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Water molecules can form hydrogen bonds. At the solid surfaces, the preferential alignment of water molecules due to
the heterogeneous atomic distributions can induce ordered hydrogen bond networks of water molecules with spatially het-
erogeneous patterns and slower dynamics compared to bulk water. Both the confinement and the surface atomic structures
can induce the water phase transitions at low dimensional spaces. Here, we review how the phase transitions of interfacial
water affect the surface physical behaviors, such as wetting, ice nucleation and the terahertz-wave–water interactions, from
solid materials to the biological surfaces. These works help extend our knowledge of the physics properties of the interfacial
water, particularly the multi-phase behaviors in materials and biology sciences.
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1. Introduction

Water has been considered as the salient component in the
physical, chemical and biological systems. Phase transitions
of water are widespread in natural environments, such as the
first-order transition between ice and liquid water,[1] and the
liquid transition (LLT) of water,[2,3] which describes the sep-
aration of water into two coexisting liquid forms: one with a
high-density liquid (HDL)and the other with a low-density liq-
uid (LDL). The interfacial water confined in distinct local en-
vironments can display significantly different behaviors from
those of bulk water. Gaining a deep insight into solid/liquid in-
terfacial water, particularly at the intersection of solid, liquid,
and gas phases, is essential for advancing knowledge across
multiple disciplines, such as physical,[4–8] chemical,[9,10] and
biological[11–15] processes. Such understanding plays a pivotal
role in applications like seawater desalination,[16,17] hetero-
geneous catalysis,[18–24] geochemical mineral reactions,[25–27]

and micro-nanoscale fluid transport devices.[28–30]

Water molecules exhibit stratification phenomena near
solid surfaces at low dimensions, where surface–water interac-
tions play a critical role in determining the structure of interfa-
cial water layers. In 2009, we reported an unexpected theoret-
ical prediction: the formation of two-dimensional ordered wa-
ter monolayer that does not completely wet water at room tem-
perature. This ordered water monolayer exhibited hydropho-
bic behavior with the water droplets on this monolayer, despite
the intrinsically hydrophilic interfaces. The phase transition of
interfacial water from a disordered liquid phase to an ordered

ice-like phase can be induced by modulating the distribution
of positive and negative charges on an ionic substrate. Such
ordered ice-like water layers have been observed on a variety
of material surfaces, including metals, metal oxides, polymers,
and self-assembled monolayers. Similar two-dimensional ice-
like water can be found near antifreeze proteins or silver iodide
surfaces. Herein, the ordered interfacial water with particu-
lar hydrogen-bond network promotes the formation of 3D ice
nuclei and significantly lowers the nucleation energy barrier.
Physically, the ordered water structures are expected to exhibit
characteristic vibrational modes absent in bulk water. By ap-
plying external terahertz electromagnetic fields at the specific
frequencies, the order–disorder phase transition of interfacial
water can be precisely controlled, highlighting terahertz fields
as a novel tool for manipulating aqueous phase transitions at
interfaces. In this review, we mainly summarize our recent
works on the impact of phase transition of water contacting
with surface on the surface wetting, ice nucleation and the ex-
ternal terahertz fields–water coupling.

2. Ordered water on the two-dimensional solid
materials surfaces
In systems with quasi-one-dimensional confinement,

such as carbon nanotubes, a first-order phase transition behav-
ior occurs in confined water and a quasi-one dimensional water
chain is formed.[31] The external mechanical or electrical stim-
uli can induce on–off gating effects of water across the carbon
nanotube.[32–34] When water interacts with two-dimensional
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surfaces through confinement or adsorption, it tends to exhibit
unique structural arrangements and distinctive dynamic be-
havior. Progress in high-resolution experimental methods has
made it possible to observe interfacial water with well-defined
phase characteristics. One of the earliest pieces of direct evi-
dence for such ordered water layers under ambient conditions
came from studies on mica using atomic force microscopy
(AFM) by Hu et al.,[35] who pioneeringly captured images of
spatially organized water layers on mica. Odelius et al.[36]

used theoretical modeling to propose that these layers form a
two-dimensional hydrogen-bond network lacking free OH ter-
minations. This theoretical insight was later confirmed by Mi-
randa and colleagues using sum-frequency generation (SFG)
spectroscopy,[37] supporting the presence of this distinct inter-
facial structure. The metal surface water structures have at-
tracted extensive attention. Earlier, in 2002, Ogasawara and
colleagues experimentally detected ice-like hexagonal layers
on Pt(111) after annealing the surface at 140 K,[38] where wa-
ter molecules retained in-plane hydrogen bonding while ad-
hering to the metal. Water molecules exhibited partial disso-
ciation behavior on Ru(0001).[39] In 2002, Meng et al. identi-
fied two distinct hydrogen bond strengths within these surface-
bound hexagonal water networks.[40] The water molecules
phase transition behaviors confined between hydrophobic slip
space is of particular interest. In 2009, Debenedetti et al.[41]

have used molecular dynamics simulations to study the phase
transition of water under nanoconfinement between hydropho-
bic structured walls, where the wall–wall separation distance
was the key to understand the phase transition. One study by
Han et al.[42] involving quasi-two-dimensional hydrophobic
slit nanopores suggests the existence of a critical point where
continuous and first-order phase transitions intersect.

