favorable equilibrium with the atmospheric
reservoir. Formation of a hydrate is but one
component of the ocean disposal process, and
it can have a dramatic effect.
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Spectroscopic Determination of
the Water Pair Potential

R. S. Fellers,? C. Leforestier,” L. B. Braly," M. G. Brown,
R. ). Saykally™*

A polarizable water pair potential was determined by fitting a potential form
to microwave, terahertz, and mid-infrared (D,0), spectra through a rigorous
calculation of the water dimer eigenstates. It accurately reproduces most
ground state vibration-rotation-tunneling spectra and yields excellent second
viral coefficients. The calculated dimer structure and dipole moment are very
close to those determined from microwave spectroscopy and high-level ab
initio calculations. The dimer binding energy and acceptor switching and donor-
acceptor interchange tunneling barriers are in excellent agreement with recent
ab initio theory, as are cyclic water trimer and tetramer structures and binding

energies. '

Much experimental and theoretical effort has
been directed toward understanding the na-
ture of the water dimer: the archetype for
aqueous hydrogen bonding. Although the
dimer structure and hydrogen bond rear-
rangement dynamics are now fairly well
characterized, the equilibrium binding energy
(D,) and dissociation energy (D,) remain con-
troversial, and these are crucial for properly
assessing recently proposed dimer effects in
atmospheric chemistry (/). Water dimer
properties are most succinctly and profoundly
expressed in the intermolecular potential en-
ergy surface (IPS)—the water pair potential.
This pair potential is likewise essential for
modeling the condensed phases of water, be-
cause it is the principal component of the
force field (three- and four-body interactions
are much weaker). The water pair potential
has heretofore eluded accurate determination
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because of technological and computational
impediments. Here we describe the determi-
nation of a polarizable water pair potential by
regression analysis of the rotational con-
stants, tunneling splittings, and intermolecu-
lar vibrational frequencies precisely deter-
mined from microwave, terahertz, and infra-
red vibration-rotation-tunneling (VRT) spec-

“troscopy of the water dimer (2, 3). Our

previous experience with simpler IPS deter-
minations indicates that such measurements
provide an exacting measure of the relevant
force field (4).

Theoretical and spectroscopic studies have
shown that the six-dimensional (6D) water IPS
has a complex topology. There are eight iden-
tical global minima, differing only by permuta-
tions of the four hydrogen atoms and two oxy-
gens that do not break covalent bonds [the
permutation-inversion symmetry group is
D, (M)]. Ab initio calculations (5) have re-
vealed three low-energy paths connecting these
eight degenerate minima: “acceptor switching”
(equivalent to a 180° rotation of the hydrogen
bond acceptor about its symmetry axis), “inter-
change” (exchange of the role of donor and
acceptor of the hydrogen bond), and “bifurca-
tion” (exchange of bound and free hydrogens
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on the donor). The associated barrier
heights are given in Table 1. The water
monomers rearrange their hydrogen bond-
ing orientations through quantum tunneling
among these eight minima, much like the fa-
miliar umbrella inversion tunneling in the NH,
molecule. This effects a splitting of each dimer
rovibrational level into a manifold of either 6 or
10 tunneling states (Fig. 1), where the E states
are doubly degenerate. These splittings can be
measured precisely (~1 MHz) by high-resolu-
tion spectroscopy.

The IPS used here is the highly detailed
ASP-W distributed multipole form of Millot

~and Stone. (6), in which each intermolecular

946

interaction (electrostatics, induction, disper-
sion, and exchange) is treated separately. The
72 parameters of this potential were original-
ly determined by a combination of experi-
ment and ab initio calculations. As in the
original ASP-W paper, we compute the iter-
ated induction to first order, resulting in a
small but acceptable error in the induction
energy and a significant reduction in compu-
tation time as compared to computing the
induction to full convergence. The explicit
potential form and parameter sets are avail-
able from the authors (7).

