
will widely cover the surface of the catalyst un-
der methanol synthesis conditions. If more Zn
atoms are considered in the CuZn(211) surface,
the binding to these species is further strength-
ened (Fig. 2). According to this trend and in agree-
ment with the higher oxophilicity of Zn compared
with Cu, these species will bind to the surface via
Zn atoms, leading to a formal oxidation of the Zn
component. Thus, under steady-state conditions,
the oxidation state of Zn is adjusted to a par-
tially oxidized Znd+ state, which can be formed by
reduction from the ZnO particles through SMSI as
well as from a CuZn surface alloy by adsorbate-
induced oxidation. The unique role of ZnO in the
industrial catalyst is probably related to the sta-
bility of this intermediate oxidation state under
the reducing potential of methanol synthesis con-
ditions. Its reducibility is high enough to allow
for partial reduction but sufficiently low not to
favor bulk alloying. Other promoters that bind
oxygen in the same range as Znmay have a similar
effect. The Cu/ZrO2 system, for example, is also
an active methanol synthesis catalyst (34).

Combining the experimental and theoretical
results, a model for the active site of methanol
synthesis over industrial catalysts emerges. Un-
distorted pure Cu was quite inactive in the meth-
anol synthesis experiment. The same result was
obtained for the flat Cu(111) surface in the DFT
calculations. High activity was generated by two
factors. First, the presence of steps at the Cu
surface is required, which can be stabilized by
bulk defects like stacking faults or twin bound-
aries terminating at the surface. The increase in
activity is explained by a stronger binding of the
intermediates on stepped sites and lower energy
barriers between them. The bulk defect structure
in the real catalyst is a result of a well-optimized
low-temperature preparation method.

The second requirement is the presence of
Znd+ at the defective (stepped) Cu surface, which
in the high-performance catalyst is a result of a
dynamic SMSI effect leading to partial coverage
of the metal particles with ZnOx. Substitution
of Zn into the Cu steps further strengthens the
binding of the intermediates and increases the
activity of the catalyst. The data presented sug-
gest that the presence of steps and their close
proximity to ZnOx on the surface of the Cu parti-
cles create the ensemble needed to render the very
active methanol copper: a Cu step with a nearby
Zn serving as adsorption site for oxygen-bound
intermediates.

These two requirements are fulfilled only for
a small and varying fraction of the metallic Cu
surface area, explaining the differences in intrinsic
activity observed here and also in literature. Thus,
under industrially relevant conditions a small frac-
tion of the surface is largely contributing to the
activity, which cannot be easily mimicked by
simplified model approaches. We propose that
the TOF of this reaction channel should be con-
siderably higher compared with the values cal-
culated on the basis of the full exposed Cu
surface area.
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Structures of Cage, Prism, and Book
Isomers of Water Hexamer from
Broadband Rotational Spectroscopy
Cristóbal Pérez,1 Matt T. Muckle,1 Daniel P. Zaleski,1 Nathan A. Seifert,1 Berhane Temelso,2

George C. Shields,2* Zbigniew Kisiel,3* Brooks H. Pate1*

Theory predicts the water hexamer to be the smallest water cluster with a three-dimensional
hydrogen-bonding network as its minimum energy structure. There are several possible low-energy
isomers, and calculations with different methods and basis sets assign them different relative
stabilities. Previous experimental work has provided evidence for the cage, book, and cyclic
isomers, but no experiment has identified multiple coexisting structures. Here, we report that
broadband rotational spectroscopy in a pulsed supersonic expansion unambiguously identifies all
three isomers; we determined their oxygen framework structures by means of oxygen-18–substituted
water (H2

18O). Relative isomer populations at different expansion conditions establish that the cage
isomer is the minimum energy structure. Rotational spectra consistent with predicted heptamer and
nonamer structures have also been identified.

The intermolecular hydrogen-bonding in-
teractions of water are responsible for
many remarkable physical properties of

the liquid and solid phases of the compound and
furthermore play a pivotal role in solution chem-
istry and biochemistry. As a result, the accurate
description of the water intermolecular potential
is one of the most important problems in chem-
istry (1). One key method for quantitative anal-
ysis of water interactions is the size-selective

study of the structures of water clusters (2–5).
This problem has been attacked using several
state-of-the-art techniques, including far-infrared
(FIR) spectroscopy (6–9), helium nanodroplet
isolation (HENDI) spectroscopy (10), infrared
spectroscopy of size-selected molecular beams
(11), molecular tagging ion-dip infrared spectros-
copy (12, 13), and argon-mediated, population-
modulated attachment spectroscopy (14). Here, we
report chirped-pulse Fourier transformmicrowave
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(CP-FTMW) spectra (15) of clusters produced
in a pulsed supersonic expansion. We thereby
identify three isomers of the water hexamer, ob-
tain direct structural information on these isomers
through the analysis of isotopically labeled clus-
ters, and establish that the cage structure is the
global minimum.