Recent advancements in high-resolution methods have
enabled atomic-scale visualization of interfacial structures on
various solid surfaces. Using a combination of electrochemi-
cal analysis, in situ Raman spectroscopy, and computational
modeling, Li et al.[9] studied water layers on atomically
smooth Pd single-crystal substrates. Their research uncov-
ered highly ordered interfacial water configurations that sig-
nificantly enhanced electron transfer at the interface, thereby
boosting the rate of hydrogen evolution reactions (HER). Jiang
et al. utilized q-plus mode scanning tunneling microscopy
(STM) to uncover previously unobserved structures of inter-
facial water. In 2014, they employed STM at cryogenic tem-
peratures (5 K) to resolve water tetramers on the NaCl(001)
surface.[43] The non-contact atomic force microscopy (AFM)
allowed them to capture atomic-scale images of a two-
dimensional hexagonal ice lattice on Au(111),[44] shedding
light on its edge growth mechanisms. By 2024, they experi-
mentally confirmed superlubricity in low-dimensional hexago-
nal water layers.[45] In addition, the molecular-resolution map-
ping of heterogeneous ice nucleation pathways by Wang et al.,

achieved via in-situ cryo-TEM, offers direct molecular-level
insight.[46]

Computational understanding how water behaves at
the molecular scale under extreme confinement is still a
formidable task, primarily because of the significant compu-
tational cost of precise simulations and the experimental dif-
ficulty of accessing nanoscale environments. In light of this,
artificial intelligence (AI) has become a transformative tool
in molecular-level modeling. A recent study by Michaelides
et al.[47] employed a hybrid computational strategy to ex-
amine monolayer water confined within hydrophobic two-
dimensional channels, starting from first-principles. Their
methodology integrated the high accuracy of quantum Monte
Carlo with the computational efficiency of machine learning
potentials (MLPs), enabling a comprehensive structural ex-
ploration across diverse temperatures and pressures. Zeng
et al.[48] have predicted the rich proton dynamics and phase
behaviors of nanoconfined ices from large-scale path-integral
molecular dynamics simulations and machine learning poten-
tial.

It is well established that liquid water typically spreads
over itself due to its strong hydrogen-bonding network. In
2009, we made an unexpected theoretical prediction: a wa-
ter droplet positioned atop a structured monolayer of wa-
ter at ambient temperature, which we referred to as an “or-
dered water monolayer that does not completely wet water”[49]

(see Fig. 1(a)). The theoretical solid model was composed
of a flat hexagonal surface exhibiting an alternating distri-
bution of charges (Figs. 1(b) and 1(c)), where red and blue
represented positive and negative sites, respectively. When
the surface charge value q was larger than 0.6 e, the water
molecules began to form a droplet sitting atop a hexagonally
arranged structured monolayer. We further discovered that the
ordered structuring of interfacial water is induced only when
the distance between positive and negative ions approaches the
characteristic oxygen–oxygen distance of stable water dimers
(∼ 0.284 nm). Both the charge magnitude of ions and their
separation on the ions substrate surface can trigger the transi-
tion of interfacial water from a disordered liquid phase to an
ordered hexagonal monolayer ice-like structure. This ordered
water monolayer is consistent with the low-pressure hexago-
nal phase predicted by Michaelides et al. using first-principles
calculations for water confined in graphene slits.[48] However,
a key distinction exists: the ordered phase at the interface
is stabilized by the specific distribution of positive and neg-
ative charges, rather than by spatial confinement, and it re-
mains stable under ambient conditions. In 2019, we identified
a sharp phase transition within the interfacial water mono-
layer, manifested by an abrupt change in interaction energy
resulting from minor variations in molecular dipole moment
(Fig. 1(d)). This observation provides strong evidence for an
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order–disorder transition in two-dimensionally confined inter-
facial water.[50] The diffusion constant of the ordered water
phase (µ = 13.6 D) was measured to be less than half that
of the two disordered phases. In contrast, the self-diffusion
constant in the second water layer (4 Å < z ≤ 7.5 Å) adja-
cent to the ordered phase was significantly higher than that in

the disordered phases (Fig. 1(e)). Furthermore, we systemat-
ically examined how variations in ion charge magnitude and
inter-ion distance on the substrate regulate the water contact
angle on the interfacial monolayer (Fig. 1(f)). A contact angle
greater than zero serves as a clear indicator of the presence of
the ordered phase.

