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Experimental determination of structural
motifs of interference-free water undecamer
cluster (H2O)11

Tiantong Wang1,2,7, Yang-Yang Zhang3,4,7, Shuai Jiang1,2, Wenhui Yan1,2,
Shangdong Li1,2, Huijun Zheng1, Jun-Bo Lu3, Han-Shi Hu 5, Jiayue Yang1,
Weiqing Zhang1, Guorong Wu 1, Hua Xie1, Gang Li 1 , Jun Li 3,4,5 ,
Ling Jiang 1,2,6 & Xueming Yang 1,2,4,6

Structural characterization of archetypal water clusters is essential for
exploring the nature of aqueous hydrogen-bonding interactions that are
responsible for the properties of water. While spectroscopic measurement of
interference-free neutral water clusters has been proven to be challenging due
to thedifficulty in size selection, recent studies have successfullymeasured the
infrared spectra of small water clusters (H2O)n (n = 2−10). Thus far, experi-
mental evidence for structural motifs of larger water clusters (H2O)n (n ≥ 11)
without environmental perturbation such as anultraviolet-chromophore label,
a messenger tag, or a host matrix has been lacking. Here utilizing the recently-
developed size-specific infrared spectroscopy apparatus with a tunable
vacuum ultraviolet free electron laser (VUV-FEL) and quantum-chemical stu-
dies, we have provided experimental evidence to characterize the structure of
interference-free neutral water undecamer (H2O)11. Distinct OH stretching
bands provide the evidence for the three lowest-energy isomer families
denoted as 515, 43′4, and 55′1 structuralmotifs. The 515 structure is found to be
the dominant one, which features a “5 + 1 + 5” assembling of two stacked
5-membered rings with an additional H2O on the side. Formation mechanism
of these three structural motifs is proposed based on calculated energetics.
This work provides crucial insights into the microscopic development of
hydrogen-bonding water networks and advances our capabilities toward size-
dependence study of a diverse range of neutral hydrated clusters for exploring
the stepwise mechanisms of solvation processes such as salt dissolution and
acid dissociation.

Water plays an important role in many fields, ranging from geology,
environment, biology, to astronomy1–3. Water molecules undergo
continuous vibration/rotation and hydrogen-bond (HB) rearrange-
ment, forming various complex yet dynamic hydrogen-bonding net-
works. Structural characterization of liquid water has been proven to
be a grand challenge because of its multifaceted, ever-changing

patterns of HBs4. Inasmuch as the nature of the intermolecular forces
between water molecules in water clusters bears resemblance to that
in the bulk5,6, it is crucial to understand the growth patterns of water
clusters. As illustrated recently, the studies on hydrated clusters can
provide multifaced values to help understanding the bulk properties,
e.g., the water coordination structure around hydroxide in the cluster
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and aqueous solution is similar7; kosmotropic and chaotropic anions
change local water structures distinctively different, amplifying the
ion-specific effect at the cluster scale8,9. Water clusters can be studied
by adding one water molecule at a time, which helps to determine the
size-dependent development of the structural motifs that are difficult
to extract from the condensed-phase experiments10–17. Spectroscopic
studies of archetypal water clusters thus provided central benchmarks
for developing accurate potential functions and universal models of
water18,19.

The structures of small neutral water clusters have been studied
experimentally and theoretically. The first transition from two-
dimensional (2D) to three-dimensional (3D) structure was experi-
mentally verified at the (H2O)5-6 region

20–26, the next transition fromall-
surface to one-water-centered structure was theoretically predicted to
occur at (H2O)17

27, and the third transition from one-water-centered to
two-water-centered structure was expected at (H2O)30

28. The largest
neutral water cluster for which the precise structure has been experi-
mentally determined without environmental perturbation (i.e., inter-
ference-free) is (H2O)10 thus far29–31. An undecamer water cluster,
(H2O)11, has hence become the long-standing goal of structural char-
acterization for unraveling the cooperative interactions driven by
subtle changes in the hydrogen-bonding topology.

