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SUMMARY

As a key species in understanding the hydrogen-bonding network
transitions between liquid water and ice, the neutral water hep-
tamer is a challenging experimental target, owing to the richness
of low-lying isomers. Here, we report the size-specific infrared
spectra of confinement-free, neutral water heptamer (H2O)7 based
on threshold photoionization using a tunable vacuum ultraviolet
free electron laser. The complexity of the observed spectra indi-
cates that many nearly isoenergetic isomers are present at finite
temperatures. Two classes of prism- and cage-like structures are
identified in a high-pressure pulsed supersonic expansion of water
heptamer, in which the former is favored energetically at low tem-
peratures and serves as a major contributor to the experimental
spectrum. These findings provide key information for filling the
gap between well-studied water hexamer and octamer.

INTRODUCTION

Water clusters have become a superb benchmark for accurate description of the

hydrogen-bonding interactions that operate in liquid water and ice.1–6 Extensive

efforts have been devoted to the spectroscopic characterization of charged water

clusters, such as (H2O)n
+, (H2O)n

�, and H+(H2O)n, for which size selection and detec-

tion are straightforward. Along with significant advances in quantum theoretical cal-

culations, these studies provided essential insights into the structures and dynamics

of ionic water clusters. For instance, the hydrogen bond (HB) networks of protonated

water clusters, H+(H2O)nwere found to evolve from the chain structures (n% 10) into

two-dimensional (2D) net structures (�10 < n < 21), and then into nanometer-scaled

cages (n R 21).7,8

The HB network structures in neutral water clusters (H2O)n are substantially different

from those in ionic ones. Previous experimental and theoretical work revealed that

the water trimer, tetramer, and pentamer all have cyclic global-minimum structures

with all oxygen atoms in a 2D plane; the water hexamer is the smallest water cluster

with a 3D HB network of prism; the water octamer is the smallest water cluster with

pseudo-cubic structures.9–22 Very recently, we set up an infrared spectroscopic facil-

ity based on threshold photoionization using a tunable vacuum ultraviolet free elec-

tron laser (VUV-FEL),23,24 which allows for size selection of neutral clusters. With this

new technique, the access to transient low-lying structures of water clusters be-

comes possible. We find at finite temperatures a higher-energy noncyclic isomer

of water pentamer represents the 2D to 3D transition of water cluster.25 For the water

octamer, two chiral isomers with C2 symmetry and one isomer with Ci symmetry are

also identified.26
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The water heptamer, (H2O)7, is of considerable interest in the context of so-called

amorphous precursor to the ‘‘crystal-like’’ cubic structures.16,17 Inasmuch as the

water hexamer and octamer possess ‘‘3 + 3’’ prism and ‘‘4 + 4’’ cube structures

of water cluster pairs, respectively, the isomers of water heptamer are particularly

rich because the competition of the two structural motifs. Previous quantum

chemical calculations predicted many structural landscapes of low-lying isomers

for (H2O)7,
22,27–31 which can be classified into six conformer classes based on

their hydrogen-bonding topology, including the Prism (PR), Cage (CA), Book,

Tetrahedral Water (TW), Cyclic Hexamer + Monomer (CY), and Ring motifs. Free

energy calculations showed that the PR structures maintain the Gibbs free

energy minimum until approximately 200 K, at which point the Book structures

become favored energetically because of entropic effects.31,32 Experimentally,

helium-scattering infrared (IR) spectroscopy in a continuous supersonic expansion

identified two lowest-energy PR isomers.33 Recent broadband Fourier transform

rotational spectroscopy indicated that the global-minimum PR isomer is the

dominant water heptamer species present in the experimental condition of a

pulsed supersonic expansion, and that either a higher-energy PR or CA isomer con-

tributes in a minor way to the experimental spectrum.34 While a PR structure

derived from the D2d-symmetry cubic water octamer was tentatively assigned in

the IR-ultraviolet (IR-UV) double resonance spectrum of phonel-(H2O)7,
35 a

S4-derived PR isomer was captured in an IR-UV experiment on benzene-(H2O)7.
36

Although several structures of (H2O)7 are identified, the rich hydrogen-bonding

networks of numerous low-lying isomers for (H2O)7 have eluded direct spectral

observation. Here, we report the size-specific IR spectroscopic signature of a

confinement-free, neutral water heptamer based on threshold photoionization

using a tunable VUV-FEL and computational modeling of the structures and

spectra. The agreement between theory and experiment provides evidence of

co-existence of both PR and CA motifs in a high-pressure pulsed supersonic expan-

sion condition.

