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H I G H L I G H T S

• Local bond descriptors reveal bimodality 

in liquid water’s hydrogen bonds.

• HDL and LDL show distinct, wide-

ranging distributions of hydrogen-bond 

properties.

• K-means clustering distinguishes LDL 

and HDL hydrogen-bonding regimes.
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A B S T R A C T

Liquid water exhibits anomalous behavior, with several of its physical and chemical properties deviating from 

those of ordinary liquids. Some of these anomalies stem from a bimodality observed in macroscopic properties 

such as density, isothermal compressibility, and specific heat, as well as the radial distribution function and 

vibrational spectra, which reflect the collective structural dynamics of liquid water. The infrared spectrum is 

particularly sensitive to hydrogen-bonded arrangements, thus it could be a crucial link between macroscopic 

properties and microscopic interactions. This study utilizes structural models that align with the experimental 

infrared spectrum of liquid water, offering a novel proof of concept. It bridges a critical gap by demonstrating 

how the bimodality of liquid water can be revealed through fully localized chemical bond descriptors. These 

descriptors are derived from local vibrational mode theory, the chemical bond overlap model and its topological 

extension, as well as the quantum theory of atoms in molecules. Key findings reveal that the local force constant, 

intra-overlap Coulomb repulsion, and Cremer and Kraka’s energy density associated with hydrogen bonds exhibit 

bimodal behavior. Notably, by employing the unsupervised machine learning algorithm K-means for clustering 

analysis, we identified distinct regimes of hydrogen-bond strength, revealing systematic patterns that differentiate 
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the low-density liquid and high-density liquid networks. Overall, this study reinforces the concept that liquid 

water consists of two distinct types of local structures, providing new insights into its bimodal nature and advances 

in this field.

1 . Introduction

The unique properties of liquid water have profoundly influenced 

the evolution of life on Earth [1]. Liquid water exhibits anomalies that 

are evident even under ambient conditions, as reflected in various physi­

cal and chemical properties, such as density, isothermal compressibility, 

and heat capacity [2–4]. In this context, the temperature-dependent bi­

modal behavior of liquid water refers to changes in the slope of a given 

property with temperature. This anomalous behavior seems to arise 

from the coexistence of two distinct phases, characterized by compe­

tition between two local structures. A liquid-liquid transition between 

high-density liquid (HDL) and low-density liquid (LDL) in supercooled 

water was initially proposed [5,6] and later experimentally confirmed 

using X-ray pulses [7]. The presence of these two local structures can 

be strongly inferred even under moderate conditions [8–12]. Notably, 

the infrared spectrum of liquid water, which reflects hydrogen-bonded 

arrangements and arises from collective structural features, similar to 

the radial distribution function, also exhibits bimodality. This spectrum 

can be described as a temperature-dependent linear combination of two 

temperature-independent spectra [12].

Ultimately, HDL and LDL differ in their topologies [11,13–16], with 

LDL exhibiting a higher degree of structural order, which promotes 

the formation of hydrogen bonds [17]. Existing research recognizes 

LDL and HDL in liquid water as part of a continuous distribution of 

hydrogen bonds, where each local structure corresponds to a broad 

and diverse range of hydrogen-bonding interactions [12]. While the­

oretical studies have explored structural models based on chains and 

dodecahedra [17], which generate two infrared spectra closely matching 

the experimentally measured temperature-independent ones, thereby 

supporting bimodal behavior [12], a systematic chemical bond descrip­

tor approach to this continuous hydrogen-bonding distribution remains 

absent. Surprisingly, the intrinsic bond strength and nature of these non-

covalent interactions in the proposed local structures have yet to be 

thoroughly investigated.