Theoretical studies of (H2O)11 predicted 15 different isomer
families based on their oxygen framework and hydrogen-bonding
topology32–44. Quantum-chemical calculations with different methods
and basis sets may give different relative energy sequences, which
makes it difficult to accurately determine the structures. Structural
characterization of (H2O)11 without interference from, e.g., an
ultraviolet-chromophore label, a messenger tag, or a host matrix is a
cumbersome experimental target, because of difficult size-selection.
Infrared-ultraviolet (IR-UV) double resonance spectra of phenol-
tagged (H2O)11 suggested the presence of “fused-cube” structures45.
However, it was unclear whether these structures resulted from the
strong attachment of the phenol16,46.

So far, the structures of interference-free neutral (H2O)11 have not
been characterized experimentally. Here, we report a size-specific
infrared (IR) spectroscopic study of interference-free neutral (H2O)11
using a scheme based on threshold photoionization with a tunable
vacuum ultraviolet free electron laser (VUV-FEL). The agreement
between experiment and theory leads us to identify three lowest-
energy isomer families that are denoted as 515, 43′4, and 55′1 struc-
tures, which feature “5 + 1 + 5”, “4 + 3 + 4”, and “5 + 5 + 1” assembling of
water molecule/cluster pairs, respectively (vide infra). These results
provide important insights into the formation and growth mechanism
of diverse HB network structures that are responsible for the complex
properties of water.

Results
Assignment of IR spectra of the water undecamer
The experimental IR spectrum of (H2O)11 is shown in Fig. 1a. The cor-
responding band positions are listed in Table 1.

To assign the experimental spectrum and to identify the struc-
tures of existing isomers, theoretical studies were carried out to locate
the global-minimumstructure on thepotential energy surfaces and the
harmonic vibrational spectra for (H2O)11. The TGMin code with con-
strained basin-hopping Monte Carlo algorithm47–49 was used for the
global-minimum isomer search, and ab initio MP2/aug-cc-pVDZ
(AVDZ) and DLPNO-CCSD(T)/aug-cc-pVTZ (AVTZ) methods were used
to calculate the energies and spectra. Our global-minimum structural
search found 4521 independent structures for (H2O)11, which identified
various low-lying isomers and also cover the previously-calculated
isomers32–44. As shown in Fig. 2, the structures of the three lowest-
energy isomer families for (H2O)11 (labeled 11A (515A-1), 11B (43′4A-1),
and 11C (55′1A-1)) are predicted to be nearly isoenergetic within
0.3 kcal/mol at the MP2/AVDZ level, which are consistent with the

previous calculations at the MP2/aug-cc-pVTZ and RI-MP2/complete
basis set (CBS) levels40,43. The nomenclature for the structures of
(H2O)11 follows the literature40,43, in which the individual digits signify
the number of water monomers on a given horizontal plane, and the
prime indicates that thosemonomers do not form a closed hydrogen-
bond ring. The simulated IR spectra of the 11A, 11B, and 11C isomers are
compared with the experimental spectrum in Fig. 1, and the corre-
sponding harmonic vibrational frequencies in the OH stretching
region are listed in Supplementary Tables 3−5, respectively. The
three lowest-energy isomers of each family and their corresponding
IR spectra are representatively illustrated in Supplementary
Figs. 10 and 11, respectively.