RESULTS AND DISCUSSION

Experimental results

The experimental IR spectrum of (H2O)7 is shown in Figure 1A and the band

positions are listed in Table 1. The IR spectrum of the water heptamer consists

of at least 30 vibrational bands. In contrast, the IR spectrum of the ‘‘crystal-like’’

cubic octamer (H2O)8 exhibits three groups of well-separated and distinct bands

that correspond to single H-donor OH, double H-donor OH, and H-donor-free

OH stretching modes.16–18 The complex IR spectrum of (H2O)7 suggests possible

contributions from a broad range of so-called amorphous hydrogen-bonding

configurations at finite temperatures. As shown in Figure S1, the present

spectrum with improved resolution displays several new absorptions at 2,915

(labeled S1), 3,205 (S5), 3,373 (S8), 3,393 (D1), 3,505 (D4), and 3,709 cm�1 (F1)

when compared with the previous spectra. The 3,259 cm�1 (S6) band that had

low intensity in the helium-scattering IR spectrum33 is now observed with high

intensity.

Geometries and relative stabilities

Our global-minimum structural search (infra vide) found 516 independent structures

for (H2O)7, which indicate more low-energy isomers than reported previously.22,27–36

The nomenclature (PR, CA, Book, TW, CY, and Ring) for the structures of (H2O)7 fol-

lows the literature.22,27–36 The selected lowest-energy structures for each conformer

group are shown in Figure 2. The structures lying within 6 kcal/mol are illustrated in

Figures S2–S4 for comparison.
2 Cell Reports Physical Science 3, 100748, February 16, 2022
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Figure 1. Comparison of experimental and simulated IR spectra of the water heptamer

(A) Experimental IR spectrum of (H2O)7, where the OH stretch fundamentals assigned to single H-

donor OH stretch (S, blue), double H-donor OH stretch (D, red), and H-donor-free OH (F, black) are

indicated.

(B–G) Simulated IR spectra of the three lowest-energy isomers with the prism- and cage-like

geometries (PRn and CAn, n = 1–3), where the calculations were performed at the MP2/AVDZ level,

with the harmonic frequencies scaled by 0.956.
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The lowest-energy isomer of (H2O)7 is verified to be PR1, which can be derived from

the hexamer prism by inserting the seventh water molecule as single-donor single-

acceptor to one of the triangles. Our MP2/AVDZ calculation shows that the PR2 and

PR3 isomers lie only 0.51 and 0.84 kcal/mol above the lowest-energy PR1 isomer

(Figure 2), respectively. At the same theoretical level, the CA, Book, TW, CY, and

Ring structures are located higher in energy than the global-minimum PR1 isomer

by 1.22, 2.57, 2.78, 4.45, and 5.04 kcal/mol (Figure 2), respectively. These calculated

results are consistent with the previous studies.22,27–36

The Gibbs free energies of the PR1, CA1, Book1, TW1, CY1, and Ring1 isomers were

calculated at the MP2/AVDZ level for the vibrational analyses. The relative free energies

DG at 1 atm pressure in the range of T = 0–400 K for the CA1, Book1, TW1, CY1, and

Ring1 isomers areplotted inFigure3,with the freeenergyof thePR1 isomer as reference.

Due to the structural diversity, the vibrational entropies of the water heptamer isomers

behave differently upon temperature increase. While the free energy difference

DGCA1-PR1 slightly decreases when temperature increases, the DGBook1-PR1, DGTW1-PR1,
Cell Reports Physical Science 3, 100748, February 16, 2022 3



Table 1. Experimental vibrational frequencies and band assignments for (H2O)7

Label Frequency (cm�1) Assignment

S1 2,915 single H-donor OH stretch

S2 2,983

S3 3,033–3,111

S4 3,139

S5 3,205

S6 3,259

S7 3,321

S8 3,373

D1 3,393 double H-donor OH stretch

D2 3,413

D3 3,455

D4 3,505

D5 3,541

D6 3,583

D7 3,671

F1 3,709 H-donor-free OH

F2 3,721
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DGCY1-PR1, and DGRing1-PR1 exhibit remarkable temperature dependence. This observa-

tion is due to the fact that the Book, TW, CY, and Ring structures are less constrained

by HBs and become entropically favorable at higher temperatures, while the PR and