To that end, this study introduces a new approach for investigat­

ing the anomalous behavior of liquid water, focusing on the structural 

models [17] that capture the bimodality of its infrared spectrum [12], 

that is, chains for HDL and dodecahedra for LDL (see Fig. 1). Given 

the high configurational variability of hydrogen-bonded networks, it 

might be unlikely for these structural models to directly correspond to 

molecular dynamics results [17]. However, it is likely that they might 

correspond to average or equilibrium structural models because they 

provide infrared spectra that agree remarkably well with experiments 

[12]. Our goal was to characterize the proposed LDL and HDL struc­

tures using local vibrational mode (LVM) theory, addressing the need 

for a local vibrational spectroscopy approach to probe liquid water, as 

emphasized in the literature [18,19]. For the first time, we combined 

LVM with the chemical bond overlap model and its topological extension 

(OP/TOP) [20–22], the quantum theory of atoms in molecules (QTAIM) 

[23,24], and natural bond orbital (NBO) analysis [25,26] to achieve a 

more holistic understanding of hydrogen bonding in liquid water. Of 

particular importance to this analysis is the use of K-means cluster­

ing [27,28], an unsupervised machine learning approach, to investigate 

how hydrogen-bond strength organizes into distinct regimes that may 

differentiate low- and high-density liquid structures.

2 . Computational methods

There is a trade-off between the number of water molecules forming 

a molecular cluster that exhibits a vibrational spectrum similar to that 

of liquid water and the model employed [29,30]. Small water clusters 

up to hexamers have limitations in accurately capturing the vibrational 

spectrum of liquid water [29]. Among various models proposed to ex­

plain the properties and anomalies of water [2], the clathrate model 

stands out, with pentagonal dodecahedra emerging as a key polyhe­

dral component in the liquid water structure envisioned by Pauling 

[31]. In this study, we adopted structural models from the litera­

ture [17], which are based on clathrate-like fused dodecahedra (103 

molecules) composed solely of pentagons to represent LDL and chain-

like structures (72 molecules) to represent HDL (see Fig. 1). These 

models were used to compute infrared spectra, yielding results consis­

tent with the experimentally observed bimodality in previously reported 

temperature-independent spectra [12].

All electronic structure calculations were performed using the 

Gaussian 16 software [32] at the density functional theory (DFT) 

level [33]. The equilibrium geometries of the structures, with initial 

Cartesian coordinates sourced from the literature [17], along with their 

corresponding Hessian matrices and normal vibrational modes, were 

computed using the 𝜔B97X-D functional [34] and the polarizable con­

tinuum model (PCM) [35] with water as the solvent, which provides an 

economical description of vibrational spectroscopy in solution [36], in 

Fig. 1. Optimized geometries from this work at the 𝜔B97X-D(PCM)/6-311G* level of theory, based on the structural models of chains for HDL (a) and dodecahedra 

for LDL (b) [17], visualized using UCSF ChimeraX [38].
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combination with the cost-effective 6-311G* basis set [37]. The com­

puted infrared spectra data were prepared using UCSF ChimeraX [38], 

while the elegant visualizations in the following sections were created 

with Seaborn [39]. The Cartesian coordinates of the optimized geome­

tries are available in the Supplementary Material for reference. With the 

electronic structure results in hand, the methods described below were 

employed to obtain the chemical bond descriptors.

To characterize hydrogen bonding and structural bimodality in liquid 

water, we employ complementary quantum-chemical analysis methods 

that probe different but interconnected aspects of chemical bonding. The 

LVM theory links vibrational spectroscopy to intrinsic bond strength by 

transforming delocalized normal modes into bond-specific local modes. 

The OP/TOP offers a measure of bond strength rooted in constructive or­

bital interactions, quantifying electron sharing between atoms through 

overlap densities while excluding nodal and destructive-interference 

contributions. QTAIM provides a topological description based on the 

energy density at bond critical points, enabling assessment of the cova­

lent versus electrostatic character of hydrogen bonds. The NBO analysis 

complements this picture by identifying donor–acceptor interactions and 

charge-transfer effects underlying hydrogen bonding. Finally, clustering 

analysis is used as a statistical tool to correlate and classify selected bond 

descriptors, allowing objective identification of distinct hydrogen-bond 

populations associated with LDL and HDL structures.

2.1 . Local vibrational mode theory

Normal coordinates arise as linear combinations of internal coor­

dinates within the GF formalism [40]. As a result, normal vibrational 

modes are typically delocalized across the molecule, which limits the 

usefulness of the associated normal mode frequencies and force con­

stants as direct indicators of bond strength. This delocalization issue is 

addressed by LVM [41,42], originally introduced by Konkoli and Cremer 

[43]. The core principle of LVM is to extract local vibrational modes from 

delocalized normal vibrational modes, as these capture intrinsic bond 

properties. The subtleties of local mode analysis have been recently dis­

cussed in several reviews [41,42,44]. Therefore, only a few key aspects 

of the method are described below.

