
recent theoretical findings in highly con- 
densed DNA phases (41). The observed 
quantitative control over the structural na- 
ture of the DNA packing in CL-DNA corn- 
plexes tnay lead to a better ~~nderstanding of 
the important structural parameters rele- 
vant to transfection efficiencies in gene 
therapy (26); in particular, they should be 
directly relevant to our ~mderstanding of 
the interactions of the complex with cellu- 
lar linids and the mechanism of DNA trans- 
fer across the nuclear tnetnbrane. 
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The Water Dipole Moment in Water Clusters 
J. K. Gregory, D. C. Glary,* K. Liu, M. G. Brown, R. J. Saykally 

The average dipole moment of a water molecule in the condensed phase is enhanced 
by around 40 percent relative to that of an isolated monomer. This enhancement results 
from the large polarization caused by the electric field induced by surrounding mono- 
mers. A quantitative molecular description of this polarization is essential for modeling 
aqueous solvation phenomena. This combined theoretical and experimental study of 
dipole moments in small water clusters provides such a description and also gives 
insights into the structure of liquid water. 

W a t e r  clusters have been studied exten- 
sively both experimentally (1 ) and theoret- 
ically (2-4) in recent years. Their s t ~ ~ d y  
provides a tneans of systetnatically explain- 
ing the properties of the bulk liquid, which 
exists as an extended and dynamic hydro- 
gen-bonded network (5). The research area 
has witnessed rapid advances as a result of 
new experimental and cotnputational tech- 
niques (6). The ultimate goals are the de- 

J. K. Gregory, Department of Chemistry, University of 

velopment of an accurate many-body po- 
tential energy surface (PES) that describes 
the electronic energy of a system of inter- 
acting water tnolecules and of a cluantita- 
tive description of the condensed phases of 
water (7). 

The dipole moment of an isolated waters 
monorner.is 1.855 D (8), whereas the cor- 
responding value in the condensed phase 
increases from 2.4 to 2.6 D as a result of 
polarization by the environment (9) (the 
debye unit D = 3.336 X C/m). The- 

cambridge. Cambridge CB2 1 EN/, UK oretical treatments based on ice lattices 
D. C. Clary, Department of Chemistry, University College 
London, London WCI H OAJ, UK. have suggested even higher values of about 
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stry, Unversity of California, Berkeley, CA 94720, USA. based on the Llse of pairwise additive poten- 
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lner dipoles of 2.3 to 2.4 D to reproduce 
experimental data (1 1 ,  12), and the in- 
crease in dipole moment on going from the 
gas to the condensed phase can only be 
accurately described if polarizability is ac- 
counted for explicitly. Ab initio molecular 
dynamics calculations yield a value of 2.66 
D for the liquid water case ( 12). A recent 
calculation based on the use of a coupled 
density functional-molecular mechanics 
Hamiltonian to simulate a quantum water 
tnolecule in a classical system gave large 
fluctuations of the instantaneous value of 
the dipole moment of the quantum mole- 
cule (13). 

In the theoretical part of this work, we 
used high-level ab initio calculations (14) 
to calculate the divole moments of the in- 
dividual molecules (monotners) in water 
clusters ranging frotn dimers to octatners. 
The individual calculation of the dipoles 
was facilitated bv a distributed multinole 
analysis (1 5), whLh allows local multiioles 
to be obtained at a varietv of sites in a 
molecule. In the ab initio Calculations on 
water clusters reported here, we ~ ~ s e d  aug- 
cc-VDZ basis sets ( 1  6)  and second-order 
Moiler-Plesset pert~~rbation theory (MP2) 
(1 7) to take into account electron correla- 
tion effects. It has been shown that h?P2 
calculations with a similar basis set give 
good accuracy for the properties of water 
clusters (1 8). 

These calculations give an isolated 
monomer dipole of 1.868 D, which is with- 
in 1% of the value observed experimentally 

(81, To calculate the contributions to the 
total dipole moments of the water dimer, 
tritner, tetramer, and pentatner, we consid- 
ered only the most stable structures (Fig, 
1A). The calculated a-dipole component of 
the water ditner, p, = 2.683 D, is close to 
the experimental value of 2.643 D (1 9) [the 
projection (pa)  of the total dipole moment 
along the a-inertial axis of the near prolate 
rotor essentially passes through the two 0 
atotns in the dirner]. The calculated values 
for the trimer and pentamer dipoles are 
1.071 and 0.927 D, respectively. The sym- 
metry of the tetrarner ensures that its dipole 
moment is zero. 