CA structures are more similar. Below 200 K, the PR and CA isomers are more stable

than other isomers. At 270 K, the TW1 isomer becomes the most stable structure. At

350 K, the Ring1 isomer becomes the most stable structure.

As shown previously, the HB interaction between a proton donor and an adjacent

oxygen lone-pair acceptor is mainly responsible for the stability of water clus-

ters.25,37 The HB number of the PR1, CA1, Book1, TW1, CY1, and Ring1 isomers is

10, 9, 8, 8, 8, and 7 (Table 2), respectively. Our EDA-NOCV theoretical analysis

shows that the contribution of HB energy to the total orbital interaction energy

(DEHB/DEtotal) for isomers PR1, CA1, Book1, TW1, CY1, and Ring1 is 89.2%,

88.5%, 87.9%, 88.7%, 87.8%, and 86.9% (Table 2), respectively. These results sup-

port the relative stabilities of these six conformer groups.
Comparison of experimental and calculated IR spectra

As global-minimum structures of water hexamer and octamer featuring high-symme-

try ‘‘3 + 3’’ and ‘‘4 + 4’’ assembling of water cluster pairs have rather high stability

(Figure S5),11,15–22 the heptamer isomers suffer from the competition of ‘‘6 + 1’’

and ‘‘8 � 1’’ structural motifs. As a result, there exists a wide variety of low-lying iso-

mers for the water heptamer, which makes it cumbersome to unambiguously assign

all the vibrational bands for the water heptamer. Considering that these clusters

were generated by means of a high-pressure pulsed valve that is capable of produc-

ing very cold molecular beam conditions38 and that the temperature of the water

heptamer could be far below 200 K, low-lying isomers could be trapped by rapid

cooling under this supersonic jet expansion.39 On the basis of the preferred stabil-

ities of PR and CA structures below 200 K, a qualitative assignment of the spectra

is aided by the comparison of experimental and calculated IR spectra of the selected

PR and CA isomers (Figure 1).

It can be seen from Figure 2 that there are three general classes of hydrogen-

bonding sites of (H2O)7, which we classify as AD, ADD, and AAD configurations
4 Cell Reports Physical Science 3, 100748, February 16, 2022



Figure 2. Low-lying structures of the water heptamer

The isomers are denoted by PR (Prism), CA (Cage), Book, TW (Tetrahedral Water), CY (Cyclic

Hexamer + Monomer), and Ring. Relative energies from MP2/AVDZ and DLPNO-CCSD(T)/AVTZ (in

parentheses) are listed in kcal/mol. The structures consist of three general classes of hydrogen-

bonding sites that we classify as AD, ADD, and AAD configurations according to the number of

acceptor (A) and donor (D) hydrogen bonds, respectively.
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according to the number of acceptor (A) and donor (D) HBs, respectively.

Accordingly, each isomer possesses three types of OH groups: single H-donor

OH, double H-donor OH, and H-donor-free OH groups. As noted previously,16–18

the AAD/ ADD HBs are remarkably shorter than ADD/ AAD HBs, and the corre-

sponding frequency of single H-donor OH stretch is lower than that of double

H-donor OH stretch. As a result, the vibrational bands of single H-donor OH (labeled

S), double H-donor OH (labeled D), and H-donor-free (labeled F) OH groups are well

spread out in the IR spectra (Figure 1).

In the calculated spectrum of isomer PR1 (Figure 1B), the lowest frequency vibration

(2,997 cm�1) arises from the single H-donor OH stretch and agrees with the experi-

mental band S2 (2,983 cm�1). The calculated bands at 3,233 and 3,255 cm�1 attributed
Cell Reports Physical Science 3, 100748, February 16, 2022 5



Figure 3. Free energies of isomers CA1, BooK1, TW1, CY1, and Ring1 relative to isomer PR1 as a

function of temperature

RT, room temperature (298.15 K). Calculations were carried out at the MP2/AVDZ level.
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to the single H-donor OH stretches are consistent with the experimental bands S5
(3,205 cm�1) and S6 (3,259 cm�1), respectively. The calculated double H-donor OH

stretches (3,389, 3,479, 3,530, 3,560, and 3,647 cm�1) account for the experimental

bands D1, D4, D5, D6, andD7 (3,393, 3,505, 3,541, 3,583, and 3,671 cm�1), respectively.