The water hexamer has become a benchmark
problem for computational chemistry (16–22).
Theoretical studies of water cluster structures in-
dicate that the hexamer is a special cluster size
wherein three-dimensional structures become
more stable than the planar ring structures found
for the smaller clusters (2, 3), a result supported
by experimental studies of size-specific clusters
of water on benzene (12). For this transitional
cluster, there is a complex, multidimensional po-
tential energy surface, and several low-energy
structural isomers are predicted, including prism,
cage, book, bag, and cyclic forms. There is con-
sensus among the most recent calculations that
the prism, cage, and book isomers are the three
lowest energy isomers, with an energy separation
of 1 kJ/mol or less when zero-point corrections
are included (16, 20). The prism has been calcu-
lated to be the lowest-energy isomer, although the
prism and cage are nearly isoenergetic, and the
book is slightly higher in energy.

Experimental studies of the water hexamer
have identified the cage, book, and cyclic iso-
mers based on the comparison of calculated and
observed spectral properties. The hitherto most
definitive structure identification has been the
observation of the cage by high-resolution FIR
spectroscopy (9). The experimental rotational
constants, which measure the mass distribution
in the cluster through the principal moments of
inertia, were consistent only with theoretical
calculations of the cage structure. The tunneling
splitting patterns and dipole moment of the clus-
ter were subsequently shown to be consistent with
the theoretical predictions for the cage structure
as well (23). No other isomers were detected. A
higher-energy cyclic isomer of the water hexa-
mer, produced under the unique cluster growth
conditions of helium nanodroplets, was identi-
fied by HENDI spectroscopy (10) from the fre-
quency of a vibrational band of the O-H stretch
that followed the theoretical prediction for red
shift as a function of cluster size. In two experi-
ments in which the infrared spectrum in the re-
gion of the O-H stretch was measured for water
hexamer clusters produced in a supersonic ex-
pansion (11, 14), the comparison to theoretical
spectra indicated the presence of the book iso-

mer. In the case of the study using size-selected
molecular beams (11), the dominance of the
book isomer, which is entropically favored over
the cage and prism isomers (16), was consist-
ent with the warmer temperature of the sample
(40 K) in these measurements compared with the
slit-jet FIR spectroscopymeasurements (6 K) and
the HENDI experiments (0.38 K). However, re-
cent theoretical calculations of hexamer vibra-
tional spectra have suggested that the assignment
of the book isomer may need to be revisited (24).

The structures of water clusters have present-
ly been characterized by analysis of their rota-
tional spectra. Molecular rotational spectroscopy,
applicable to polar molecules in the gas phase,
is one of the most exacting experimental tech-
niques for characterizing molecular structure.
Analysis of the rotational spectrum permits a
high-accuracy determination of the principal
moments of inertia. This accuracy is needed for
structure determination using isotopic substitu-
tion because the small differences in themoments
of inertia of the naturally abundant and isotopi-
cally labeled analogs are used to obtain the atom
positions. The high spectral resolution of pulsed-
jet microwave spectroscopy is crucial for struc-
ture determination by isotopic substitution, where
it is necessary to fully resolve the several closely
spaced rotational spectra of each isotopolog in
the sample. The rotational spectra were measured
in a CP-FTMW spectrometer with frequency cov-
erage from 7 to 18GHz (15). Separate broadband
rotational spectra were recorded by flowing ar-
gon, neon, and helium over an external reservoir
of water at room temperature. In addition, a mea-
surement using neon as the carrier gas was per-
formed using a water sample that contained 15%
H2

18O. The CP-FTMW data and detailed analy-

sis of all spectra are provided in the supplemen-
tary materials.