The normal vibrational modes in internal coordinates, 𝐝𝑛 (𝑛 =
1,… , 3𝑁 − Σ; for molecules with 𝑁  atoms, Σ = 5 for linear molecules 

and Σ = 6 otherwise), along with the diagonal force constant matrix, 𝐊, 

can be used to determine the local mode vectors, 𝐚𝑛, associated with the 

internal coordinates, 𝑞𝑛, as derived by Konkoli and Cremer [43]: 

𝐚𝑛 =
𝐊−1𝐝†𝑛
𝐝𝑛𝐊−1𝐝†𝑛

. (1)

Note that 𝐝𝑛 and 𝐊 are readily accessible from standard quantum 

chemistry software following vibrational frequency analysis.

The calculation of the local force constant, 𝑘𝑎𝑛, is performed as: 

𝑘𝑎𝑛 = 𝐚†𝑛𝐊𝐚𝑛 =
(

𝐝𝑛𝐊−1𝐝†𝑛
)−1 . (2)

For a comprehensive compilation of examples, refer to Refs. [41,42] 

and the references therein. More recent applications of 𝑘𝑎𝑛 as a robust 

bond strength descriptor, encompassing both covalent and non-covalent 

interactions can be found e.g., in Refs. [45–55]. Investigations on hydro­

gen bonding in the water dimer, in solvated Ca and Mg ion clusters and 

in ice can be found in Refs. [56–59], respectively. In the context of the 

LModeAGen protocol [60], the local mode analysis was performed in 

this work with the standalone LModeA package [61].

2.2 . Chemical bond overlap model and the OP/TOP extension

The intricacies of OP/TOP have been thoroughly documented in the 

literature over the years [20–22]. Therefore, the subsequent description 

focuses on highlighting a few essential elements of the method.

Constructive or destructive interference arises from the combination 

of typically orthogonal atomic orbitals to form molecular orbitals, which 

affects the spatial electron density distribution. In addition, nodes are a 

result of the cancellation of contributions from different atomic orbitals 

by interference. To circumvent nodal and negative regions, the overlap 

density, 𝜌OP(𝑟), is computed by numerically evaluating two-center terms 

of each molecular orbital on discrete grid points, 𝑟. This method isolates 

positive (constructive) contributions, as detailed in a recent study [21]. 

The expression for 𝜌OP(𝑟) is:

𝜌OP(𝑟) = 2
𝑀
∑

𝑙
𝑛𝑙

𝑚
∑

𝑖∈𝐴

𝑚
∑

𝑗∈𝐵
𝑐𝑙𝑖𝑐𝑙𝑗𝜙𝑖(𝑟)𝜙𝑗 (𝑟)

where ⃗𝑟 ∈ {𝑟 ∣ 𝜌OP(𝑟) > 0} ,

(3)

in which 𝑙 spans all 𝑀  molecular orbitals (the spatial components of 

spin-orbitals), with 𝑛𝑙 denoting their occupancies. The parameter 𝑚 rep­

resents the total number of atomic orbitals (AOs), while 𝑐𝑙𝑖 are the 

coefficients of the linear combination of atomic orbitals (LCAO) expan­

sion, and 𝜙𝑖 denotes the primitive or contracted functions defining the 

AOs. The overlap (OP) density, 𝜌OP(𝑟), quantifies the two-center contri­

bution to the total electron density, capturing electron sharing between 

atoms. The integrated overlap density, 𝜌OP, obtained by integrating

Eq. (3) over all space [62], represents the electron density shared within 

a bond.

The intra-overlap Coulomb repulsion, 𝐽 , in the OP/TOP framework, 

is given by:

𝐽 intra
OP

= ∫ 𝜌OP

(

𝐫1
)

𝑟−112 𝜌OP

(

𝐫2
)

dr1dr2 , (4)

with 𝑟12 denoting the distance between points 𝐫1 and 𝐫2, where the over­

lap densities 𝜌OP(𝐫1) and 𝜌OP(𝐫2) are evaluated. In general, 𝜌OP is higher 

in electron-rich bonds. Notably, bonds with localized regions of concen­

trated OP density often exhibit increased values of 𝐽 intra
OP

, positioning 

it as a descriptor of bond strength as well. The OP/TOP analysis was 

performed utilizing the ChemBOS software [63]. The Supplementary 

Material provides a visualization of the bond overlap density maps, 

clearly emphasizing the distinct overlap density patterns between chains 

and dodecahedra.

