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Water wires, quasi-one-dimensional chains composed of hydrogen-bonded (H-bonded) water mole-
cules, play a fundamental role in numerous chemical, physical, and physiological processes. Yet direct
experimental detection of water wires has been elusive so far. Based on advanced ab initio many-body
theory that includes electron-hole interactions, we report that optical absorption spectroscopy can serve as a
sensitive probe of water wires and their ordering. In both liquid and solid water, the main peak of the
spectrum is discovered to be a charge-transfer exciton. In water, the charge-transfer exciton is strongly
coupled to the H-bonding environment where the exciton is excited between H-bonded water molecules
with a large spectral intensity. In regular ice, the spectral weight of the charge-transfer exciton is enhanced
by a collective excitation occurring on proton-ordered water wires, whose spectral intensity scales with the
ordering length of water wire. The spectral intensity and excitonic interaction strength reaches its maximum
in ice XI, where the long-range ordering length yields the most pronounced spectral signal. Our findings
suggest that water wires, which widely exist in important physiological and biological systems and other
phases of ice, can be directly probed by this approach.
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I. INTRODUCTION

In liquid water and crystalline ice, water molecules
construct an extended hydrogen-bond (H-bond) network
in the condensed phase. Besides its tetrahedral structural
motif, these H bonds can form persistent, extended net-
works that act as a sort of highway for charge, energy, and
information. These networks, known as “water wires,” play
an essential role across numerous physical, chemical, and
physiological processes [1–8]. In liquid environments,
water wires under biological confinement are believed to
conduct both information and nutrition in a living cell
[3,5,6,8,9]. While bulk water lacks a persistent water wire,
it has been repeatedly proposed that a transient water wire
facilitates proton transfer in water—a process that underlies

acid-base chemistry [4,10–16]. In crystalline ice, the
emergence of proton ordering on water wires was found
to prelude the phase transition from ordinary ice to
ferroelectric ice [1,7].
Although playing a crucial role in facilitating dynamical

processes and phase transitions, the evidence for the
existence of water wires remains largely circumstantial.
These structures are presumed necessary to facilitate trans-
port processes observed experimentally in aqueous envi-
ronments, yet their precise molecular structure has not been
directly observed to date. This is because characterization
demands that the experiment detects not only the existence
of H bonds, but also the intricate and dynamical network of
correlations between H bonds while chains are being
formed. In conventional scattering experiments, only posi-
tional information can be extracted [17,18]. Optical spec-
troscopy is, in principle, sensitive to both positional and
angular distributions [19–21], but, so far, previous works
have mainly relied on x-ray absorption spectroscopy to
probe the structure of the H-bond network [22–27]. This
core-level spectroscopy generates an intramolecular exci-
ton that is too strongly localized on the individual excited
water molecules to convey detailed information about
the H-bond network [24–26]. Its spectrum carries little
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information on how the H bonds are interconnected, and it
is, thus, insensitive to the existence of water wires.
Extending the characterization to optical spectroscopy,
which excites the more delocalized valence electrons,
has potential to offer greater access to the H-bond network.
Despite the potential of optical absorption as a probe of

delocalized states across H bonds, the correlation of
spectral features with the underlying H-bond network is
immensely complex, requiring quantitatively accurate
descriptions of delocalized correlated electron-hole excita-
tions in a theoretical environment that accurately captures
both the H bonds and the many-electron interactions
present in the condensed phase. In this article, we develop
such a theoretical platform and report that optical absorp-
tion spectroscopy, a widely used experimental technique,
can serve as a sensitive probe of the water wire. We justify
our approach by a novel assignment of the experimentally
observed spectral features to the structural signature of the
H-bond network. Our theoretical analyses are based on
ab initio calculations within a many-body framework that
takes into account dynamical many-electron screening
effects, the single-particle self-energy, and electron-hole
interactions. The absorption of UV light creates charge-
transfer excitons across H bonds that give rise to a distinct
spectral feature around approximately 8 eV [28–35]. In
bulk liquid water, the dynamical breaking and reformation
of H bonds on a timescale of picoseconds [36–38] broadens
the spectral feature, while in regular ice the spectral feature
is much more pronounced than that in water due to the
emergence of water wires with intact H bonds. On a proton-
ordered water wire, the aligned electric dipoles along the
ordering direction facilitate a collective excitation of
charge-transfer excitons leading to a dramatic enhancement
of the optical transition strength. As the ordering length of
the water wire increases, the excitonic effects due to the
collective excitation of charge-transfer excitons is enhanced
as well, reaching a maximum oscillator strength and
exciton binding energy in ice XI, where the water wires
exhibit long-range order [1,7].