In the simulated IR spectrum of isomer 11A (Fig. 1c), the four
intense bands of single H-donor OH stretching modes (2960, 3116,
3305, and 3352 cm−1, Supplementary Table 3) are consistent with the
experimental values (2965, 3117, 3289, and 3343 cm−1, Table 1); the
calculated double H-donor OH stretching modes (3394−3583 cm−1)
agree with the experimental bands in the spectra range of
3390−3600 cm−1; the predicted bands of H-donor-free OH stretching
modes (3699, 3708, and 3716 cm−1) are in excellent agreement with the
experimental bands (3701 and 3715 cm−1). Analogously, the simulated
IR spectra of isomers 11B and 11 C (Fig. 1d, e and Supplementary
Tables 4 and 5) agree with the experimental one (Fig. 1a and Table 1).
The best agreement between the experimental and simulated IR
spectra is obtained when assuming a ratio of a 1 (11A): 0.8 (11B): 0.5
(11C) mixture of isomers (Fig. 1b), which is consistent with the calcu-
lated relative energies. Note that the estimated relative populations of
isomers are slightly different from the Boltzmann distribution of an
ideal gas (Supplementary Table 6). The simulated IR spectra of the
structures of energetically higher isomer families (44′3′A-X) (Supple-
mentary Fig. 11) exhibit some distinct bands that are not observed
experimentally, indicative of trivial contribution to the experimental
spectrum. Since the low-lying structures of the same isomer family
have similar IR spectra due to similar geometries, unambiguous iden-
tification of all the other isomers of the 515A, 43′4A, and 55′1A families
is cumbrous unless even higher experimental spectroscopic resolution
becomes feasible. Thus, it is more rational to analyze the trend of
structural motifs for large water clusters.

It can be concluded that the overall agreement of the calculated
spectra of the 515A, 43′4A, and 55′1A isomer families with the experi-
mental one is reasonable to confirm the assignment of these three
structural motifs responsible for (H2O)11. Note that the simulated
intensities of the 2960 cm−1 bands (single H-donor OH stretching
modes) in the 11A and 11B isomers aremuch stronger than those in the
experimental spectrum. It could be rationalized that the coupling
between hydrogen-bond fluctuation and OH stretch broadens the OH
stretching band. Furthermore, the fluctuation of single H-donor OH
stretching mode is larger than that of double H-donor OH stretching
mode. This makes it more difficult to directly compare the simulated
and experimental intensities of vibrational bands of hydrogen-bonded
molecular clusters, owing to the challenge of theory (anharmonicity,
intermolecular zero-point motions, etc.) and the complexity of
experiment (IR absorption combinedwith dissociation, intramolecular
vibrational-energy redistribution (IVR), etc.), as reported
previously29,50,51.

The 11A, 11B, and 11C isomers lie within 0.3 kcal/mol of each other,
indicating that they can possibly coexist at the finite temperature of
experimental conditions. As shown in Fig. 3, ourMP2/AVDZ calculation
shows that the 11B → 11A isomerization needs going through several
transition states and intermediates, with the largest barrier of ele-
mentary process of 3.22 kcal/mol. The largest barrier of elementary
process for the 11C → 11A isomerization is calculated to be 2.67 kcal/
mol at the same theoretical level (Fig. 3). Such barriers might be suf-
ficiently large so that the 11B and 11C isomers could be kinetically
trapped by quenching the nonequilibrium species in the soft
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expansion of cold molecular beam52, which is reminiscent of the
observation of low-lying structures of (H2O)n (n = 5−10) at finite
temperature5,25,26,30,53–55.

To assess the temperature effect on the isomerdistribution, Gibbs
free energies (ΔG) of isomers 11A, 11B, and 11C were calculated in the
temperature range of 0–300K and the results are shown in Supple-
mentary Fig. 13. It turns out that the calculated free energy difference
ΔG11B-11A and ΔG11C-11A does not vary noticeably below room tempera-
ture, indicating that the population of the 11A, 11B, and 11C isomers
changes little at low temperature. Furthermore, the 11C isomer
becomes the free-energy minimum above 500K, which is consistent
with the previous predictions43.