2.3 . Quantum theory of atoms in molecules

By employing Bader’s quantum theory of atoms in molecules 

(QTAIM) [23,24], the local force constant information was supple­

mented with Cremer and Kraka’s energy density at the bond critical 

point (BCP) of the electron density, 𝐻(𝐫𝑏). In other words, the Cremer-

Kraka criterion [64,65] was employed to evaluate the covalent character 

of hydrogen bonds, based on the energy density, 𝐻(𝐫), defined as: 

𝐻(𝐫) = 𝐺(𝐫) + 𝑉 (𝐫) (5)

where 𝐺(𝐫) represents the Lagrangian form of the kinetic energy density 

(positive, destabilizing), and 𝑉 (𝐫) corresponds to the potential energy 

density (negative, stabilizing). 𝐻(𝐫) is equivalent to −𝐾(𝐫), i.e., the neg­

ative of the Hamiltonian form of the kinetic energy density [66]. If 

𝐻(𝐫𝑏) is negative, the bond or interaction is predominantly covalent. 

Conversely, if it is positive, the bond or interaction is primarily electro­

static [64,65]. For convenience, 𝐻(𝐫𝑏) is denoted as 𝐻BCP throughout 

the text. The QTAIM analysis was conducted using the AIMAll software 

package [66].

2.4 . Natural bond orbital analysis

According to the natural bond orbital (NBO) analysis, hydrogen bond 

formation involves two competing effects: hyperconjugation, which 

weakens and elongates the proton-donating bond, and rehybridization, 

which strengthens and shortens it [67]. The orbital interaction between 

the antibonding orbital, 𝜎∗, of the hydrogen bond donor and the lone 

pair orbital, 𝑛, of the acceptor can be examined through orbital occupan­

cies, which serve as indicators of these interactions. These occupancies 

were determined using NBO analysis [25,26], as implemented in the 

NBO 6 program [68].
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Fig. 2. Infrared spectra calculated (calc.) at the 𝜔B97X-D(PCM)/6-311G* level 

of theory, using initial geometries from the literature for the structural models 

[17], alongside experimental (exp.) spectra [12]: (a) comparison of LDL (exp.) 

with dodecahedra (calc.); (b) comparison of HDL (exp.) with chains (calc.).

2.5 . Clustering analysis

To uncover patterns and correlations in intrinsic bond strength, rep­

resented by the local force constant (𝑘𝑎), with the bond length (𝑟), 
thereby enabling comparison with the literature on water ices [59], as 

well as with Cremer and Kraka’s energy density (𝐻BCP) to probe cova­

lency [64,65], K-means clustering [27,28] was employed. The optimal 

number of clusters was objectively determined using the Elbow [69,70] 

and Silhouette methods [71], which evaluate cluster compactness and 

separation, respectively.

3 . Results and discussion

Fig. 2 validates the structural models predicted based on the in­

frared spectrum of liquid water in the full range of 0−4000 cm−1 [17]. 

In the OH-stretch region, the structural models are consistent with the 

experimentally derived spectra. The torsional and bending modes show 

frequency discrepancies, which are expected given the harmonic approx­

imation underlying the computed spectra, as discussed in detail in the 

Fig. 3. Bimodality in the hydrogen bond distribution in chains and dodecahe­

dra, as revealed by the chemical bond descriptors: (a) local force constant, 𝑘𝑎, 
(b) intra-overlap Coulomb repulsion, 𝐽 intra

OP
, and (c) Cremer and Kraka’s energy 

density, 𝐻BCP.

literature by the proponents of the structural models adopted herein 

[17]. For comparisons, each spectrum (calculated and experimental) 

was normalized to the maximum intensity of the reference HDL or LDL 
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Fig. 4. K-means clustering analysis for chains and dodecahedra hydrogen bond 

relationships between the chemical bond descriptors: (a) local force constant (𝑘𝑎) 
versus bond length (𝑟), a Badger-type relationship, and (b) Cremer and Kraka’s 

energy density (𝐻BCP) versus local force constant (𝑘𝑎).

spectrum, separately in the theoretical and experimental data. The close 

agreement between the calculated and the experimental infrared spectra 

is the main justification for the choice of the theoretical level and the 

models for HDL and LDL (Fig. 1). It is expected that this approach will 

provide an adequate description of the electronic structure of HDL and 

LDL, with reliable local properties.