(a) (b) (c)

(f)(e)(d)

Fig. 1. (a) A stable water droplet coexists with a thin water monolayer absorbed on a modeled solid surface. (b) Ordered water monolayer
structure of the first water layer on the hexagonal solid surface when L = 0.284 nm and q = 1.0 e. (c) Structure of the model solid surface
with a hexagonal, charged pattern. Red presents the positive-charged atoms, and the blue presents the negative-charged atoms. (d) Plot of
absolute values of attractive interaction energy E of one water molecule in the first water monolayer and its neighboring water molecules in the
same monolayer, versus the solid surface dipole moment µ for the system with a 4-nm-thick water film, together with the differentiated values
dE/dµ (right red axis). (e) In-plane self-diffusion coefficient (Dxy) of water molecules in various layers. (f) Contours of the contact angles of
the water droplets on the solid surfaces with different charge values q and bond lengths l.

Fig. 2. Summary of recent experimental and theoretical works on the water droplets coexisting with a thin water monolayer absorbed on various
solid surfaces.

Our analysis demonstrated that the hydrogen bond net-
work is key to understanding the observed non-wetting phe-
nomenon. Given that a single water molecule can form up
to four hydrogen bonds, we quantified the average number of
bonds both within the monolayer and between the monolayer
and the overlying droplet. A clear trade-off emerged: as the
number of hydrogen bonds inside the monolayer increased,
the bonding between the layers diminished. This reduction
in interfacial bonding strength weakens the adhesion between

the droplet and the monolayer, thereby facilitating the stable
presence of a water droplet on top of the structured layer.

The idea of an “ordered water monolayer that does not
completely wet water” has contributed to resolving long-
standing questions about surface wettability. One typical ex-
ample is the wetting behavior on a self-assembled mono-
layer with the terminal of COOH.[51] We have found an or-
dered phase structure of an embedded water-COOH compos-
ite, which induces the hydrophobicity of this surface. This
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can explain why the water droplets coexisting with few-
angstrom-thin water layer on COOH-SAM can be experi-
mentally observed.[52] Another notable example is the TiO2

that has sparked debates regarding its hydrophilic versus hy-
drophobic nature for decades. Investigations using sum-
frequency generation (SFG) spectroscopy, alongside molec-
ular dynamics simulations, we have uncovered well-ordered
water arrangements on metal oxide surfaces such as TiO2.[53]

More recently, ab initio molecular dynamics simulations have
indicated that similar hydrophobic effects may also appear
at the interface between water and rare-earth oxides like
CeO2,[54] expanding current insight into interfacial water phe-
nomena.

This line of research has prompted numerous subse-
quent studies (Fig. 2). For instance, a number of re-
searchers have reported comparable non-wetting phenom-
ena induced by structured monolayers on a variety of sub-
strates, including Pt(100),[55] Pd(100),[56] hydroxylated alu-
mina (a soil constituent),[57] hydroxylated CeO2,[54] BAS-
NaCO3 membrane,[58] talc minerals,[59] and polytetrafluo-
roethylene (PTFE).[60] These results show that the presence
of ordered interfacial water layers that do not completely wet
may be a widely occurring trait across different solid surfaces.

3. Water–ice phase transitions at the biological
and solid surfaces
To survive in cold environments, nature has endowed var-

ious organisms with antifreeze proteins (AFPs), enabling them
to thrive under subzero conditions.[61–64] AFPs can bind to
ice crystals via their ice-binding surface (IBS). Due to the
Kelvin effect, this binding alters the curvature of the ice sur-
face between adjacent AFPs, effectively lowering the freezing
point of ice.[65–67] By leveraging nanoscale thermal hysteresis
and specific ice-binding, AFPs effectively modulate ice nu-
cleation and growth. These remarkable capabilities underpin
their significant potential in applications such as food preser-
vation and cryopreservation.[68–70] Experimental studies have
also reported the “Janus effect” of AFPs, where the IBS can
promote ice nucleation in supercooled solutions,[71,72] which
may exhibit detrimental effects in tissues cryopreservation.
The structural rearrangement of water molecules at interfaces
gives rise to behaviors that differ significantly from those in
bulk water.[73–75] This interfacial restructuring plays a critical
role in heterogeneous ice nucleation (HIN), a process widely
observed in nature and highly relevant to fields ranging from
cloud physics to the food industry.[76–78]