II. METHODS

Our theoretical calculations use the ab initio GW plus
Bethe Salpeter equation (GW-BSE) method within many-
body perturbation theory as implemented in the BerkeleyGW

software package [39–41]. The molecular structure is
modeled by using machine-learning deep potential
molecular dynamics simulations, where the model is
trained at the level of the hybrid meta-GGA (SCAN0)
exchange-correlation (XC) functional [42]. The quasipar-
ticle wave functions are computed by hybrid density
functional theory (DFT) at the level of the Perdew,
Burke, and Ernzerhof (PBE0) XC functional [43–45].
The use of hybrid DFT functional, for both molecular
and electronic structures, mitigates the errors due to self-
interaction and missing derivative discontinuity [46–48],

i.e., common drawbacks in conventional DFT
approaches which lead to an artificially stronger
H-bonding strength and overestimated electron-hole
attractions in water and ice.
The configurations of liquid water are extracted from a

path-integral deep potential molecular dynamics (PI-
DPMD) simulation trajectory. The deep potential model
was trained on the DFT data obtained with the hybrid
strongly constrained and appropriately normed (SCAN0)
functional [42]. The cubic cells contain 32 water molecules,
while the size of the supercell is adjusted to have the same
density in experiment. PI-DPMD simulation is performed in
the NVT ensemble at T ¼ 300 K using periodic boundary
conditions with the cell sizes fixed at 9.708Å. The Feynman
paths are represented by eight-bead ring polymers coupled
to a color noise generalized Langevin equation thermostat
(i.e., PIGLET) [49,50]. The total length of PI-DPMD
simulation used well equilibrated approximately 500-ps-
long trajectories. Afterwe obtain theMD trajectory, we use a
score function (see Sec. I in Supplemental Material [51]) to
pick out two representative snapshots for the followingGW-
BSE calculation. For the configurations used in the ice Ih
calculation, we first generate eight initial geometries of ice
Ih following the ice rules [52,53] with different random
seeds, in which the protons are in a disorder structure. The
supercell contains 64 water molecules with a size of
a ¼ 8.9873 Å, b ¼ 15.5665 Å, and c ¼ 14.6763 Å. For
the ice XI, the number of water molecules and cell size are
set to the same as the setting used in the ice Ih. We optimize
the structure of ice XI at 0 K at the SCAN0 level of theory
before used for the GW-BSE calculation.
The GW-BSE calculations are done with the BerkeleyGW

package [41]. We first construct the wave functions as the
starting point for our GW-BSE calculation using DFT
at the level of the hybrid generalized gradient approxima-
tions (GGA) of PBE0 [43–45] with 25% of Hartree-Fock
exchange energy, as implemented in the Quantum ESPRESSO

package [54]. We choose PBE0 to reduce the overestimated
charge-transfer effects of induced by the ground state
theory [55,56]. The multiple-projector norm-conserving
pseudopotentials that match the potentials for oxygen
and hydrogen are generated by using the ONCVPSP package
[57]. The plane-wave kinetic energy cutoff is set to 85 Ry.
The BSE calculation is done with 128 valence band states
and 192 conduction band states for liquid water and 192
valence band states and 240 conduction band states for ice,
which are enough to cover the energy range in which we are
interested. For all the BSE calculations, we solve the
electron-hole excitations within the GW-BSE approach
in the Tamm-Dancoff approximation [40]. Further details
of the calculations can be found in Sec. II in Supplemental
Material [51]. We also calculate the real part of the
dielectric function as well as the absorption coefficient
spectra of liquid water and ice, reported in Sec. VII in
Supplemental Material [51].
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III. RESULTS AND DISCUSSION