The observables in the nonlinear least-
squares regression analysis are the spectro-
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scopically determined tunneling levels of
(D,0), in the lowest two rotational states (J =
0 and J = 1) of the ground vibrational state and

~inJ = 0 of the excited intermolecular vibration-

al states near 68, 83 (8), and 104 cm™!. Only
(D,0), data are used, because the correspond-
ing (H,O), spectra have many more unobserv-
able VRT states due to unfavorable nuclear spin
statistics, making it difficult to determine the
bifurcation or interchange splittings. In con-
trast, these splittings are completely deter-
mined for (D,0),. Moreover, recent infrared
cavity ringdown experiments by Paul et al.
(9) have determined the (D,0), ground state
acceptor tunneling splitting, whereas this has
not been possible to do for (H,0),. However,
by scaling the fitted potential for (D,0),
mass effects, the corresponding properties for
(H,0), can be calculated.

The computationally demanding calcula-
tion of VRT states on the 6D IPS that is
required for regression analysis was made
possible by use of the recently developed
Split Wigner Pseudo Spectral (SWPS) algo-
rithm (70, 11), which accurately and effi-
ciently yields the eigenstates within a scatter-
ing theory formalism. Only a subset of the
available data was used in the fit, in order to
make this very large calculation feasible (13
microwave transitions and tunneling split-

Table 1. A comparison of the ground state properties of (D,0), and tunneling barriers of the IPS.
Numbers in parentheses indicate the error in the last digit; dashes indicate that the information is not

available.
Ground state water dimer properties
Experimental* VRT (ASP-W),;,f  VRT (ASP-W), t  Ab initiof ~ ASP-W§
D, (kcal/mol) 5.40:(0.5) - 4.91 5.05 4.69
D, (kcal/mol) 3.66 (0.5) 3.46 - - -
Roo (R) 2.976 (0.00-0.03) 2.94(3) 2.924 2.953 2972
0, (deg) 57 (10) 41(2) 485 56.0 64.6
0, (deg) 51(10) 58 (2) 50.2 59.1 44,5
A (GHz) 124.9 123.7 115.6 - -
(B + C)/2(GHz)  5.433 5.423 5570 - -
B — C (MHz) 33.11 30.79 14.94 - -
1, (Debye) 2.60 265 (10) 2.69 (10) - -
Tunneling barriers (cm™?)
VRT (ASP-W) Ab initio] Ab initio]] ASP-W
Switching (cm™") 157 158 175 277
Interchange (cm~") 207 199 204 149
Bifurcation (cm~") 394 612 476 484

*The B and C rotational constants and dipole moment were measured by microwave and Stark experiments of Odutola
and Dyke (27). Using these data in conjunction with measurements for other dimer isotopes, they derived the
equilibrium structure parameters R, 6, and 6, using a constrained model'(rigid monomers). The structure parameters
are defined in Fig. 2. The A rotation constant is estimated from the far-infrared measurements of Karyakin et al. (28).

The equilibrium and zero-point dissociation energies are from the thermal conductivity experiments of Curtiss et al. -

(73). +The VRT (ASP-W) vibrationally averaged structure was determined by the DQMC method. The rotational
constants were calculated using fixed monomer geometries of ZHOH = 104.52° and R, = 0.9572 A and masses D =
2.0141022 and O = 15.994915. Note the excellent agreement between the experimental observables A, (B + C)/2, B —
C, and p, (dipole moment projected on the principal axis), which are model-independent, and the vibrationally averaged
values predicted by VRT (ASP-W). {High level ab initio calculations of Mas and Szalewicz using symmetry-adapted
perturbation theory (76). §The original ASP-W potential of Millot and Stone (6).  The principal tunneling barriers
of the VRT (ASP-W ) and ASP-W surfaces are compared to ab initio results of ||Smith et al. (5) and Wales (23). The VRT
(ASP-W) and ASP-W barriers were found with the Orient program (29). Ab initio calculations were performed at the MP2
level with counterpoise corrections to improve accuracy.

tings of the J = 0 and J = 1 ground state and
8 J = 0 terahertz transitions in the three
observed vibrational bands).