Although liquid water can be probed by infrared spectroscopy, the 

conventional approach correlating the hydrogen bond stretching nor­

mal frequency with the corresponding bond length has been reported 

to suffer from ambiguity [72,73]. Hence, a local approach, focusing on 

the local O−H and O⋯H vibrations in liquid water, is highly relevant 

for refining the interpretation of intrinsic spectral signatures behind the 

vibrational spectrum [18,19]. With that goal in mind, the scope of the 

present discussion is not normal mode analysis, but rather chemical bond 

descriptors of a local nature. A comprehensive spectral analysis based on 

normal mode analysis can be found elsewhere [17].

Of interest here is the bimodality of liquid water revealed by the 

chemical bond descriptors, 𝑘𝑎, 𝐽 intra
OP

, and 𝐻BCP for hydrogen bonds, 

as shown in Fig. 3. An equivalent analysis for covalent O−H bonds is 

provided in the Supplementary Material, revealing that bimodality in 

this context occurs exclusively in hydrogen bonds. Fig. 3 further sup­

ports the proposal that each local structure corresponds to a broad and 

extensive range of hydrogen bonds [12] within a continuous distribu­

tion, regarding local force constant, intra-overlap Coulomb repulsion, 

and energy density. Overall, with respect to 𝑘𝑎, 𝐽 intra
OP

, and 𝐻BCP, the 

hydrogen bonds in dodecahedra exhibit higher intrinsic bond strength, 

more pronounced electron-rich features, and a higher degree of cova­

lency, respectively. This finding is reassuring because LDL prevails at 

low temperatures with stronger hydrogen bonds, while HDL becomes 

dominant at high temperatures, forming weaker hydrogen bonds [12].

The unsupervised machine learning K-means clustering approach, as 

shown in Fig. 4, enabled the identification of distinct structural and 

energetic regimes within the dataset [74], thereby providing deeper 

insight into the underlying physicochemical relationships governing hy­

drogen bond strength between chains and dodecahedra. It is noteworthy 

that the local force constant allows for the generalization of Badger’s 

rule, establishing a universal relationship between bond length and the 

corresponding local force constant, provided that all considered bonds 

exhibit similar electronic features [75]. Fig. 4(a) indicates that the hy­

drogen bonds in chains and dodecahedra follow the generalized Badger’s 

rule: the shorter the interatomic distance, the stronger the interaction. 

Accordingly, Fig. 4(b) aligns with the trend that weaker hydrogen bonds 

exhibit greater electrostatic character [46,76].

In the Elbow method, the optimal number of clusters is typically 

determined at the point where the rate of decrease in the within-

cluster sum of squares (WCSS) significantly diminishes, indicating the 

onset of slope flattening. This ’elbow’ point represents the best trade-

off between model simplicity and performance [77]. Conversely, the 

Silhouette method identifies the optimal number of clusters by select­

ing the configuration that yields the highest average silhouette score, 

signifying that the clusters are distinct, dense, and well-separated [78]. 

For both of our 𝑘𝑎 relationships, the results from both the Elbow and 

Silhouette analyses consistently indicated that 3 is the optimal number 

of clusters. The Elbow graphs and Silhouette scores are provided in the 

Supplementary Material.

In the relationship between 𝑘𝑎 and 𝑟 (Fig. 4a), the yellow cluster 

is exclusively derived from chains up to a 𝑘𝑎 value of approximately 

0.25 mdyn/Å. A transition between chains and dodecahedra is observed 

within the intermediate green cluster. Finally, the purple cluster primar­

ily consists of dodecahedra hydrogen bonds, with only a marginal chains 

contribution observed, and becomes purely dodecahedra-derived above 

the 𝑘𝑎 value of 0.4 mdyn/Å. High 𝑘𝑎 values have been previously shown 

to indicate stronger and more linear hydrogen bonds [47].