A. Theoretical optical spectra of liquid water and ice

We present our calculated optical absorption spectra for
liquid water at 300 K and ice at 80 K in Figs. 1(a) and 1(b),
respectively. The calculations are performed using the
ab initio GW-BSE method [39–41]. Details of the calcu-
lation may be found in Secs. I and II in Supplemental
Material [51]. For comparison, the recent experimental
measurements from Refs. [58,59] are also shown in the
same figure. The theoretical water and ice spectra are
blueshifted by approximately 0.6 eV and approximately
0.8 eV, respectively, and both broadened by 0.4 eV with a
Gaussian function to match the energy and width of the first
peak in experiment. Clearly, an accurate agreement can be
seen between experiments and theoretical predictions. In
both water and ice, the absorption onset is dominated by a
major absorption peak centered at approximately 8 eV
followed by a more broadly distributed spectral feature at
approximately 15 eV. Despite the similarities, ice is distinct
from water in its spectrum. Compared to that in water, the
spectrum of ice shows a much stronger absorption peak at

approximately 8 eV together with more pronounced spec-
tral features for the incident photon energy between
approximately 8 eV and approximately 15 eV.
In the condensed phase, intermolecular interactions

broaden molecular orbital energy levels into bands of finite
width. Optical absorption spectroscopy probes dipole-
allowed transitions between these bands as shown in
Fig. 2(a). To understand the nature of the spectral features,
we break down the absorption spectrum by contributions
from specific band-to-band transitions. In water, the highest
occupied bands are valence band states with 1b1, 3a1, 1b2,
and 2a1 character, respectively, and the lowest unoccupied
bands have characters 4a1 and 2b2, respectively. The

FIG. 1. The experimental and theoretical optical absorption
spectra of (a) liquid water and (b) ice. The theoretical optical
spectra of liquid water is generated by using the atomic
configuration (32 H2O) from a PI-DPMD simulation at 300 K,
while the ice spectra are generated by using the atomic configu-
ration (64 H2O) from a DPMD simulation for ice Ih at 80 K. The
theoretical spectra are aligned with experimental data with the
position of first peak with a blueshift of approximately 0.6 eV
(liquid water) and approximately 0.8 eV (ice), respectively. The
experimental data are taken from Refs. [58,59] for water and ice,
respectively.

FIG. 2. (a) Schematic of band-to-band transitions contributing
to the optical spectra: T 1b1→c, between valence band states with
1b1 characteristic and conduction band states c; T 3a1→c, between
valence band states with 3a1 characteristic and conduction band
states c; T 1b2→c, between valence band states with 1b2 character-
istic and conduction band states c; T 2a1→c, between valence band
states with 2a1 characteristic and conduction band states c. The
black vertical lines mark the peak of the quasiparticle density of
states. The theoretical optical spectra of liquid water (b) and ice
(c) from the GW-BSE approach with all valence band states
contribution (solid line) and with T 1b1→c transition only (dashed
line), T 3a1→c transition only (dotted line), and T 1b2→c transition
only (dash-dotted line). Note that the contribution from the
transition T 2a1→c is zero.
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schematic of the orbital character of water molecules is
shown in Fig. 2(a). In the full calculation, all electron-hole
pairs contribute to the spectra. We decompose the spectra
into contributions from specific transitions by solving the
BSE on a subspace with only selected orbitals, and we find
that the full spectrum is well approximated by the solution
on a subspace containing only the p orbital electrons near
the Fermi level (i.e., the 1b1, 3a1, and 1b2 bands); see the
details in Sec. IV in Supplemental Material [51].
In Fig. 2(a), we label the transitions between the valence

and conduction bands that contribute to the optical absorp-
tion. Then, in Fig. 2(b), we show how each transition
contributes to the overall optical absorption by restricting
the calculation of the optical absorption spectrum to
specific valence and conduction bands. From this, we
see that in both liquid water and ice the first absorption
peak around approximately 8 eV comes from transitions
from valence states of 1b1 (or oxygen p) character. The
broad feature at approximately 15 eV comes from the
broadening of several distinct exciton peaks arising from
transitions from 1b1 and 3a1 orbitals because of the
dispersion of the oxygen p band in Fig. 2(a). The low-
lying oxygen 2s valence band of 2a1 character does not
contribute to the optical absorption spectrum in the current
energy range.