The water hexamer reuresents a cross- 
over point, where noncyclic structures be- 
come more stable than cvclic ones, Recent 
theory and experiment ('20) have suggest- 
ed that the most stable form of the water 
hexamer is a "cage" structure with eight 
hydrogen bonds (Fig. IB).  We also con- 
sidered two further hexamer structures, 
namely, the prism and cyclic structures, 
which are known to be almost isoenergetic 
with the cage isomer (21). The prism is 
probably the global minimum on the hex- 
amer electronic PES (21 ). whereas a smaller , . ,  
vibrational zero-point energy is responsible 
for the greater stability of the cage (20), and 
the cyclic structure is of further interest be- 
cause of its similarity to the structure of ice 
Ih. The cyclic hexamer, like the tetramer, 
has no overall dipole moment because of its 
svmmetrv, 

To evaluate the accuracy of the theoret- 

ical predictions, we used terahertz laser vi- 
bration-rotation-tunneling (VRT) spectros- 
copy (22,  23) to measure explicitly the elec- 
tric dipole moment of the cage hexamer 
frotn the Stark effect of its VRT transitions. 
First-order spectral splittings induced by the 
electric field enabled us to determine pa. 
From the fully resolved AM = 0 and AM = 

+ I Stark features of the P(4) transition (Fig. 
2), we obtained the a-dipole cotnponents pa" 
= 1,85 D and pa' = 1.89 D, with the double 
prime denoting the ground state and sin- 
gle prime the vibrationally excited state. 
To remove the correlation in IJ. between 

I .  LL 

the ground and excited states, we consid- 
ered the fully resolved AM = + 1 transitions 
of the P(4) line in conjunction with the 
AM = 0 ones in the divole determination, 

We calculated Stark energies and tran- 
sition freq~~encies  s sing the expressions ap- 
propriate for nearly degenerate asymmetry 
doubling, which- should exhibit first-order ", 

behavior for the states of quantutn nutnber 
Ka 3 according to the rotational energy 
levels established for the cage in our earlier 
experiment (20). Tunneling splittings are 
not affected by the electric field, because 
the interactions among different nuclear 
spin states through the" external field be- 
come symmetry-forbidden at least to the 
first order in this case. We synthesized the 
simulated line shape in Fig. 2 by twice 
differentiating the superitnposed Gaussian 
profiles (2.1 MHz full width at half maxi- 
mum) that are centered on the predicted 
line positions. On  the basis of the peak 

Fig. 1. (A) Lowest energy A B 
structures of the water Hexamer (cyclic) 

Dimer 
d~mer, trimer, tetramer, and 
pentamer with dotted lines 
at left corresponding to hy- 
drogen bonds. The indiv~du- w 
a dipoles on each monomer - Trimer (cyclic) are shown on the right as ar- 
row vectors po~nt~ng away Hexamer (cage) 
from each 0 atom. Also 
shown are the drection and 
magnitude of the total d p o e  1.204 D 
moment of the cluster. For 1.071 D / 
the tetramer, the total d p o e  
moment IS zero as a result of Tetramer (cyclic) 

A 
S, symmetry. (B) Three 
structures of the water hex- -. .. .. . ( 

Hexamer (prism) 
amer together with their di- u' 
pole moments. The cycl~c 
structure, like the tetramer, 
has no net dipole moment /> 2.701 D 

,;" '5:: 

because t has S, symmetry. w 

Q Pentamer (cyclic) 
V 
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vositions of the calculated svectruin rather 
than the stick frequencies, a nonli~lear least 
squares fit of the field-dependent peak sep- 
arations mas performed to yield pa" and pa1. 
Other vartiallv resolved transitions exhibit- 
ing the first-order Stark effect were also 
analyzed. A strong dependence of both pa" 
a i d  pa1 on the quantum numbers J and K, 
was f o u ~ ~ d  to produce values ranging froin 
1.82 to 2.07 D. Aside froin the true quan- 
tum and vibrational excitation effects, these 
large variations are caused by the difficulties 
in uniquely reproducing the uilresolved fea- 
tures and in calibrating the electric field, 
leading to a percentage error in pa of less 
than 5%. Furthermore, from the observed 
Stark splitting patterns, we can determine 
that pa1' and pa' have the same signs. 