The calculated spectrum of isomer PR1 alone is much too simple to explain the experi-

mental spectrum. The calculated IR spectra of isomers PR2, PR3, CA1, CA2, and CA3

agree well with the experimental spectrum and help to account for the remaining unas-

signed bands at finite temperature. Note that the calculated vibrational spectra below

3,300 cm�1 could be shifteddue to the Fermi resonance interactions between thewater

bendovertone and the stretchingmodes,40–43 andgiven the number of similar bonding

motifs that arepresent in similar Prism,Cage, etc., structures, theassignmentof all of the

vibrational bands for (H2O)7 is cumbersome.

As shown in Figure S5, in the cyclic structures of (H2O)n (n = 3–5), each water mole-

cule accepts a single HB and donates another HB, which corresponds to an AD site

with its H-donor-free OH stretch appearing in the range 3,720–3,729 cm�1. When

the water molecule acts as an acceptor for a third HB, an AAD site is formed with

the indication of a lower OH frequency as compared with the AD site.7,44 In this

context, the well-separated free OH bands F1 (3,709 cm�1) and F2 (3,721 cm�1)

observed in the IR spectrum of (H2O)7 correspond to two distinct AD and AAD sites.

For the PR1 isomer, the calculated H-donor-free OH stretches exhibit a broad

feature (Figure 1B), in which the free OH groups of AAD water appear at

3,710 cm�1 and those of AD water appear at 3,717 cm�1. The band position of

calculated H-donor-free OH stretches can be tentatively assigned to the experi-

mental bands F1 (3,709 cm�1), although the calculated separation gap of the free

OH stretches at AAD and AD sites (7 cm�1) is smaller than the experimental value

(12 cm�1). The experimental bands F1 and F2 appear to match the H-donor-free

OH stretches of the CA3 isomer (Figure 1G). The contribution for the experimental

spectrum can be mainly from the energetically favorable PR structures, although

the minor contribution of CA structures cannot be ruled out.

In summary, the OH vibrational stretch spectra are reported for neutral (H2O)7
using VUV-FEL-based IR spectroscopy. Electronic structure calculations using the
6 Cell Reports Physical Science 3, 100748, February 16, 2022



Table 2. The analysis of the hydrogen-bonding interaction of (H2O)7

Isomer Number of HBs DEHB/DEtotal (%) DEtotal (kcal/mol)

PR1 10 89.2 0.00

CA1 9 88.5 1.22

Book1 8 87.9 2.57

TW1 8 88.7 2.78

CY1 8 87.8 4.45

Ring1 7 86.9 5.04

The number of hydrogen bonds (HBs) and the percentage of the contribution of HB energy to the total

orbital interaction energy (DEHB/DEtotal) of the representative low-energy isomers for (H2O)7. DEtotal
corresponds to the MP2/AVDZ relative energies.
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constrained basin-hopping global-minimum structural search and ab initio MP2

methods have been performed to determine the structures of the low-lying isomers.

A variety of diverse bands observed in the IR spectrum of the water heptamer pro-

vide evidence for the presence of various low-lying structures at finite temperatures.

The consistency of the experimental and calculated infrared spectra allow us to

establish general trends in the structural motifs. We find that the major contribution

for the experimental spectrum originates from the prism-like isomers, although the

minor contribution of the higher-energy cage-like isomers is non-negligible. These

findings contribute to an improved understanding of structural diversity and

complexity of water heptamer in the context of the formation and growth of ordered

structures in larger systems. The present data provide new benchmark measure-

ments for the development of highly accurate electronic and vibrational description

of HB interactions that can be used for predicting macroscopic properties of bulk

water and biological systems.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Ling Jiang (ljiang@dicp.ac.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