B. Charge-transfer exciton strongly couples to H bond

The first absorption peak at approximately 8 eV, as
shown in Fig. 3(a), exhibits charge-transfer characteristics,
as noted in previous studies [28–30]. Therefore, it can be
classified as a bound exciton of the charge-transfer type. In
the condensed phase, water molecules construct a tetrahe-
dral structure via H bonding. The H bonding can be
described by a Coulombic attraction between the electro-
negative oxygen on an acceptor molecule and the

electropositive proton on a donor molecule, as illustrated
in Fig. 3(a). During the process of optical absorption,
electron-hole pair excitation also occurs between the donor
and acceptor molecules as shown in Fig. 3(a). An electron
of 4a1 characteristic is excited in the lowest conduction
band, which is an antibonding orbital centered on the
protons of a water molecule, and, at the same time, a hole of
1b1 character is excited in the highest valence band, which
consists of lone pair electrons located in close vicinity of
the oxygen atom. Not surprisingly, the resulting exciton
strongly couples to the H bonding, which applies an
electrostatic field pointing from the donor to the acceptor.
In the photoabsorption process, the electron in the lone
pair orbitals on the H-bond acceptor molecule is excited
onto the antibonding orbital on the H-bond donor
molecule. Driven by the Coulombic attraction, the process
of electron-hole pair excitation takes place along the
H-bonding direction, and a charge-transfer exciton is
stabilized on the H-bonded water molecules. As a bipolar
molecule, a water molecule serves as both an H-bond donor
and an H-bond acceptor, and, therefore, both electron and
hole states can be simultaneously found on a single water
molecule during an excitation. As a result, large excitonic
effects can be seen in Fig. 3(b), which are manifested in the
pronounced absorption features and large exciton binding
energies of approximately 2.2 eV in water and approx-
imately 3.4 eV in hexagonal ice.
In water, the H bond constantly breaks and reforms on a

timescale of picoseconds [36–38]. In its liquid structure, the
strength of H bonding undergoes a significant fluctuation as
well. The strength of H bonding and its variance in water
can be seen in Fig. 3(c) from the broad distribution function
of the proton transfer coordinate ν ¼ dOH − dO…H [60,61],
where dOH denotes the length of the OH covalent bond and
dO…H denotes the distance between the H atom and the O

FIG. 3. (a) The schematic of the H bond and proton transfer coordinate (ν ¼ dOH − dO…H). (b) Exciton corresponding to the first peak
of the optical spectrum of the liquid water in real space. The real-space plot is the averaged electron and hole density of the exciton. The
blue color denotes the hole density, while the gray color denotes the electron density. (c) The two-dimensional contour plot of the
overlap between hole density and electron density (ρh × ρe) with respect to the distance along the y axis (perpendicular to the plane of
the water molecule) and the proton transfer coordinate. The proton transfer coordinate distribution is shown for reference. The x-z plane
is parallel to the water molecule. The zero point of the y axis is set at the position of the oxygen atom.
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atom in the H-bond acceptor. By convention, ν has been
adopted in Fig. 3(a) as a descriptor to represent the
H-bonding strength, where a more positive (negative) ν
means a physically stronger (weaker) H-bonding strength
between two neighboring water molecules. Because of its
coupling to the H bonding, it is expected that the charge-
transfer exciton and its spectral signals are sensitive to its
H-bonding environment in liquid. In Fig. 3(c), we present
the electron-hole overlap function (ρh × ρe) as a function of
H-bonding strength in terms of the proton transfer coor-
dinate ν for each pair of neighboring water molecules
averaged by using many configurations which are extracted
from molecular dynamics simulation trajectories. The
electron-hole overlap function is computed from the sum
of the product of electron and hole densities obtained from
BSE eigenstates whose excitation energies are located
within the first absorption peak at approximately 8 eV,
and the electron-hole overlap function has been averaged
over the pair of neighboring water molecules. The details
of the calculations of the electron and hole densities
can be found in Sec. III in Supplemental Materials [51].