Stark ineasureinents were also attempted 
for (H,O),, (D20),, ( D z ~ ) ~ ,  and (D20) j ,  
but no spectral splitting or broadening was 
observed at the highest electric field 
strength (-45 V/cm) attainable in our ap- 
paratus. A plausible explanation is that low- 
barrier facile out-of-plane flipping motions 
of the free 0-H or 0-D bonds effectively 
average the overall cluster dipoles to zero 

Fig. 2. The fully resolved ex- 
perimental and s~mulated 
AM = 0 electric field splitting 
patterns of the P(4) VRT 
transitons of the cage hex- 
amer (corresponding to J' = 
K,' = 3 +"P = K," = 4, 
where J is the quantum 
number of the overall angu- 
lar momentum and K, is its 
projection along the approx- 
imate symmetry axis) at an 
eectrcal f~eld of 40.2 V/cm 
(top). The f~eld-free patterns 
are given for comparison 

(bottom). Stark transitons 
arlsng from four dsparate 
tunneling symmetries (A,, 
A,, B,, and 5,) correlating to 
d~fferent nuclear spin states 
of the cluster were deconvo- 
luted nto three sets of stick 
spectra for each field; the 
middle sick spectrum con- 
tains two overlapp~ng tun- 
neling components (A, + 
B,). The relat~ve intensities 
between the d~fferent sym- 
metry species are propor- 
t~onal (20) to ther nucear- 
spn statistical weights as 19 
(Aa):6 + 6(Ab + 5,): 2(Bb). 
ndiv~dual M components 
are labeled, M being the 
magnetlc quantum number 
corresponding to the pro- 
jection of the total angular 
momentum J along the 
space-f~xed axis def~ned by 
the electric field vector. 

despite their appreciable values at the eclui- 
libriu~n geometries as predicted for the 
asy~nrnetric triiner and pentamer in the 
above ab initio calculatio~~s. The dynamic 
symmetry (containing the space inversion) 
caused by flipping requires the vibrationally 
averaged permanent dipole moments to av- 
erage to zero for the cyclic tri~ner and pen- 
tamer, as in the a~nmonia monoiner and 
di~ner wherein the permanent dipole aver- 
ages to zero because of the umbrella inver- 
sion (24). 

To comulement our ab initio calcula- 
tions and to rationalize the origin of the a 
axis dipole component for the cage hex- 
amer, we also modeled the dipole moments 
using an induction expansion through the 
dipole- and quadrupole-induced dipole 
terms; we solved the induced electric field 
in an iterative self-consistent manner using 
the known anisotropic polarizability (25) 
and quadrupole moments (26) of the mono- 
mer. The structures from the di~ner to hex- 
amer used in this model were derived con- 
sistently from the experilnental rotational 
constants. Using this model for the dimer, 
we obtained a pa of 2.61 D, which is in 

Experimental 

VRT symmetry 
,.,,,,,I , , I . . b...... 

, . 
(spin weight): Aa(18) Ab(6) + Ba(6) Bb(2) 

I I I 
2,474,880 2,474,900 

Frequency (MHz) 

agreement with the experimental value 
(19). For the cage hexainer pa is 2.02 D, 
which is in reasonable agreement with the 
experimental values. The largest contribu- 
tion (95%) to the a-dipole component 
comes from the four triply bonded mono- 
mers. Because of the relative rigidity of 
these triply bonded monomers, the aver- 
aged a-dipole projections are unlikely to be 
significantly altered upon inter~nolecular 
vibrational excitation, thereby yielding pa' 
and pa1' with the same sign as determined in 
our Stark measurements. 

Ab initio calculations produce dipole 
inolnents only for the static equilibrium 
structures, and the experiments measure the 
vibrationally averaged values. To treat the 
vibrational averaging effects explicitly, we 
used the rigid-body diffusion quantum 
Monte Carlo method (4 ,  20) together with 
the induction model for the dipole moment 
surface. This ca-lculation gave a total dipole 
mornent for the cage hexa~ner of 2.05 D, 
which is an enhancement of 8%, However, 
pa was correspondingly 5% smaller, giving a 
value of 1.89 D, which is in good agreement 
wit11 the measured ground-state experirnen- 
tal value of 1.85 D. 

KJe applied the iterated induction model 
to coinoute the individual monomer dioole 
moments in the clusters, and these results 
compare very well with the ab initio values 
(Fig. 3). The lnonoiner dipoles in the hex- 
arner cage structure deviate from the exuo- - 
nential enhancement trend exhibited by 
the diiner and the cyclic clusters; this result 
closely parallels the departure of the aver- 
age 0;O separation (Ro-o) for the cage 
(2.82 A )  frop the value for the cyclic hex- 
ainer (2.76 A )  extrapolated from the expo- 
nentially contracting Ro-o trend observed 
for the di~ner and ring clusters (6,  27). Both 
trends identifv the hexarner as the transi- 
tion wherein ihree-dimensional hydrogen- 
bonded networks become Inore stable than 
the cyclic forms. The cage has the same 