The broadband rotational spectrum of water
is shown in Fig. 1. The rotational spectrum of
the water dimer (25) is the most intense contrib-
utor. The minimum energy structures of the wa-
ter trimer, tetramer, and pentamer are effectively
nonpolar in their ground states, so these clusters
cannot be observed. The previously identified
cage isomer of the water hexamer (9) gives the
next strongest spectrum, observed at about a
200:1 signal-to-noise ratio in neon. Spectra for
the prism and book isomers are about half as
intense. The prism isomer is the only one to show
fine structure associated with the rearrangement
of the hydrogen-bond network through tunnel-
ing. We have also assigned rotational spectra that
we attribute to a water heptamer and a water
nonamer cluster, based on comparison to the ro-
tational constants from theoretical structures (16).
The structures are tentatively identified as the
heptamer PR1 and nonamer D2dDD in the no-
menclature of (16). The two most stable cubic
structures of the octamer are nonpolar (13). A
summary of the spectroscopic constants of these
water clusters and comparison to the rotational
constants predicted by electronic structure theory
are given in Table 1. For the prism, the rotational
constants reported in Table 1 are obtained from a
fit of the center frequencies of the observed tun-
neling fine structure.

The rotational spectrum was measured using
different inert carrier gases to gain information
about the relative stability of the water hexamer
isomers based on their population in the molec-
ular expansion, as shown in Fig. 2. The electric
dipole moment of the cluster is required to con-
vert the spectral intensities to populations and

Fig. 1. The black traces
show different views
of the experimental CP-
FTMW pulsed-jet spec-
trum of water using neon
backing gas. The final
spectrum is obtained
from the signal average
of 650,000 free induc-
tion decay (FID) mea-
surements with a 20-ms
gate duration. The col-
ored traces in the bot-
tom panel are 1.5 K
(rotational temperature)
simulations of the hex-
amer cage (blue), hexamer
prism (red), hexamer book
(green), and heptamer
(purple). The nonamer
is not seen on this scale
but can be found in fig. S6. The inset in the top panel shows the 303-202 rotational transition (defined
using the standard nomenclature for the quantized rotational energy levels of an asymmetric top
denoted JKaKc, where J is the quantum number for the total rotational angular momentum and Ka and Kc
are the quantum numbers for the projection of total rotational angular momentum onto the a- and
c-principal rotation axes, respectively) of the prism isomer, highlighting the structure due to quantum
tunneling. The simulation of the prism, shown in red, has been fit to the line centers.
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the analysis uses ab initio estimates of the dipole
moments reported in table S41. The estimated
population ratio for cage:prism:book is 1:1:0.25
in neon and helium. However, in an argon ex-
pansion, only the cage isomer is observed (with a
signal-to-noise ratio of 50:1), giving strong evi-
dence that the cage is the global minimum energy
structure for the water hexamer, as inferred in
the previous FIR spectroscopy work (9). The
mechanism for the enhanced cooling efficiency
of heavier carrier gases in free-jet expansions
has been recently discussed (26). The prism,
often found to be the lowest-energy isomer in
calculations using high-level quantum chemistry
(3, 16, 18–22), is the next-lowest-energy isomer
based on this population analysis. The spectra
attributed to heptamer and nonamer water clusters
are observed in all three carrier gases, indicating
that these are the global minimum configurations.

Although the agreement between experimen-
tal and theoretical spectroscopic constants pro-
vides compelling support for the identification
of the cage, prism, and book isomers, the study
of isotopically labeled water clusters gives un-
ambiguous structure identification. As shown in
Fig. 2, using an H2

18O-enriched sample leads to
the assignment of six separate rotational spectra,
each with a single H2

18O molecule incorporated
into a structurally unique site of the cluster. For
the prism, only six distinct spectra were identi-
fied, and none of them show the fine structure

observed in the normal H2
16O cluster spectrum.

This result supports the attribution of this fine
structure to tunneling between several identical
minima of the potential energy surface. Upon
substitution by a single H2

18O molecule in the
cluster, these minima are no longer energetically
equivalent and the quantum tunneling is quenched.
One implication of this result is that the tunneling
dynamics observed for the prism are not the bi-
furcation pathways that are the focus of previ-
ous analysis of FIR spectra because these motions
would still connect equivalent minima of the po-
tential energy surface upon single 18O substitu-
tion (23).

