as afore discussed. They are hardly destroyed and thermally much more stable
than bubbles at the millimeter scale >*. Water nanodroplets and nanobubbles do follow the trend of T,
elevation and Ty depression because of the dominant fraction of undercoordinated skin molecules.
Droplet size reduction raises the ®pn(wy ) and stretches the ny(T) curve and meanwhile, lowers the @p, .
(o) and compresses the n (T) curve, which disperses the extreme-density temperatures. A bubble is just
the inversion of a droplet; a hollow sphere like a soap bubble contains two skins — the inner and the outer.
Both skins are in the supersolid phase and the volume fraction of such supersolid phase over the entire
liquid-shell volume is much greater than simply a droplet. Therefore, bubbles demonstrate more
significantly the supersolidity nature — elastic, hydrophobic, and thermally stable, which makes bubbles

mechanically stronger and thermally more stable™.

In summary, water molecular undercoordination shortens the H-O bond and stiffens its phonon
spontaneously. The O:H nonbond responds oppositely to undercoordination in length and phonon
frequency. Such an O:H-O bond cooperative relaxation raises the ®py and lowers the ®p. simultaneously,

dispersing the quasi-soli phase boundaries. Therefore, H-O bond contraction elevates the melting point



and O:H nonbond elongation depresses the freezing temperature of water droplets and bubbles of which

the undercoordinated molecules become dominant.
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