A precise atomic-scale understanding of heterogeneous
ice nucleation is essential for distinguishing how AFP sur-
faces either facilitate or inhibit ice formation. Molinero et
al. propose that both ice-nucleating proteins (INPs) and AFPs
identify ice through diverse anchored clathrate and ice-like

motifs.[79] However, their subsequent work challenges the
conventional view by demonstrating that interfacial water pre-
ordering is not required for AFP ice recognition. Instead,
their findings reveal that the protein undergoes rotational dif-
fusion (tumbling) as it approaches the ice surface, only stabi-
lizing when it achieves the optimal orientation and proximity
to form the anchored clathrate (AC) motif. They suggest that
preordering may arise only on the extensive ice-binding sur-
faces of aggregated INPs, where it could facilitate nucleation.
The simulations in this study were conducted using the rigid,
non-polarizable TIP4P/2005 water model, consequently omit-
ting potential polarization effects that could influence protein–
ice interactions.[80] Molecular dynamics simulations[81,82] and
terahertz experiments[83] show that AFPs create a quasi-ice-
like layer in the hydration water on their IBS. A similar or-
dered layer exists at the ice-water interface. According to
the “zipper-like” mechanism, these two ordered layers merge
and subsequently crystallize into ice, thereby incorporating the
protein into the ice crystal. A recent review[84] demonstrates
that forming a quasi-ice-like hydration structure on the IBS is
a general characteristic of antifreeze proteins. This suggests
that AFP binding to ice is mediated by the structural comple-
mentarity between this ordered hydration shell and the similar
quasi-liquid layer present on the ice surface. Understanding
the dynamical correlation between a protein and its hydration
waters is essential to unravel how protein–water interactions
trigger biological function.

In 2016, our work[72] demonstrated that different sur-
face regions of AFPs exhibit a Janus-like influence on ice
formation: the non-ice-binding face (NIBF) inhibits nucle-
ation, whereas the ice-binding face (IBF) enhances crystal
growth. Nucleation temperatures were used to track the freez-
ing events of droplets in contact with NIBF and IBF surfaces
(Fig. 3(a)). As seen in Fig. 3(b), when AFP surface cover-
age remained below 80%, nucleation on the NIBF held steady
around −28.0 ◦C, suggesting minimal inhibitory effect at low
interfacial density. A sudden shift occurred at the 80% thresh-
old, where nucleation temperature dropped sharply, indicating
the onset of NIBF’s suppressive function. This effect saturated
at 90% coverage, stabilizing the temperature at −31.9 ◦C. In
contrast, Fig. 3(c) shows that the IBF surface promoted nu-
cleation. At coverage levels under 64%, freezing temperatures
hovered around−27.5 ◦C. Once IBF surface density exceeded
80%, the ice nucleation temperature rapidly rose by approxi-
mately 4.5 ◦C, eventually leveling at −23.0 ◦C. This sharp
rise suggests that dense IBF coverage effectively templates ice
nucleation. Our data suggest that the contrasting structural or-
ganization of water at NIBF and IBF surfaces — disordered at
NIBF versus ordered, ice-like at IBF (Fig. 3(d)) — accounts
for their distinct roles in nucleation behavior.
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(a)

(b)

(d) (e)

(c)

Fig. 3. Ice nucleation behavior on NIBF and IBF surfaces. (a) The top panel displays a representative freezing event of water droplets placed
on NIBF and IBF surfaces, captured using a high-speed camera in conjunction with an optical microscope. The bottom panel offers a schematic
representation of the corresponding freezing process. Ice nucleation initiates at the interface between the solid surface and the droplet, followed
by upward ice growth. Scale bar: 200 µm. (b), (c) Influence of NIBF and IBF on the ice nucleation process. The inset graphs in (b) and
(c) depict the nucleation temperatures on fully coated NIBF and IBF surfaces under varying cooling rates, demonstrating that NIBF inhibits
the development of a stable ice nucleus while IBF promotes its formation. Approximately 100 separate nucleation events were recorded
under consistent treatment conditions, and Gaussian fitting was applied to extract the mean values and standard deviations. (d), (e) Molecular
insights into AFP-mediated ice nucleation regulation. The IBF region is shown with hexagonal, ice-like water molecules (magenta-white
spheres), along with entrapped water molecules (magenta-white sticks), arranged above IBF sites featuring methyl (cyan-white) and hydroxyl
(red-white) groups.

Understanding ice nucleation at the atomic scale has long
been a significant challenge in computational chemistry, pri-
marily due to the difficulty of capturing the critical nucleus
size. Despite these challenges, molecular dynamics (MD) sim-
ulations based on fully atomistic water models can offer more
precise insights into the molecular-level interactions between
water and proteins, as well as the dynamics of ice forma-
tion. Although coarse-grained models such as the mW water
model[85–87] have been applied to explore nucleation near pro-
tein surfaces and organic monolayers, there remains a gap in
achieving atomic-level resolution and mechanistic clarity.