Number of molecules in cluster 

- - - 

2 6 -  

2 4 -  - 
0 g 2 2 -  

$ 1  g 2 0 -  
C 

2 1 8  

Fig. 3. Plot of the average dpoe moment of a 
water monomer n a cyclic water cluster aganst 
the number of water molecules In the cluster. Ab 
initio and inducton model results are shown. For 
the hexamer, dipoles for both the cage and cyclic 
structures are given. The octamer value IS for the 
cub~c (D,,) structure. 
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structilral arrangetnent as the b@c unit of 
ice VI, for which Ro-, is 2.81 A (23),  

Finally, we used the induction rnodel to 
calculate the monomer di~oles in a collection 
of 160 water molecules arranged into the lat- 
tice structure of ice I,, which is currentlv 

'L, 

beyond high-quality ab initio calculations. 
We obtained an average rnonorner dipole of 
2.i6 D for this inodel of ice Ih, compared with 
a value of 2.70 D calculated for the cvclic 
hexamer. The effective dipole moment of a 
water monomer in liquid water at 0°C is 2.4 to 
2.6 D and should increase when the material 
becomes supercooled (29). 

The close agreement achieved between 
the ab initio d i~o le  motnent enhancements 
and those computed from the induction 
model, together with the good agreement of 
the calculated vibrationally averaged pa for 
the cage hexa~ner with experiment, confirm 
the accuracy of the simple induction inodel 
for describing the dipole motnents of water 
clusters. Our findines should facilitate the - 
development of refined molecular models 
for liauid water. Furthermore. the close re- 
semblance of the properties of the water 
hexamer with those of the condensed phas- 
es may indicate that the dominant interac- 
tions that occur in condensed-ohase envi- 
ronments are reasonably well represented in 
even this stnall cluster. 
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On the Quantum Nature of the Shared Proton 
in Hydrogen Bonds 

Mark E. Tuckerman, Dominik Marx, Michael L. Klein, 
Michele Parrinello 

The relative influence of thermal and quantum fluctuations on the proton transfer prop- 
erties of the charged water complexes H5OZt and H,02- was investigated with the use 
of ab initio techniques. These small systems can be considered as prototypical repre- 
sentatives of strong and intermediate-strength hydrogen bonds. The shared proton in 
the strongly hydrogen bonded H50,+ behaved in an essentially classical manner, 
whereas in the H,02- low-barrier hydrogen bond, quantum zero-point motion played 
a crucial role even at room temperature. This behavior can be traced back to a small 
difference in the oxygen-oxygen separation and hence to the strength of the hydrogen 
bond. 

Proton transfer through a hydrogen bond is 
a ilbiquitous phenomenon, influencing dy- 
namical behavior in a wide variety of sys- 
tems ranging from materials science to bio- 
chemistry. For example, charge-conducting 
"water wires" ( I )  are crucial in the function 
of metnbrane protein channels (2 ) ,  and the 
photosynthetic reaction center utilizes pro- 
ton transduction in one of its fundamental 
steps (3). The strength and sytnmetry of the 
hydrogen bond are key properties that are 
often qi~alitativel~ correlated with its aver- 
age length (4), Indeed, tnany living systems 
tnodulate the strength of hydrogen bonds 
(5, 6)  and even promote hydrogen tunnel- 
ing (7) to affect processes like enzyme ca- 
talysis. Despite its widespread importance, 
the quantum character of proton transfer 
has not been satisfactorilv elucidated. This 
deficiency persisted because of the com- 
plexity of treating the thermal and quantum 
fluctuations of many atoms in conjunction 
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with a highly accurate description of both 
the strong and weak interactions (8). Ac- 
cordingly, the focus has been on assessing 
zero-temperature quantum effects in simple 
model systems that often have a severely 
reduced dimensionality. Despite these re- 
strictions, considerable knowledge has been 
accutnulated (9) .  

In this report ab initio techniques are 
used to explore the quantum character of 
the shared proton in the hydrogen-bonded 
complexes H j 0 2 +  and H,02- at rootn tem- 
perature. These complexes can be consid- 
ered as prototypes of strong and intermedi- 
ate-strength hydrogen bonds. Research on 
weakly bound aggregates like small neutral 
(10) or charged ( I  I )  water cotnplexes has 
recently tnatured as a result of experimental 
progress. Generally, experimental and the- 
oretical studies have focused more on 
Hj02' than on H,02-. Quantum chetnical 
calculations at the Hartree-Fock level pre- 
dict asymmetric bonding with one covalent 
OH bond as the most stable configuration 
for H,02', suggesting that the proton 
moves on a potential with a double-well 
structure, This configilration corresponds 
schetnati~all~ to [H20-HY...0H2]+ and 
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