Analysis of the electronic structure
To elucidate the nature of the hydrogen-bonding interactions in the
water undecamer, the electronic structures of the 11 A, 11B, and 11 C
isomers were analyzed with adaptive natural density partitioning
(AdNDP)56, principal interacting orbital (PIO)57, energy decomposition
analysis-natural orbitals for chemical valence (EDA-NOCV)58, and nat-
ural bond orbital (NBO)59 methods, respectively. The AdNDP and PIO
analyses of 11A, 11B and 11C are shown in Supplementary
Figs. 14–16 and 17–19, respectively. As pointed out previously26,60, the

HB bonding in the water clusters may be described by a three-center
two-electron (3c2e) interaction featuring the delocalization of an
adjacent oxygen lone pair (LP(O)) donor to the antibonding σ*(OH)
region. Indeed, for 11A, five 3c-2e HB LP(O) → σ*(OH) on the top face,
six 3c-2eHB LP(O)→ σ*(OH) on the side face, and five 3c-2e HB LP(O)→
σ*(OH) on the bottom face are located, as shown in Supplemen-
tary Fig. 14.

The contribution ofHB to the total bonding in the 11A, 11B, and 11C
isomers is predicted to be 96.0%, 95.1%, and 95.1% (Supplementary
Table 7), respectively. As shown in Supplementary Figs. 14–16, the
AdNDP results reveal extensive delocalized HB interactions in (H2O)11.
The total second-order perturbation interaction energy of the 11A, 11B,
and 11C isomers is calculated to be 315.25, 312.13, and 304.21kcal/mol
(Supplementary Tables 8–10), respectively, which supports the trend
of structural stability. The calculated Wiberg bond order (WBO) and
natural hybrid orbitals (NHO) of these three isomers (Supplementary
Tables 11–13) provide detailed bonding information that agrees well
with the atomic distances listed in Supplementary Tables 8–10.

Discussion
The possible presence of the 11A (515A-1), 11B (43′4A-1), and 11C (55′1A-
1) isomers in the measured spectra is intriguing, because no experi-
mental evidence for the isomers of interference-free water undecamer
has ever been observed. The two nearly-isoenergetic pentagonal prism
isomers (10PPD1 and 10PPS1) were identified to be the dominated
structures of (H2O)10, which were proposed to be the building blocks
for larger hydrogen-bonding networks30,31. With this context, struc-
tural evolution from (H2O)10 to (H2O)11 is proposed as shown in Fig. 4.

As shown in Fig. 4a, the insertion of the 11th watermolecule into a
side HB edge of the global-minimum 10PPD1 of (H2O)10 forms the 11A
(515A-1) isomer, which features a “5 + 1 + 5” assembling of two stacked
5-membered rings with an additional H2O on the side. The 11th mole-
cule can also be inserted into a top HB edge of the 10PPD1 isomer of
(H2O)10 (Fig. 4a), forming a 11C* structure (55′1-type). The mirror
mapping operation of the 11C* isomer yields the 11C (55′1A-1) isomer,
which exhibits a “5 + 5 + 1” assembling of water cluster pairs. As shown
in Fig. 4b, the 11th water molecule is inserted into a side HB edge of the
10PPS1 isomer of (H2O)10, forming a 11B* structure (43′4A-2), which lies
above the global-minimum isomer by 0.12 kcal/mol at the MP2/AVDZ
level (Supplementary Fig. 10). The 11B* isomer undergoes the HB in-
plane inversion of bottom pentamer to form the 11B isomer, which
exhibits a “4 + 3 + 4” assembling of two 4-membered rings connected

2800 3000 3200 3400 3600 3800

D

(H2O)11 EXP

Wavenumber (cm�1)

FSa

c
11A

d
11B

e
11C

b

Total

Fig. 1 | Comparison of the experimental and calculated IR spectra of the water
undecamer. a Experimental IR spectrum of (H2O)11, where the OH stretching fun-
damentals assigned to donor-free OH (F), double-donor OH stretch (D), and single-
donor OH stretch (S) are indicated. b The simulated total IR spectrum of a 1 (11A):
0.8 (11B): 0.5 (11C) mixture of isomers and (c−e) simulated IR spectrum of each
individual isomer, where the calculations were performed at the ab initio MP2/
AVDZ level of theory, with the calculated harmonic vibrational frequencies scaled
by 0.956.