A precise atomic-scale understanding of heterogeneous
ice nucleation is essential for distinguishing how AFP surfaces
either facilitate or inhibit ice formation. Our recent all-atom
molecular dynamics simulations[88] shed light on the stepwise
process of pre-critical ice nucleus development on the IBF.
The formation sequence begins with one-dimensional (1D)
water chains confined within IBF surface grooves, progresses
into a two-dimensional (2D) ice-like nano-layer, and even-
tually transforms into a full three-dimensional (3D) nucleus.
In the early stage, single-file water molecules form within
the IBF groove, establishing hydrogen bonds with threonine
hydroxyl and cysteine carbonyl groups (Fig. 4(a)). These

confined waters align along the x-direction with ∼ 0.45 nm
spacing comparable to the lattice constant of ice Ih and ex-
hibit stable dipole orientations near 90◦, indicating highly
ordered alignment (Figs. 4(b) and 4(c)). Next, a 2D crys-
talline water layer appears on the IBF surface, enabled by the
TxT motif, whose hydroxyl group spacings ( aOH ≈ 0.74 nm;
bOH ≈ 0.46 nm) closely match the lattice spacing of ice (
aice ≈ 0.73 nm; bice ≈ 0.45 nm) (Figs. 4(d)–4(f)). This struc-
tural compatibility allows both the IBF and confined waters to
participate as hydrogen bond donors and acceptors, promoting
the assembly of hexagonal water rings. Within each ring, half
of the molecules interact directly with the surface or confined
water, while the others bridge neighboring water molecules
(Fig. 4(d)), ultimately stabilizing the growth of a 3D nucleus
(Figs. 4(g) and 4(h)). Importantly, no ice nucleation was ob-
served on the non-ice-binding surface (NIBS), consistent with
prior experiments illustrating the Janus-like behavior of AFPs.
This comparison underscores the critical influence of surface
structural features on nucleation initiation.

Ice nucleation, the initial phase transition during freez-
ing, is described by classical nucleation theory (CNT),[89]

which states that crystallization only begins once a stable
ice nucleus surpasses a specific free energy barrier. Molec-
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ular dynamics trajectories revealed that ice nuclei with fewer
than 40 water molecules fluctuated in size (Fig. 5(a)), while
those exceeding 50 molecules grew steadily. To pinpoint the
critical size, four nuclei around n ∼ 40 (sizes ∼ 28, ∼ 38,
∼ 40, and ∼ 50) were selected for further analysis (Fig. 5(b)).
The critical ice nucleus size was determined to be approxi-
mately 38 water molecules significantly smaller than the ∼ 80
molecules required for homogeneous nucleation at the same
temperature.[90] The free energy barrier at 240 K is markedly
lower than the 33.2 kJ/mol value characteristic of homoge-
neous nucleation in Fig. 5(c). More specifically, the associ-
ated free energy barriers were analyzed to further clarify the
enhancement efficiency of ice nucleation at different tempera-
tures, as seen in Fig. 5(c). We characterized the ability of IBS
to lower the critical free energy barrier by f = G∗Het/G∗Hom.

Our study reveals that IBS catalyze ice nucleation by signifi-
cantly lowering the energetic and structural barriers for phase
transition. Simulation results reveal that TmAFP demonstrates
pronounced functionality at low temperatures. Specifically,
under the 240 K condition, the IBF organizes water molecules
into ice-like configurations, leading to a reduction of more
than one order of magnitude in activation energy compared to
homogeneous nucleation. Such a drastic reduction highlights
the catalytic role of the IBF, which organizes water molecules
into ice-like structures through hydrogen bonding and geo-
metric alignment. This structural templating facilitates the
formation of three-dimensional ice nuclei by minimizing the
thermodynamic cost, thus accelerating the freezing process.
These insights provide a molecular-level explanation for how
antifreeze proteins enhance ice nucleation control.

(a) (b)

(d)

(g) (h)

(e) (f)

(c)

Fig. 4. Simulation-based evidence of ice nucleation at the ice-binding surface (IBS) of TmAFP. (a) Both side and top perspectives reveal
confined water (CW) stabilized within a reversed groove framed by threonine residues. These water molecules establish hydrogen bonds
with threonine’s hydroxyl groups and cysteine’s carbonyl groups. The central backbone of the protein is displayed as a silver cartoon, while
functional moieties on the IBS are illustrated as colorful sticks. Red dashed lines indicate hydrogen bonding interactions. (b) Spatial density
map of confined water projected onto the xy plane during microsecond-scale simulations. (c) Time evolution of dipole angle distributions
for confined water. The dipole orientation angle (θ ) is defined as the angle between each water molecule’s dipole moment and the x-axis.
(d) Snapshots from the side and top views show a structured, ice-like water layer adhered to the IBS, where blue-white and yellow-white
spheres represent ice-like water molecules in contact with the protein. (e) Hydroxyl group alignments at the IBS mimic the spatial pattern of
ice lattices. (f) This is further supported by the in-plane density map of the ice-like layer relative to the IBS. (g) A new layer of ice begins to
grow on top of the first ice-like layer. (h) This development continues, eventually forming a three-dimensional ice nanocrystal. Red spheres
represent water in the liquid phase, while blue-white spheres mark water in solid, ice-like states.
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(a) (b) (c)

Fig. 5. Exploration of the critical nucleus size and free energy barrier. (a) The nucleus size (number of water molecules in the largest ice
nucleus) versus the simulation time in four independent MD simulation trajectories. (b) Nucleus size averaged over 20 independent simulations
versus the simulation time. Note that the initial nucleus sizes, 〈n0〉, as marked by the four different colored arrows in (a), were obtained from
the four origin MD trajectories. (c) The classical nucleation theory (CNT) prediction, regarding the influence of TmAFP on lowering the
nucleation barrier, and the potency factor f of heterogeneous nucleation relative to homogeneous nucleation versus temperature (the dashed
line represents the nonlinear polynomial curve fitting).