The initial structural analysis of the water
hexamers uses the method of Kraitchman, in
which the oxygen atom framework is built up
atom by atom by converting the changes in the
moments of inertia upon isotopic substitution in-
to atom coordinates in the principal axis system
to construct the so-called substitution structure
(27). The relative signs of the atom coordinates
are the only additional parameters needed in
this analysis, and they are assigned based on the
ab initio cluster geometries (16). The substitution
structures of the water hexamer isomers are com-
pared to theoretical structures, which include vi-
brational averaging, in the top panel of Fig. 3.
Zero-point vibrationally averaged structures are
calculated using vibrational perturbation theory
(VPT2) applied on the second-orderMøller-Plesset

perturbation theory (MP2) potential energy sur-
face (28, 29). In VPT2, the cubic and semidiag-
onal quartic force constants are computed by
finite differentiation of the Hessian along the
normal mode coordinates and are used to obtain
the vibrationally averaged structure of a cluster at
0 K. A comparison of the vibrationally averaged
and equilibrium theoretical geometries is shown
in figs. S11 to S15. The direct Kraitchman analy-
sis is sufficient to unambiguously identify the
prism, cage, and book isomers.

However, the Kraitchman method is un-
reliable for quantitative analysis when atoms are
close to the principal axes because of zero-point
vibrational contributions to the moments of in-
ertia that vary upon isotopic substitution. As de-
tailed in the supplementary materials (tables S32,
S35, and S38), each water hexamer isomer has
two individual principal axis components that
return unphysical values (out of the 18 total
Cartesian coordinates that define the oxygen
atom framework for a hexamer). An alternative
means of analysis is to fit the structure directly
to the complete set of isotopic rotational con-
stants to determine the effective ground-state
geometry, the so-called r0 structure (30). The
oxygen framework of 6 atoms is defined by 3N –
6 = 12 internal coordinates, and 21 experimental
moments of inertia are available, so there is a
sufficient number of degrees of freedom to fit
the complete oxygen framework. Because the
present experimental results carry only a limited
amount of information on the positions of the
hydrogen atoms, additional assumptions are re-
quired. The specific assumptions are not critical,
but the lowest deviations of fits were obtained in
the r0 analysis assuming the experimental r0
monomer geometry for each water unit (31). In
addition, the orientations of the water mole-
cules in the cluster are based on the vibration-
ally averaged theoretical structures in a way
that keeps the angles of the strongest hydrogen
bonds constant. The experimental r0-structure
oxygen atom frameworks are compared with the
vibrationally averaged theoretical structures in
the bottom panel of Fig. 3.

A detailed comparison of the experimental
and theoretical O...O bond distances is given in
Fig. 4. There is remarkable agreement between
experiment and computations concerning the
variation in O...O bond distances within each
cluster isomer, allowing more confident, detailed
insight into the hydrogen-bonding network for
each isomer. The O...O distance is a known mea-
sure of hydrogen bond strength, and in the hex-
amer isomers these span the range 2.70 to 3.01Å.
This is a departure from themore uniform picture
for the global minimum clusters up to the water
pentamer in which symmetry enforces a single
O...O distance, systematically decreasing with
cluster size (4). The shortest O...O distance in the
hexamers is shorter than the 2.76 Å separation of
the pentamer, whereas the longest hexamer O...O
distance exceeds the value found for the water
dimer, 2.98 Å (4). The detachment energy of

Table 1. Experimental and calculated rotational constants for observed (H2
16O)n clusters.

Experimental Theory

Equilibrium* Vibrationally averaged

Hexamer cage
A/MHz
B/MHz
C/MHz

2161.8762(8)
1129.3153(5)
1066.9627(5)

2249.2†
1149.8
1097.9

2172.4†
1129.2
1070.3

Hexamer prism
A/MHz
B/MHz
C/MHz

1658.224(4)
1362.000(2)
1313.124(2)

1697.2
1416.6
1358.3

1644.5
1373.6
1312.5

Hexamer book
A/MHz
B/MHz
C/MHz

1879.4748(8)
1063.9814(6)
775.0619(3)

1898.3
1106.3
809.5

1856.1
1080.5
788.7

Heptamer PR1
A/MHz
B/MHz
C/MHz

1304.4355(3)
937.8844(6)
919.5236(6)

1333.7
974.1
954.2

1297.5
950.7
926.8

Nonamer D2dDD
A/MHz
B/MHz
C/MHz

774.7442(7)
633.5403(6)
570.6460(5)