Alternatively, the relationship between 𝑘𝑎 and the Cremer and 

Kraka’s energy density 𝐻BCP (Fig. 4b) reveals a similar clustering pattern 

to the 𝑘𝑎 vs. 𝑟 analysis. The yellow cluster exhibits a more electrostatic 

character, while the purple cluster demonstrates a stronger covalent-like 

hydrogen bond character. The green cluster represents the transition 

between these two extremes.

Madushanka et al. [47] investigated approximately 2200 hydrogen 

bonds in a wide range of systems and established a clear correla­

tion between the hydrogen-bond angle and 𝑘𝑎. Their analysis revealed 

that hydrogen bonds with larger values of 𝑘𝑎 are predominantly lin­

ear, whereas those with lower 𝑘𝑎 values exhibit increased nonlinearity. 

These findings, together with the results presented in this work, suggest 

that hydrogen bonds with lower 𝑘𝑎 correspond to weaker interactions 

and more disordered structural arrangements (increasing nonlinearity), 

analogous to HDL [79,80], while those with higher 𝑘𝑎 values are as­

sociated with stronger, more linear interactions characteristic of more 

ordered structural arrangements, analogous to LDL [81]. This behavior is 

consistent with the hydrogen-bond dynamics reported by Nanayakkara 

et al. [59] for ice. Furthermore, according to the literature [82–84], 

the structural transition from LDL to HDL involves the breaking and re­

forming of the hydrogen bonds, leading to faster orientational dynamics 

and increasing structural disorder; consequently, HDL is characterized 

by more distorted hydrogen bonds with shorter lifetimes, whereas LDL 

maintains longer-lived, more linear ones.
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Fig. 5. NBO occupancies associated with O–H⋯O interactions in both chains 

and dodecahedra.

Finally, the results of the NBO analysis focusing on the orbital oc­

cupancies associated with O−H⋯O interactions in both chains and 

dodecahedra are shown in Fig. 5. In the occupation ranges of 0.00–0.03 

and 0.05–0.09, the hydrogen bond distributions appear consistent with 

the literature, supporting the expectation that LDL and HDL exhibit sim­

ilar behaviors regarding their hydrogen-bond acceptor characteristics 

[12]. An increase in the population of the 𝜎∗ orbital indicates a direct 

overlap with the 𝑛 orbital, enhancing the hyperconjugative 𝑛 → 𝜎∗ elec­

tron transfer [67]. As shown in Fig. 5, dodecahedral structures exhibit 

a higher fraction at elevated 𝜎∗ populations, consistent with the trend 

observed in Fig. 4.

Together, these findings demonstrate that the localized chemical 

bond descriptors applied in this work provide a distinctive and relevant 

framework for understanding the bimodality of liquid water, enriching 

current perspectives on this phenomenon.

4 . Conclusion

The present work provides the first comprehensive assessment of hy­

drogen bonding in the two proposed local structures of liquid water 

within the structural models based on its infrared spectrum, applying 

a combination of LVM, OP/TOP, QTAIM, and NBO chemical bond de­

scriptors and the unsupervised machine learning algorithm K-means 

clustering [27,28]. The adopted structural models [17] provide infrared 

spectra that match experiments remarkably well [12]. A possible cri­

tique of these structural models might be their difficulty in expressing a 

direct outcome of molecular dynamics [17]. However, given the agree­

ment with the experimental spectra, these structural models might be 

considered as an average outcome of liquid simulation results.

The most significant finding of our study is the identification of 

distinct structural and energetic regimes within our dataset, reveal­

ing deeper physicochemical relationships underlying hydrogen-bond 

strength in liquid water. In particular, the use of K-means cluster­

ing demonstrates how hydrogen-bond strength naturally organizes into 

distinct regimes that may differentiate low- and high-density liquid 

structures within the structural models, chains for HDL and dodecahe­

dra for LDL [17], as supported by experimental infrared spectra of liquid 

water [12]. Overall, our results strengthen the proposal that liquid wa­

ter consists of two distinct local structures, contributing to the growing 

evidence of its bimodal nature.
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