(a) (b)

(c) (d)

Fig. 6. Ice nucleation process. (a) A representative simulation snapshot illustrates the onset of ice formation on a surface carrying a charge density of
q= 0.4 e. The inset displays the atomic structure of the underlying model substrate. (b) Water density distributions and accompanying simulation snapshots
highlight the differences in interfacial water organization on surfaces with q = 0.4 e and 0.8 e, evaluated both during the supercooled regime (averaged
over 2–3 ns) and at the later stages of freezing or non-freezing (collected from 299–300 ns). (c) A conceptual diagram outlines the sequential freezing
process, beginning with the first hydration layer, followed by the second. (d) Ice nucleation rate (R) is shown for 11 different surface models with surface
charge magnitudes ranging from 0.0 to 1.0 e, along with corresponding structural order parameters (η) of the first and second hydration layers.

Similarly, in non-biological systems, solid surfaces, such
as minerals or engineered materials, can either promote or in-
hibit ice nucleation depending on their wettability,[91,92] lat-
tice structure,[73] and surface topography.[93,94] For instance,
studies have reported distinct interfacial water structures as-
sociated with hydrophilic and hydrophobic surfaces, which
can influence the freezing behavior of overlying water and
the pattern of ice crystal growth.[95,96] However, wettability
alone is not a reliable predictor of ice nucleating ability, as
it can be affected by factors such as surface morphology and
crystallinity.[73,92,97,98] Using the coarse-grained mW water
model, Michaelides and colleagues[73] identified three key in-
terfacial scenarios in which water molecules participate in nu-
cleation: (1) formation of the first overlayer of water, (2) con-
struction of the first two overlayers, and (3) promotion of nu-
cleation in upper layers without in-plane templating. This

enhanced nucleation requires surfaces with strong water ad-
sorption energy. Furthermore, by applying deep learning tech-
niques, they were able to predict ice-nucleating ability based
on structural images of the first water layer.[99] Zhou et al. pro-
posed that the ice-nucleation capability of a surface is primar-
ily governed by its average adsorption energy when the surface
lattice mismatches ice, whereas for lattice-matched surfaces,
the detailed nature of water–surface interactions serves as the
key regulatory factor.[100] In addition, they studied ice nucle-
ation on nanopatterned surfaces with alternating hydrophobic
and hydrophilic regions. They found that nucleation prefer-
entially occurs within individual patches rather than across
boundaries, due to a higher free energy barrier associated with
interfacial crossing.[101] The “ice-matching pattern,” charac-
terized by ice-like ordering in the dense interfacial water layer,
is considered a key attribute of efficient ice nucleators.[92] A
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representative example has been observed on the (0001) sur-
face of silver iodide (AgI),[102] where a chair-like conforma-
tion is induced in the adjacent water layers closely resembling
the layered structure found in bulk ice (hexagonal or cubic).
Our recent MD simulations[103] have unveiled fresh perspec-
tives on the phase transition behavior of interfacial water in-
teracting with solid substrates (Fig. 6). By employing a model
surface inspired by β -AgI (0001), we observed that although
the first hydration layer tends to adopt an ice-like hexagonal
hydrogen-bonded arrangement under appropriate surface po-
larity, it is the second hydration layer that critically governs
the transition toward bulk ice. This second layer serves as a
structural mediator, connecting the surface-bound ordered wa-
ter with the surrounding liquid phase, and facilitates the devel-
opment of a more extensive ice bilayer. Notably, the structural
coherence of this intermediate layer shows a strong correlation
with the surface’s capacity to induce ice formation, and serves
as a more reliable indicator than traditional measures like wet-
tability or first-layer structuring. Sun et al. simulated hetero-
geneous ice nucleation on a simple cubic substrate with tun-
able hydrophilicity and obtained consistent conclusions.[104]

These insights refresh the conceptual framework of ice tem-
plating from a two-dimensional interface toward a fully three-
dimensional model, enhancing our understanding of interfa-
cial phase transitions and offering practical implications for
applications in cryopreservation, atmospheric modeling, and
anti-icing surface engineering. Moreover, it is well established
that interfacial water exhibits pronounced stratification phe-
nomena regardless of whether the substrate is hydrophilic or
hydrophobic. While solid–water interactions predominantly
govern the structural arrangement of the first water monolayer,
their specific mechanistic roles in regulating the phase transi-
tion dynamics of water/ice monolayers will be systematically
investigated in our study.