810.9
630.6
585.9

791.2
619.8
574.1

*From (16). †Distinct cage configurations are labeled according to the up(u) or down(d) position of the two free hydrogens of the
edge (single donor-single acceptor) waters about the most immediate O-O-O plane. The calculated rotational constants are for the uu{1}
structure, which is practically isoenergetic with the du{1} structure considered in (16) and is currently preferred on the basis of
comparison between relative values of experimental and calculated dipole moment components and the deviations of the structural fits.
See section 3.1 in the supplementary materials.
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each water molecule in the cluster is also given in
Fig. 4. This quantity was calculated with the
density-fitted second-order Møller–Plesset per-
turbation theory with F12 explicit correlation

factor employing a correlation consistent valence
triple-zeta basis set (DF-MP2-F12/VTZ-F12)
method (32), as detailed in the supplementary
materials (section 1.2). The water detachment

energies show large variation but correlate with
the O...O distances and with the number of
hydrogen bonds to each water monomer. This
provides a consistent picture of the diversity of

Fig. 2. The black trace shows a portion of the
H2

18O-enriched (15%) CP-FTMW spectrum obtained
by averaging 550,000 FID signals. The offset blue
trace shows the same region in the H2

16O cluster
spectrum (average of 650,000 FID signals) mea-
sured with a neon backing gas. The offset red trace
shows the same region (average of 200,000 FID
signals) measured with an argon backing gas. The
dashed box shows the 505-404 rotational transition
of the hexamer-cage isomer (intensity going off
scale). The asterisks show the six individual Ka = 0
transitions resulting from isotopic substitution. The
transitions marked with daggers indicate transitions
assigned to the hexamer prism. The transitionmarked
by the double dagger indicates a transition assigned
to the hexamer book. The hexamer cage is the only
isomer observed when argon is used as a backing gas,
indicating that the cage is the lowest-energy isomer
of the water hexamer. Similar data for the hexamer
prism (fig. S4) and hexamer book (fig. S5) can be
found in the supplementary materials. Finally, the
caret indicates a transition belonging to the heptamer,
whose presence remains when the backing gas is
argon.
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Fig. 3. The experimental structures of the water
hexamer isomers determined using Kraitchman
analysis (top, the substitution structure, rs) and r0
analysis (bottom) are compared with the vibration-
ally averaged ab initio structures. The full molec-
ular structure rendering is the theoretical structure
with lines drawn to denote the hydrogen-bonding
network. The smaller dark red spheres are the ex-
perimental atom positions for the oxygen frame-
work. Note the improved agreement in the oxygen
atom positions for the r0 analysis.
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hydrogen bonding appearing at the hexamer
cluster level and is a small-scale prelude to the
known diversity in the structure of liquid water.
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Observation of 239Pu Nuclear
Magnetic Resonance
H. Yasuoka,1,2 G. Koutroulakis,1* H. Chudo,1,2 S. Richmond,1 D. K. Veirs,1 A. I. Smith,1

E. D. Bauer,1 J. D. Thompson,1 G. D. Jarvinen,1 D. L. Clark1

In principle, the spin-½ plutonium-239 (239Pu) nucleus should be active in nuclear magnetic
resonance spectroscopy. However, its signal has eluded detection for the past 50 years. Here, we
report observation of a 239Pu resonance from a solid sample of plutonium dioxide (PuO2) subjected
to a wide scan of external magnetic field values (3 to 8 tesla) at a temperature of 4 kelvin. By
mapping the external field dependence of the measured resonance frequency, we determined the
nuclear gyromagnetic ratio 239gn(PuO2)/2p to be 2.856 T 0.001 megahertz per tesla (MHz/T).
Assuming a free-ion value for the Pu4+ hyperfine coupling constant, we estimated a bare 239gn/2p value
of ~2.29 MHz/T, corresponding to a nuclear magnetic moment of mn ≈ 0.15mN (where mN is the
nuclear magneton).

Since its discovery by Bloch and Purcell in
1946 (1, 2), nuclear magnetic resonance
(NMR) spectroscopy has evolved into an

indispensable tool for experimental condensed
matter physics, the determination of molecular

structure, the study of molecular dynamics, and
the characterization of atoms and molecules in
the gaseous, liquid, and solid state. NMR is pred-
icated on the fact that a nucleus with a nonzero
spin angular momentum I possesses a magnetic

Fig. 4. The experimen-
tal r0-analysis structures
are shown for the three
water hexamer isomers.
The dashed lines indicate
the hydrogen-bonding
network. The experimen-
tal O…O bond distances,
in Angstroms, are given
in bold with the theo-
retical values from the
vibrationally averaged
structures below. The de-
tachment energy for each
watermolecule in the clus-
ter is given in red.
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