With judicious selection of these data, we
could avoid calculating half of the A/B states
and all of the E states (Fig. 1). The latter is
crucial because the doubly degenerate E
states require twice as many basis functions
and three times the computer processing time
for convergence. This truncation does not
generally affect the results of the fit, because
the spectroscopic data are so highly redun-
dant (that is, not independent), but it did
preclude a direct fit of the small (~3 X 1074
cm™!) bifurcation shifts. The basis set for
these calculations employed the minimum set
of functions that converged the J = 0 inter-

B2"
E

Ar

Byt
E+

At

Acceptor Interchange _, Bifurcati
J=0, K=0) — ‘Switching — ing nneling
X ) Finneing Tunneling Tunneling

Fig. 1. The effect of the three tunneling mo-
tions on the lowest energy water dimer rovi-
brational state with labeled splittings. The sym-
metry labeling scheme is determined from per-
mutation inversion group theory (2). These la-
bels describe the symmetry of the different
water dimer tunneling wave functions. The
splitting or shift of the VRT states is inversely
related to the tunneling barriers. Acceptor
switching, which has the smallest barrier, caus-
es each rovibrational state to be split into two:
A, and B, (splitting denoted by a). Interchange
tunneling further splits each of those states
into three (splitting denoted by b and c). Bifur-
cation tunneling, which has the highest barrier,
causes a small shift of the E~/* states but does
not cause further splitting, because the first
two motions have already resolved all the
available states.

Fig. 2. The water dimer. R, center-of-mass
separation between the two monomers; 0,
angle made by the acceptor monomer symme-
try axis with R 0, angle made by the donor
monomer symmetry axis with R,
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change and acceptor switching splittings to
better than 0.02 cm™! in the ground state.
Typically, a single iteration of the fit required
12 to 20 computing hours on an IBM RS/
6000 590 workstation. The total computa-
tional effort required about 6 months of com-
puting time.

After exploring the sensitivity of the data
“to the parameters in ASP-W, we concluded
that changing the exchange-repulsion terms
had the largest effect on the spectra, which is
consistent with the findings in our previous
Ar-H,0, Ar-NH,, and (HCI), IPS determi-
nations (4, 12). Ultimately, eight of the ex-
change-repulsion parameters describing this
interaction were varied in the fit. The final
fitted values, compared with original ASP-W
parameters, are also available (7).

The quality of the fitted IPS, which we
call VRT (ASP-W), was assessed in several
ways. Table 1 shows the excellent agreement
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of the VRT (ASP-W) ground state water
dimer structure (Fig. 2) and dipole moment
with experimental and ab initio results, and
that they are much improved relative to ASP-
W. The fitted potential was also used to
predict VRT states up to total angular mo-
mentum J = 2 not explicitly included in the
fit, yielding excellent agreement (largest er-
ror = 0.16 cm™?!, or <1% of transition fre-
quency, with most errors being an order of
magnitude smaller). For the excited VRT
states near 68, 83, and 104 cm™!, the agree-
ment with experimental results is not as good
(~1 to 5 cm™1), but it is nevertheless clear
from Fig. 3 that VRT (ASP-W) reproduces
the energy-level spectrum of the water dimer
very well, and this is a most demanding test
of a potential surface. For comparison, we
have computed these VRT states on a number
of other potentials (/) (including TIP4P;
SPC; MCY; and polarizable SPC, RWK2,

Table 2. Geometrical parameters and energies for the water trimer and tetramer cyclic ground state.
Pairwise and iterated n-body induction forces for VRT (ASP-W) and ASP-W are calculated to the first
order. Vibrationally averaged structures and energies are computed by the DQMC method. D, and D,
specify the energy required to break all hydrogen bonds. Distances are in angstroms and energies are in
kilocalories per mole. Dashes indicate that the information is not available.

Experimental* VRT (ASP-W) ASP-W TIP4Pt Ab initio}
Trimer
AVE. Roogeq) —~ 2.756 2.881 2.764 2.799
AVE. Rooin) 2.845 2.843 - - -
e - 15.65 14.82 16.73 14.05
D, - 11.11 - - -
Tetramer
Avg. ROO(eq) - 2.783 2.866 2.730 2.743
AVE. Roogin) 2.789 2.838 - - -
D, = 25.93 24.33 27.87 24.33
D, - 19.33 - - -
*(30). 1(37). 1MP2/aug-cc-pVDZ with counterpoise correction (78).
Fig. 3. The ordering of ?
the ] = O VRT states d @
below 110 cm™' of i
(D,0), calculated with 100
the VRT (ASP-W) and s
ASP-W potentials are | —— © Cm—= - <=
compared to measured 2
J = Ostates. Shownare — [ "-C
the upper and lower § [ e
AJ/E/B interchange trip- & sof
lets segregated by A'or 2 |
A" vibrational symme- |
try (Fig. 1). On the
scale of this plot, the i
individual interchange B
triplets are only par- oL —~—= A —= i
tially resolvable; there- A A A A A
fore, the symmetry la- VRT(ASPW) Observed ASP-W