4. THz electric waves induce ordered/disordered
water transitions

The transition between ordered and disordered states of
interfacial water plays a pivotal role in altering surface wetta-
bility and the ice nucleation at the macroscopic level. How-
ever, the accurate, long-distance and reversible modulation
on this surface water is lacking. Water, as a polar molecule,
tends to form quasi-one-dimensional or two-dimensional or-
dered configurations when confined in low-dimensional envi-
ronments. These ordered structures exhibit distinct resonance
characteristics, which span a broad spectral range-from O–H
stretching and intermolecular hydrogen bond vibrations to ro-
tational and librational modes. As a result, they display rich
spectral responses in the infrared, far-infrared, and terahertz
(THz) regions.[105–107]

(a)

(b)

(c)

Fig. 7. Terahertz electromagnetic field stimulation drives wetting state
transitions of water droplets. (a) The contact angle (θ ) of a water
droplet responds differently under various electromagnetic field condi-
tions. Without any field applied, the droplet exhibits a hydrophobic state.
However, exposure to a 32.9 THz electromagnetic field results in a transi-
tion to a superhydrophilic wetting behavior. In contrast, stimulation using
either a 40 THz field or a static electric field leads to negligible change in
the contact angle. (b) The absorption spectrum comparison between the
water monolayer and bulk water (left) reveals a pronounced absorption
peak centered at 32.9 THz for the monolayer. This spectral feature arises
from the out-of-plane vibrational mode of water molecules perpendicular
to the surface (right). (c) The change in rotational–vibrational (∆ER−V)
and translational (∆ET) kinetic energies per water molecule in SWL was
compared to that with and without the application of 32.9 THz EM stim-
ulus. (d) The total kinetic energy (EK) per molecule of water in SWL at
various strengths of 32.9 THz EM stimulus. When the EK value is com-
parable to the H-bond energy of the water molecule (∼ 20 kJ/mol), the
structure of SWL is disrupted, causing the wetting-state transition.

The THz waves, spanning frequencies from 0.1 THz to
100 THz, lie between the infrared and microwave regions. For
a long time, progress in this frequency range lagged behind
other parts of the electromagnetic spectrum due to the lack of
suitable THz sources and detectors — hence it has often been
referred to as the “terahertz gap.” Interestingly, many key sub-
stances in water and biological systems exhibit strong absorp-
tion peaks in the THz to mid- and far-infrared regions. As a
result, this spectral range has been hailed by NASA as a tech-
nological bridge to the future and the “light of life.”[108–111]

In recent years, significant breakthroughs have been made
in the generation of high-power THz radiation. Techniques
such as optical rectification,[112] linear accelerators,[113] and
laser-driven ion sources[114] have enabled THz instruments
to achieve extremely high field strengths, typically exceed-
ing 1 MV/cm and reaching tens of MV/cm under specific
conditions. Traditionally, bulk water has been known to
strongly absorb THz waves across a broad frequency range
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(with bandwidths exceeding 1000 cm−1), owing to its com-
plex hydrogen-bond network and the strong coupling between
hydrogen bonds and librational motions of water molecules.

The unique “fingerprint” vibrational spectra of interfa-
cial ordered water provide opportunities for frequency-specific
external fields to modulate molecular dynamics such as ro-
tational and vibrational motions. By analyzing these vibra-
tional modes, it becomes possible to remotely tune interfa-
cial water behavior. Based on the spectrum analysis of the
ordered water structures, we introduced a theoretical frame-
work for terahertz modulation[115,116] aiming to remotely and
controllably manipulate surface properties using external elec-
tric fields. Notably, on typical hydrophilic face-center cubic
(FCC) surface with crystal face of 100, we observed charac-
teristic far-infrared peaks near 32.9 THz,[115] corresponding
to vibrational modes not found in bulk water. This led to a
novel strategy by applying an external field around 32.9 THz
that can trigger a phase transition in the interfacial layer from
ordered to disordered states (Fig. 7). Thus, the wetting tran-
sition from hydrophobicity to hydrophilicity occurred. Upon
application of a 32.9 THz electromagnetic field, the rotational
and vibrational kinetic energy (∆ER−V) of water molecules ex-
hibited a rapid and significant increase, while the translational
kinetic energy (∆ET) rose more gradually. The effectiveness
of this approach stems from the selective energy transfer into

rotational and vibrational modes of the interfacial water layer.
Once the water molecules acquire sufficient rotational energy,
the hydrogen bonds between them are disrupted, leading to
an order–disorder phase transition of the interface water. This
resonant coupling effectively alters wettability, representing a
promising advancement in electrowetting technologies.