Table 1 | Experimental vibrational frequencies and band
assignments for (H2O)11

Label Frequency (cm−1) Assignment

3117

S 3200 Single H-donor OH stretching modes

3241

3289

3319

3343

3391

3401

D 3439 Double H-donor OH stretching modes

3507

3557

3681

F 3701 H-donor-free OH stretching modes

3715
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by a water trimer chain. As the 515A-1 isomer is predicted to be the
global-minimum structure at low temperature, the “5 + 1 + 5” assem-
bling of water cluster pairs appears to be the dominated motif in the
development of hydrogen-bonding network structures. These results
provide an essential picture ofwater-pair stacking and a prelude to the
diverse structure of liquid water. In contrast, the highly-strained 4-
membered ringmotif (fused-cube)was assigned for the phenol-tagged
(H2O)11 cluster

45, indicative of a pronounced effect of phenol molecule
on the influence of thewater hydrogen-bonding network. The hydroxy
group of phenol forms strong hydrogen bonds with the water mole-
cules, which remarkably tune the internal energy and thereby affect
the isomer distribution of water clusters16,61.

In summary, the VUV-FEL–based size-specific IR spectra of
interference-free neutral (H2O)11 are observed for the OH stretches
that are very sensitive to hydrogen-bonding environments. We have
hereby identified the 515, 43′4, and 55′1 structural motifs of the three
lowest-energy isomer families for (H2O)11, which feature “5 + 1 + 5”,
“4 + 3 + 4”, and “5 + 5 + 1” assembling of water cluster pairs, respec-
tively. Along with the previously-observed assembly pattern of “3 + 3”
for (H2O)6, “4 + 4” for (H2O)8, and “5 + 5” for (H2O)10, the stacking
pattern of small-sized water rings exhibits a vital role in the formation
of hydrogen-bonding network structures. The present method, which
integrates IR spectroscopy with a tunable vacuum ultraviolet free-
electron laser and quantum-chemical studies, holds a promise for
generalization to size-dependence study of various neutral hydrated
clusters for exploring the stepwisemechanisms of solvation processes
such as salt dissolution and acid dissociation.

Methods
Experimental methods
The experimental IR spectra of (H2O)11 were measured using a VUV-
FEL-based IR spectroscopy apparatus62. The water-argon-helium mix-
ture was prepared by using the ultrapure water with resistivity > 18
megohm-centimeters (MΩ-cm). In order to avoid condensation, the
operating temperature of the entire gas inlet and the pulsed valve was
kept at 353K. Neutral water clusters were generated by supersonic
expansions of a water-argon-helium mixture using a high-pressure
pulsed valve (Even-Lavie valve, EL-7-2011-HT-HRR) that is capable of
producing very cold molecular beam conditions63. The stagnation
pressure was approximately 50 bar. The molecular beam passed
through a 4mm diameter skimmer (Beam Dynamics, Model 50.8) and
an aperture with 3mm opening. The extraction plates of reflectron
time-of-flight mass spectrometer (TOF-MS) were powered by a high-
voltage direct current (DC) of 2950V. Ionic water clusters were
deflected out of the molecular beam by the DC electric field of the
extraction plates.