bels for individual levels

have been omitted for clarity. The A’ and A" labels denote vibrations that are symmetric and
antisymmetric with respect to the plane of symmetry, respectively. Note the excellent agreement of the
tunneling splittings and positions of the vibrational bands. a, the ground state levels assigned by
microwave spectroscopy; b, the 68 cm™" band; ¢, the 83 cm ™" band; d, the 104 cm™" band, where only
states associated with the lower interchange triplet have been observed. The upper interchange triplet
is predicted to be at least 10 cm™" higher in energy. e: Motivated by predictions of this band, one of
us (L.B.B.) has recently reanalyzed the 83 cm™" band data set and has discovered an A” band centered
around 90 cm™". This new band is not plotted in the observed category as the tunneling splittings of

this new band have not yet been determined.

NEMO3, TIP-FQ, ASP-S, and ASP-W) and
have found that all produce energy-level pat-
terns that deviate significantly from experi-
mental results, as shown for the original
ASP-W, previously considered to be the best
dimer IPS.

One of the most important properties of the
water dimer is the binding energy (D,). The
most often quoted experimental value is 5.4 *=
0.7 kcal/mol, derived from the dissociation en-
ergy measured in thermal conductivity experi-
ments (/3). Reimers et al. (/4) recommended
the same value for D, with tighter error bars
(5.4 = 0.2 kcal/mol). This value is too large
because it is obtained with the use of crude
harmonic ab initio vibrational frequencies. Ab
initio calculations of D, have given values rang-
ing from 5.6 to 4.6 kcal/mol, although the most
recent and sophisticated calculations converge
to a value of 5.0 £ 0.1 kcal/mol (/5-18). Our
VRT (ASP-W) potential gives D, = 4.91 kcal/
mol. Using diffusion quantum Monte Carlo
(DQMC) methods (19) to perform the requisite
vibrational averaging, we have also calculated
the (D,0), dissociation energy (D,) of the
ground state as 3.46 kcal/mole, which compares
well with experimental results (Table 1).

Second viral coefficients (SVCs)—coef-
ficients of the squared density in the power
series expansion of the equation of state P/RT
for a vapor—are a time-honored measure of a
pair potential (20). Comparison of the tem-
perature dependence of SVCs calculated
from VRT (ASP-W) with experimental val-
ues obtained from H,O and D,O steam mea-
surements (2/) shown in Fig. 4 constitutes a
stringent test of the overall validity of our
potential, because SVCs are sensitive to both
the attractive well depth and the angle-aver-
aged potential (22). Essentially perfect agree-
ment is found for both H,O and D,O isoto-

~100

-150

B [cc/mol]

~200

-250

~300+
400

500 600 700
Temperature [Kelvin]

800

Fig. 4. The temperature-dependent SVCs of VRT
(ASP-W) with D,O (solid line) and H,O (dashed
line), ASP-W with H,O (dotted line), TIP4P-with
H,O (dash-dotted line), and the H,0O (open tri-
angles) and D,O (solid triangles) experimental
data of Kell et al. (27). B, the SVC, is the deviation
of the density of steam from the idea gas law.
This deviation is a direct manifestation of pair-
wise interactions in the gas.
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pomers, representing a significant improve-
ment over the original ASP-W results (which
were already fairly good).

From Table 1 we find very good agree-
ment between the two lowest tunneling bar-
riers on VRT (ASP-W) and ab initio calcula-
tions (J, 23), indicating that the topological
features of the 6D IPS are adequately repre-
sented. The highest barrier (for bifurcation),
which is not explicitly constrained in the fit,
may be too small on VRT (ASP-W), but it is
difficult to ascertain this given the large vari-
ations in ab initio values. In general, we
clearly see significant improvements in the
barrier heights relative to those on the
ASP-W surface, indicating that the hydrogen
bond rearrangement dynamics in the dimer
will be properly represented.