All data needed to evaluate the conclusions in this paper are present in the paper

and/or the supplemental information.
Experimental method

Experiments were performed using an infrared-vacuum ultraviolet (IR-VUV) spec-

troscopy apparatus described previously.23 Neutral water clusters were generated

by supersonic expansions of a water-helium mixture using a high-pressure pulsed

valve (Even-Lavie valve, EL-7-2011-HT-HRR) that is capable of producing a very

cold molecular beam.38 The stagnation pressure was approximately 50 bar. The mo-

lecular beam passed through a 4-mm diameter skimmer (Beam Dynamics, Model

50.8) and an aperture with a 3-mm opening. The extraction plates of reflectron

time-of-flight mass spectrometer (TOF-MS) were powered by a high-voltage direct

current (DC) of 2950 V. Charged clusters were deflected out of the molecular

beam by the DC electric field of the extraction plates. Neutral water clusters in the

beam were threshold ionized by the VUV-FEL pulse and mass-analyzed in a
Cell Reports Physical Science 3, 100748, February 16, 2022 7
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reflectron TOF-MS. Here, the tunable IR light pulse was introduced at about 30 ns

prior to the VUV-FEL pulse in a crossed manner. When the resonant vibrational tran-

sition is evoked by the IR laser light and causes vibrational predissociation, a deple-

tion of the selected neutral cluster mass signal can be detected. At 113.10 nm, the IR

spectrum of size-selected neutral water heptamer was obtained as a depletion spec-

trum of the ion signal intensity of (H2O)7
+ as a function of IR wavelength. The VUV-

FEL in the present experiment was operated at 20 Hz and the IR laser was operated

at 10 Hz. IR spectra were recorded in the difference mode of operation (IR laser on-IR

laser off).

The tunable VUV-FEL light was generated by the Dalian Coherent Light Source

(DCLS) facility. With proper optimization of the linear accelerator, a high-quality

beam with the emittance down to �1.5 mm milli-radians, a projected energy

spread of �1%, and a pulse duration of �1.5 ps can be obtained. For recording

the pulse spectral characteristic, an online VUV spectrometer was presented to

monitor each single VUV-FEL pulse. The tunable IR laser beam was generated

by a potassium titanyl phosphate (KTP)/potassium titanyl arsenate optical para-

metric oscillator (OPO)/amplifier system (LaserVision) pumped by an injection-

seeded Nd:YAG laser (Continuum Surelite EX). This system is tunable from 700

to 7,000 cm�1 with a line width of 1 cm�1. The wavelength of the OPO laser output

was calibrated using a commercial wavelength meter (HighFinesse GmbH, WS6-

200 VIS IR).
Computational methods

Global-minimum structural search based on density functional theory was carried

out for (H2O)7 using TGMin code.45–47 Quantum chemical calculations were carried

out to refine the energies of the low-lying isomers (within 6 kcal/mol) at the ab initio

MP2/aug-cc-pVDZ (abbreviated as AVDZ throughout) level using the Gaussian 09

package.48 Harmonic vibrational frequencies were calculated with analytical second

derivatives of the total energy. A scaled factor of 0.956 was used for harmonic vibra-

tional frequencies to account for the systematic errors in the calculations.49 The

MP2/AVDZ relative energies were calculated at 0 K with corrections of zero-point

vibrational energies. The ab initio DLPNO-CCSD(T)/aug-cc-pVTZ (AVTZ) relative en-

ergies were calculated on the MP2/AVDZ optimized geometries with the ORCA pro-

gram,50–52 which included the MP2/AVDZ zero-point vibrational energy corrections.

Gibbs free energies G(T) = U(T) + PV – TS were calculated with statistical mechanics,

where U, S, P, V, and T stand for the internal energy, entropy, pressure, volume, and

temperature, respectively.

The nature of the hydrogen-bonding interaction in (H2O)7 was analyzed with the

EDA-NOCV analyses (energy decomposition analysis-natural orbitals for chemical

valence)53 at the level of GGA PBE/TZ2P54 using the Amsterdam Density Func-

tional program (ADF 2016.101).55 The EDA-NOCV scheme provides both qualita-

tive (Drorb) and quantitative (DEorb) information about the strength and contribu-

tion of orbital interactions in chemical bonding, as demonstrated in the study of

water clusters (H2O)n (n = 2–6 and 8).25,26 We used the unrelaxed water fragments

from the optimized structures to derive the intrinsic binding energies of water

clusters.
SUPPLEMENTAL INFORMATION
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