For the vibrational excitation of (H2O)11, we used a tunable IR
laser. Subsequent photoionization of (H2O)11 was carried out with
~50 ns delay with a VUV-FEL light at 115.00 nm, forming (H2O)11

+. When
the resonant vibrational transition was evoked by the IR laser light and
caused vibrational predissociation, a depletion of the selected neutral
cluster mass signal can be detected. The IR spectrum of size-selected
neutral water cluster (H2O)11 was obtained as a depletion spectrum of
the ion signal intensity of (H2O)11

+ as a function of IR wavelength. The
VUV-FEL in the present experiment was operated at 20Hz and IR laser
was operated at 10Hz. IR spectra were recorded in the difference
mode of operation (IR laser on−IR laser off). IR and VUV power
dependence of the signal was measured to avoid the saturation of
vibrational excitation andphotoionization. IR spectrawere normalized
with IR power.

As shown in Supplementary Figs. 1–2 and Supplementary Table 1,
the rearrangement of (H2O)11

+ (labeled 11A+) into [(H3O)(OH)(H2O)9]
+

(iso 2) need go through several transition states and intermediates,
with the largest barrier of elementary process of 4.03 kcal/mol at the
MP2/aug-cc-pVDZ (MP2/AVDZ) level of theory. The largest barrier of
elementary process for the [(H3O)(OH)(H2O)9]

+ (iso 2) → [(H3O)
(H2O)9(OH)]

+ (iso 1) isomerization is calculated to be 7.37 kcal/mol at
the same theoretical level. The calculated rate constant of unim-
olecular conversion and half-life time of reactant by using reaction
path-variational transition state theory (RP-VTST) (Supplementary
Table 2) indicate that when the temperature is lower than 80K, there is
a pretty largewindowof temperature forwhich the half-life timeof the
(H2O)11

+ (11 A+) → [(H3O)(OH)(H2O)9]
+ (iso 2) and [(H3O)(OH)(H2O)9]

+

(iso 2) → [(H3O)(H2O)9(OH)]
+ (iso 1) isomerization is longer than the

millisecond time scale. The conditions with such temperature are
available in the supersonic expansions, because the rotational

Fig. 2 | Identified structures of (H2O)11 (O, red; H, light gray). Relative energies
fromMP2/AVDZ and DLPNO-CCSD(T)/AVTZ (in parenthesis) are listed in kcal/mol.
The hydrogen-bonding sites are classified as AD, AAD, ADD, and AAAD

configurations according to the number of proton-acceptor (A) and proton-donor
(D) hydrogen bonds, respectively.
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Fig. 3 | Potential energy profiles for the isomerization between 11A, 11B, and
11 C for (H2O)11.Calculations were carried out at theMP2/AVDZ level of theory. The
abbreviation “TS” stands for transition state and “IM” for intermediate. The corre-
sponding structures are shown in Supplementary Fig. 12.
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temperature of clusters should be less than 10K and the vibrational
temperature could be higher (i.e., a finite temperature)26,63. Accord-
ingly, it is reasonable to conclude that the (H2O)11

+ (11 A+) cluster can
reach the time-of-flight mass spectrometer (TOF-MS) detector. These
results are consistent with previous observation of the (H2O)n

+ clusters
via the VUV near-threshold photoionization64–66.

Mass spectra obtained with different VUV wavelengths and beam
conditions for neutral water clusters (H2O)n (n = 2−11) are shown in
Supplementary Fig. 3. The assignment of chemical formula of clusters
are discussed in Supplementary Information (Supplementary
Figs. 4–7). It can be seen from Supplementary Fig. 8 that the intensity
of the (H2O)11

+ peak remarkably depletes with IR laser ON (e.g., at
3557 cm−1), whereas that of the H+(H2O)11 peak does not significantly
change. As shown in Supplementary Fig. 9, the IR spectra of each
individual cluster (H2O)n (n = 2−11) are all different from each other,
indicating that these IR spectra are free fromspectral contaminationof
larger water clusters, as demonstrated in our previous structural
characterization of (H2O)n (n = 2−10)26,31,53–55,62.