To further characterize VRT (ASP-W), we
have computed both equilibrium and vibra-
tionally averaged ground state structures, D,
and D, for cyclic D,O trimers and tetramers,
which have been characterized by terahertz la-
ser spectroscopy (3). This was done using
DQMC on a trimer (tetramer) IPS constructed
by pairwise addition of the pair potentials, fol-
lowed by computing first-order, iterated,
n-body induction. As shown in Table 2, good
agreement is found with both ab initio and
experimental results, and again a significant
improvement relative to ASP-W is found,
which generally produced O-O distances that
were too long. Effective pair potentials, such as
TIP4P, are not able to reproduce the cluster
features, yielding rather short O-O distances
and binding energies that are too large. That a
pair potential such as VRT (ASP-W) does so
well in calculating properties of larger clusters
is not entirely unexpected, as the dominant
n-body force is induction (polarization), which
is explicitly treated by the polarizable VRT
(ASP-W) potential. In contrast, effective pair
potentials parameterize the many-body forces
in an average way according to bulk properties
and so are unable to simultaneously describe
both small clusters and the bulk.

The principal weakness in the VRT (ASP-
W) potential is the constraint of frozen water
monomers to equilibrium properties. It is
known that the donor O-H bond actually
elongates slightly (<1%) upon hydrogen
bond formation, accompanied by smaller
changes in the bond angle (24, 25). Although
these subtle effects must eventually be in-
cluded to obtain a “perfect” water pair poten-
tial, to do so requires a complete 12D treat-
ment of the VRT dynamics and potential
surface, which currently transcends the state
of the art. Preliminary explorations indicate
that the main effects of including monomer
nonrigidity involve some reduction in the
acceptor switching splitting and a small
(~0.1 kcal/mol) increase in D,. In any case,
we expect the effects of monomer nonrigidity
on the fitted potential to be relatively minor
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(25); VRT (ASP-W) is clearly quite close to
the “exact” water pair potential. Moreover, as
computational power continues to increase, it
will ultimately become possible to determine
the small exchange-repulsion and dispersion
contributions to the many-body interactions
(26) that are operative within aggregates of
water molecules, as well as to further refine
subtle features of the pair potential by com-
paring results computed rigorously from this
pair potential with the precise VRT data mea-
sured for the water trimer, tetramer, pen-
tamer, and hexamer. Hence, a truly rigorous
molecular description of the force fields of
solid and liquid water seems close at hand.
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Design and Self-Assembly of
Open, Regular, 3D
Mesostructures

Tricia L. Breen, Joe Tien,
Scott R. ). Oliver, Tanja Hadzic, George M. Whitesides*

Self-assembly provides the basis for a procedure used to organize millimeter-
scale objects into regular, three-dimensional arrays (“crystals”) with open
structures. The individual components are designed and fabricated of polyure-
thane by molding; selected faces are coated with a thin film of liquid, metallic
alloy. Under mild agitation in warm, aqueous potassium bromide solution,
capillary forces between the films of alloy cause self-assembly. The structures
of the resulting, self-assembled arrays are determined by structural features of
the component parts: the three-dimensional shape of the components, the
pattern of alloy on their surfaces, and the shape of the alloy-coated surfaces.
Self-assembly of appropriately designed chiral pieces generates helices.

We describe a procedure that uses self-assem-
bly of patterned, three-dimensional (3D), me-
soscale (millimeter- to centimeter-scale) objects

Department of Chemistry and Chemical Biology, Har-
vard University, 12 Oxford Street, Cambridge, MA
02138, USA.
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to generate open, regular, 3D structures. These
types of structures may eventually find use as
the cores of densely interconnected, 3D elec-
tronic and optical elements for high-perfor-
mance computation and sensors. We prepared
millimeter-scale objects (both polyhedra and
more complex shapes designed to form an ex-
tended lattice), coated selected faces with a film
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