In Fig. 3(c), a strong correlation between a charge-transfer
exciton and its H-bonding strength can be clearly identi-
fied. When the H bonding between two water molecules is
relatively weak in Fig. 3(c), the hole and electron barely
overlap with each other and, therefore, contribute little to
the observed absorption spectra. As the H bonding become
stronger, the polarization field greatly facilitates the
electron-hole excitation and their overlap on the H-bonded
water molecule, yielding a significant increase in optical
oscillator strength. Our analysis shows that the first spectral
peak is dominated by charge-transfer excitons on pairs of
water molecules with nearly ideal H-bonding strength
comparable to the H-bonding strengths in hexagonal ice.

C. Collective excitation of charge-transfer
excitons on water wires

Under ambient pressure, the crystalline structure of
regular ice Ih can be viewed as an assembly of corrugated
oxygen bilayers stacked on top of each other as shown in
Fig. 4(a). In ice Ih, the oxygen atoms are located on lattice
sites satisfying hexagonal symmetry, while the protons take

FIG. 4. Exciton corresponding to the first peak of optical spectra and molecular structure of ice Ih (a) and ice XI (b). The real-space
plot is the averaged electron and hole density of the exciton. The blue color denotes the hole density, while the gray color denotes the
electron density. The black arrows indicate the direction of the water wire. The red arrows indicate the direction of the charge transfer.
The black circle shown in (a) marks the position where the proton disorder happens. (c) The first peak of the theoretical optical spectra of
ice XI (solid line), ice Ih (dashed line), and liquid water (dotted line). (d) Three-dimensional plot of the overlap between hole density and
electron density (ρh × ρe) of the excitons in the first peaks of spectra of water, ice Ih, and ice XI, with respect to the length of the water
wire. The x-z plane is parallel to the water molecule. The zero point of the y axis is set at the position of the oxygen atom.
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nearly random positions that are allowed by the ice rule
[52,53], which is referred to as proton disorder in the
field [62,63]. In ice, all neighboring water molecules
are H bonded, and the bonding strength of ν ≃ −0.70 in
ice is much stronger than the average bonding strength of
ν ≃ −0.85 in liquid water. These intact H bonds not only
construct an extended tetrahedral structure, but also become
interconnected among themselves and form persistent
water wires on their underlying H-bond network. As shown
in Fig. 4(a), we present a typical water wire in regular ice.
Along this water wire, five water molecules on the top three
bilayers are threaded by four consecutive H bonds in a
zigzag chain. Because of the highly directional nature of H
bonding, a water wire can be defined to be a proton-ordered
chain if all the participating H bonds adopt the same
bonding direction pointing from donor molecule to
acceptor molecule along the wire, or vice versa. As such,
the above prototypical water wire can be assigned with an
ordering length (l ¼ 4) from the number of constituent H
bonds and with an ordering direction which is along the c
axis of the hexagonal lattice. The ordering of the above
water wire is interrupted by a proton disorder occurring
at the bottom bilayer as denoted by the black circle in
Fig. 4(a). Therefore, only finite-sized proton-ordered water
wires exist, whose lengths and locations are randomly
distributed in ice Ih.
In ice Ih, the presence of water wires greatly enhances

excitonic effects at the main peak in the optical absorption
spectrum. On a proton-ordered water wire, the H bonds are
connected head to tail along its ordering direction, and each
water molecule in ice carries an electric dipole approx-
imately 3.09D along a direction roughly bisecting its
covalent bond angle. In compliance with the ordering,
the water molecules on a wire also position themselves in a
structured configuration. As a result, the axes of the
individual electric dipoles of water molecules on the wire
are aligned as well, yielding a polar ordering along the c
axis as shown in Fig. 4(b). Because of the proton disorder,
the polar ordering occurs on water wires of random sizes
and random direction in regular ice. Therefore, no ferro-
electricity exists [1,7,64], and ice Ih remains paraelectric.
Nevertheless, along an ordered water wire, a local polari-
zation field arises. In ice Ih, the charge-transfer exciton is
not only promoted by its intact H bonds, but also further
stabilized by the local polarization field along the wire. As a
result, the main peak of the optical absorption spectrum in
ice Ih is mainly characterized by a collective exciton
excitation of charge-transfer type on a proton-ordered
water wire as shown in Fig. 4(c). In this collective
excitation, a relay of electron-hole pairs takes place. For
a water molecule along the wire, a hole state is generated at
the 1b1 valence orbital centered on an oxygen atom by
passing electrons onto the 4a1 empty orbital at the hydro-
gen atom of one of the neighboring molecules, and
simultaneously the empty state of the same molecule