In a similar context, it is recognized that in interfacial het-
erogeneous catalysis, gas-phase reactants must pass through
the interfacial water layer to access catalytic sites — this step
is essential in determining overall reaction rates. By analyz-
ing the vibrational modes of structured interfacial water, it be-
comes possible to use targeted electromagnetic fields that can
penetrate bulk water without causing thermal disturbances,
thereby selectively tuning the configuration and dynamics of
the ordered water monolayer at the interface[116] (Fig. 8). This
targeted excitation induces a structural shift from an ordered
to a more disordered state, which in turn reduces the barrier
for oxygen molecules to approach the metal catalyst surface
at ambient conditions. Theoretically, this mechanism offers a
substantial boost to the performance of oxygen reduction re-
actions (ORR), a finding that has been corroborated by exper-
imental results. This non-thermal, frequency-specific strategy
introduces a new direction for promoting redox catalysis by
precisely regulating the physical state of interfacial water.

(a)

(b) (c)

Fig. 8. Enhanced O2 adsorption on Pt(100) induced by mid-infrared stimulation (MIRS) at 1000 cm−1. (a) Side and top perspectives illustrate
the adsorption configurations of water molecules (red and white) and oxygen on a Pt(100) surface, comparing cases with and without mid-
infrared excitation. (b) Time evolution of adsorbed O2 molecule count on the Pt(100) surface throughout the simulation. Red and black lines
indicate results from simulations performed with and without MIRS, respectively. (c) Free energy landscape of oxygen molecules approaching
the Pt(100) surface in aqueous environments, with the red curve representing conditions under MIRS and the black curve denoting the control
without stimulation.

In addition, simulation studies have reported that THz
waves can accelerate the unwinding of the DNA double
helix.[117,118] In confined water systems, such as water con-
fined within carbon nanotubes, THz waves have been shown
to induce hydrogen bond vibrations via resonance, triggering a
phase transition from an ice-like state to a super-permeable or

quasi-gaseous state. This transition enhances water transport
efficiency and improves nanofluidic performance.[107,119–121]

Excitingly, experimental research in 2021 marked a break-
through in THz wave modulation of neural behavior. Using
two-photon calcium imaging and related methods, Chen et

al. revealed that exposure to THz waves leads to increased
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neuronal activation in the mouse cerebral cortex, resulting
in improved learning performance.[122] Shu et al. provided
the first experimental evidence that electromagnetic stimula-
tion at 53.7 THz can remotely modulate action potentials in
neural cells through a non-thermal mechanism, ultimately en-
abling behavioral control in animals.[123] These findings un-
derscore the tremendous potential of THz waves in modulat-
ing the structure and properties of interfacial water. By signif-
icantly influencing water organization and diffusion behavior,
THz technology holds great promise for applications in sur-
face water and ice control, catalytic reactions, biomedicine,
and nanotechnology.

5. Conclusion
This review systematically summarizes the phase tran-

sition behaviors of interfacial water and its functional roles
across physical, chemical, and biological systems. Based on
molecular dynamics simulations, we have for the first time
predicted the phenomenon with a water droplet on a water
monolayer under ambient conditions, termed as “ordered wa-
ter monolayers that do not completely wet water”. This water
monolayer exhibits a hexagonal monolayer ice-like structure
and hydrogen bond network. The specific arrangement of pos-
itive and negative ions on the substrate induces a transition
of interfacial water from a disordered to an ordered phase on
the ionic surface with appropriate lattice constant. On certain
solid surfaces, including metals, metal oxides, polymers, and
self-assembled monolayers, water molecules can form simi-
lar highly ordered structures and water droplet on this mono-
layer. The order–disorder phase transition of interfacial water
also significantly affects ice nucleation processes. The Janus
effect exhibited by AFPs highlights the molecular-level role
of interfacial water ordering in modulating nucleation: NIBF
suppresses nucleation by disrupting the hydrogen-bond net-
work, whereas the IBF promotes the formation of a three-
dimensional ice nucleus through geometric matching and co-
operative hydrogen bonding. Fully atomic molecular dynam-
ics simulations further demonstrate that directionally confined
water molecules on the IBF can substantially lower the free
energy barrier for ice nucleation. We also highlight recent
advances in frequency-dependent external field modulation of
the interfacial water phase transition, particularly the applica-
tion of THz electromagnetic fields to precisely control the ro-
tational and vibrational degrees of freedom of interfacial water
molecules without introducing thermal effects. This THz strat-
egy not only provides a novel physical approach to modulating
surface wettability, but also successfully enhance the catalytic
activity in ORR. Despite significant progresses, the challenges
in the phase transitions of ordered interfacial or confined wa-
ter or aqueous structures need deeper theorical investigations
at the molecular level. These studies closely relate to the sur-

face catalysis, anti-freeze materials, water-based transistors,
disease treatment and drug delivery applications.
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