The tunable VUV-FEL light was generated by the Dalian Coherent
Light Source (DCLS) facility. With proper optimization of the LINAC
(linear accelerator), a high-quality beam with the emittance down to
~1.5mm milli-radians, a projected energy spread of ~1%, and a pulse
duration of ~1.5 ps can be obtained. An online VUV spectrometer was
used to record the spectral characteristics (wavelength, energy, time
profile) of every VUV-FEL pulse. The tunable IR laser beam was gen-
erated by a Potassium Titanyl Phosphate (KTP)/Potassium Titanyle
Arsenate (KTA) optical parametric oscillator/amplifier system (OPO/
OPA, LaserVision) pumped by an injection-seeded Nd:YAG laser
(ContinuumSurelite EX). This system is tunable from700 to 7000 cm−1

with a linewidth of 1 cm−1. The wavelength of the OPO laser output was
calibrated using a commercial wavelength meter (HighFinesse GmbH,
WS6-200 VIS IR).

Theoretical methods
Global-minimum structural search based on constrained basin-
hopping Monte Carlo algorithm together with quantum-mechanical
energies calculated with density functional theory (DFT) was per-
formed for (H2O)11 using TGMin code47–49. Quantum chemical calcu-
lations with wavefunction theory (WFT) were carried out to refine the
energies of the low-lying isomers (within 5 kcal/mol) at the ab initio
MP2/ aug-cc-pVDZ (abbreviated asMP2/AVDZ throughout) level using
the Gaussian 16 package67. Harmonic vibrational frequencies were
calculated with analytical second derivatives of the total energy. A
scaled factor of0.956wasused forharmonic vibrational frequencies to
account for the systematic errors in the calculations68. The resulting
stick spectra were convoluted by a Gaussian line shape function with a
6 cm−1 full width at half-maximum (FWHM). The MP2/AVDZ relative
energies were calculated at 0 K with corrections of zero-point vibra-
tional energies. The single-point ab initio DLPNO-CCSD(T)/aug-cc-
pVTZ (AVTZ) relative energies were calculated on the MP2/AVDZ
optimized geometries with the ORCA program69–71, which included the
MP2/AVDZ zero-point vibrational energy corrections. Gibbs free
energies G(T) = U(T) + PV–TS were calculated with statistical mechan-
ics approach, where U, S, P, V, and T stand for the internal energy,
entropy, pressure, volume, and temperature, respectively. Rate con-
stant of unimolecular conversion and half-life time of reactant were
calculated by using reaction path-variational transition state theory
(RP-VTST) at the MP2/AVDZ level of theory with the GAUSSRATE and
POLYRATE programs72,73.

The nature of the hydrogen bonding interaction in (H2O)11 was
analyzed with the natural bond orbital (NBO)59, adaptive natural den-
sity partitioning (AdNDP)56 and principal interacting orbital (PIO)57

methods at the MP2/AVDZ level, and the energy decomposition
analysis–natural orbitals for chemical valence (EDA-NOCV)58 method
at the DFT level with GGA PBE-D4/TZ2P approach, respectively. The

Fig. 4 | A schematic representation of main pathways for the development of
hydrogen-bond network structures from (H2O)10 to (H2O)11. a Pathway derived
from the 10PPD1 structure of (H2O)10, in which the oxygen atom of the eleventh

watermolecule is indicated in blue.b Pathwayderived from the 10PPS1 structure of
(H2O)10, in which the oxygen atom of the eleventh water molecule is indicated
in green.
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EDA-NOCV scheme provides both qualitative density (Δρorb) and
quantitative energy (ΔEorb) information about the strength and con-
tribution of orbital interactions in chemical bonding, as demonstrated
in the study of water clusters (H2O)n (n = 2−10)26,31,53–55. We used the
unrelaxedwater fragments fromtheoptimized structures toderive the
intrinsic binding energies of water clusters.

Data availability
All data needed to support the conclusions of this manuscript are
included in the main text or supplementary information. Source data
are provided with this paper. All data are also available from the cor-
responding author upon request. Source data are provided with
this paper.
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