receives electrons from the other neighboring molecule
as shown in Fig. 4(b). Here, the proton-ordered water wire
plays a key role in stabilizing the collective charge-transfer
exciton, since its polarization field tilts the energy land-
scape in favor of formation of an electron and a hole on the
H-bond acceptor and donor molecules, respectively,
and creates a potential that reduces recombination. In the
liquid water, the H bond constantly breaks and reforms.
Therefore, it cannot contain any long water wire (l > 2),
and the number of water wires stays roughly constant with
respect to temperature, since they are dominated by pairs of
molecules forming H bonds at all temperatures. Indeed, as
shown in Fig. S4 in Supplemental Material [51], the first
peak of the optical spectra in liquid water at different
temperatures is almost identical. Since, the polarization
field increases with the ordering length of a water wire
before reaching a limit (see Sec. VIII in Supplemental
Material [51]), the collective exciton is expected to be more
stabilized on a water wire with longer ordering length.
Indeed, the overlap density of electron-hole pairs clearly
increases when ordering length (l) increases as plotted in
Fig. 4(d), which correlates with an enhanced exciton
oscillator strength. Consistently, the collective excitation
on water wires in ice Ih results in a stronger binding energy
of approximately 3.4 eV compared with that in water of
approximately 2.2 eV as well as a more pronounced
absorption intensity as shown in Fig. 4(c).
At temperatures below 80 K, ice XI, a proton-ordered

hexagonal phase [7,64], becomes energetically more stable
relative to ice Ih. In the absence of proton disorder, the
water wires in ice XI develop a long-range ordering length
(l ¼ ∞) along the c axis. On this ordered water wire
with (l ¼ ∞), the aligned electric dipoles maximize the
polarization field and yield a ferroelectricity with P ≃
21 μC=cm2 along the c axis of the hexagonal crystal.
Not surprisingly, excitonic effects are also maximized,
which is evidenced by the large increase in the magnitude
of the electron-hole overlap density at l ¼ ∞ in Fig. 4(d).
As expected, the binding energy of the main peak increases
to approximately 3.6 eV relative to approximately 3.4 eV in
ice Ih, and its intensity is also the most pronounced among
all the solid and liquid phases of water under current
investigation as shown in Fig. 4(c).

IV. CONCLUSION

Based on theoretical calculations of the optical absorp-
tion spectra of liquid water and ices within ab initio many-
body perturbation theory, we elucidate the structural
signatures of the H-bond network in experimentally
observed spectral features. The main peak in the optical
spectra is a charge-transfer-type exciton and is strongly
coupled to the H-bonding strength. In water, a relatively
strong H bonding under thermal fluctuation promotes a
strong excitonic effect with a pronounced oscillator
strength. In ice, the presence of water wires further
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enhances the electron-hole interaction via a collective
exciton excitation facilitated by the polarization field from
the aligned electric dipoles. The collective exciton excita-
tion is also sensitive to the ordering length of the water
wire. As demonstrated in water, regular ice, and ice XI, the
increasing oscillator strength of the main exciton peak can
be interpreted as a signature of short-range, intermediate-
range, and long-range ordered water wires. Based on this
approach, the water wires in physiological systems [3,5,8],
under nanoconfinement [6,9,65,66], and in the rich phase
diagram of solid ices [67–71] can be probed and interpreted
by optical absorption spectroscopy, opening pathways for
the optical detection and characterization of energy, charge,
and information transfer in aqueous environments.
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