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In 2007, the author was among a group of scientists who were 
asked by noted science writer Michael schirber to identify for an 

article appearing on livescience (http://www.livescience.com) what 
they viewed as “the most important unsolved mystery in science,” to 
which he responded “The greatest mystery in science is understanding 
why, after literally centuries of tireless research and endless debate, 
we remain unable to accurately describe and predict the properties 
of water-the ostensibly simple, third most abundant molecule in The 
Universe, and the basis of all life as we know it” In this article, we 
briefly review the status of a few of these current “mysteries” involving 
water that our research group has recently addressed. Most of these 
explicitly or implicitly involve the liquid water surface.

Note that his article is not intended to be a comprehensive review, 
but rather to provide a general outline. The reader is referred to 
references provided in the cited literature.

selective Adsorption of Ions to the liquid Water surface
The last decade has witnessed remarkable progress in our understanding 
of the interfaces of aqueous solutions-a subject of critical importance 
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in broad areas of contemporary science. Initially motivated by 
observations in the study of atmospheric aerosol chemistry and 
subsequent computer simulations, results from numerous research 
groups are producing a new view of aqueous interfaces that is 
expanding rapidly in both detail and scope. several recent reviews 
survey this progress.1-3 While initial reports of positive surface 
adsorption of simple ions were met with considerable skepticism, the 
accumulated experimental evidence in support of such predictions 
from simulations has now convinced most doubters, and current 
efforts have turned to elucidating the mechanism responsible for this 
counterintuitive behavior.

Temperature dependent UV-SHG experiments have shown 
that ion adsorption is driven by enthalpy and impeded by entropy.4 
Accompanying model calculations (from Pat schaffer and Phill 
Geissler) demonstrated that the displacement of weakly interacting 
water molecules into the bulk solution by anions moving to the air-
water interface produces a negative (favorable) enthalpy change, 
while the suppression of capillary waves by the adsorbed ions yields 
a negative (unfavorable) entropy change of similar magnitude. The 
fact that a point dipole solvent model (Stockmayer fluid) yielded 
results essentially identical to those employing a widely used explicit 
water model (SPC-E) testifies to the generality of this ion adsorption 
mechanism for the air/water interface. We have also begun to explore 
the nature of ion adsorption to more complicated interfaces. Notably, 
the adsorption of bromide ions to the interface formed by a monolayer 
of dodecanol on liquid water was shown to exhibit an essentially 
identical free energy to that found for the air/water interface.5

But both the experimental and theoretical studies were performed 
on high (molar) concentration solutions. Quite different results have 
been reported for dilute (millimolar) solutions. For example, molar 
solutions of potassium iodide and potassium ferrocyanide exhibit 
“normal” ion adsorpion behavior, viz adsorption free energy changes 
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of ca. -1 kJ/mol, whereas much higher values are found for millimolar 
concentrations.2,6 This is reminiscent of the controversial “Jones-Ray 
experiments” of the 1930s, wherein 13 salts were found to exhibit 
negative surface tension increments (and thus positive ion adsorption) 
at sub-millimolar concentrations, while exhibiting maxima at ~ 
1 millimolar before becoming positive and behaving normally 
(~proportional to salt concentration) in the molar region.6

We have analyzed these Jones-Ray data with the simple adsorption 
models used in our UV-SHG experiments, showing them to exhibit 
free energy changes that are ~10x larger than our “usual” molar 
concentration values.2,6 Another study in the molar region surprisingly 
revealed very different behavior for the adsorption of NaNO3 and 
NaNO2 salts. While nitrate exhibited “normal” behavior, following the 
independent adsorption model used for all systems we have studied in 
the molar region,7 sodium nitrite data could not be fit with that model, 
but instead fit well to an ion pair adsorption model, with a much higher 
free energy change.8

As described above, our temperature dependent studies of 
thiocyanate and associated calculations establish that it is the 
displacement of weakly interacting water molecules (from the interface 
and the ion solvation shells) into the strongly hydrogen bonding bulk 
solution that is the driving force for the electrostatically unfavorable 
ion adsorption to the air-water interface. There are competing models 
for this driving force, including a large surface field produced by the 
asymmetric interfacial distribution of water dipoles.9 Future studies 
will clarify the nature of this vitally important process.

Cation-Cation pairing in aqueous solutions
Another surprising phenomenon that is seemingly forbidden by 
electrostatics has recently been shown to be enabled by a similar 
displacement of weakly interacting waters into the more strongly 
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interacting bulk-formation of contact pairs between two positively 
charged ions.10 In this case, guanidinium ions, which form strong N-H 
donor hydrogen bonds with water in the plane of the molecule, but 
form weak acceptor bonds with water into the pi electron network 
perpendicular to the plane, expel the weakly interacting waters as they 
are drawn together by fluctuations and strong dispersion forces. The 
net interaction is favorable for the cations to form a stacked contact 
pair, in defiance of the like-charge repulsion rule. This finding, which 
was predicted by several theoretical calculations and verified by our 
recent x-ray spectroscopy experiments and first principles’ theory 
(with david Prendergast), may have important general implications 
for biological systems, since guanidinium is the side chain of the 
amino acid arginine, which is known to form unusual arrangements in 
polypeptides, and other biological molecules have structures similar 
to guanidine.

Water evaporation
The evaporation of water is likewise a subject of both consequence and 
controversy. The competition between evaporation and condensation 
determines the particle size distribution in clouds, which, in turn, 
determines their optical properties-viz. absorption, transmission, 
reflection, and scattering of sunlight. Accordingly, there has been 
much effort directed at characterizing the kinetics of evaporation (and 
condensation). The standard description of evaporation proceeds in 
terms of the simple Hertz-Knudtson equation for the maximum rate of 
collision of a gas molecule with a surface. equilibrium (reversibility) 
is assumed between condensation and evaporation, and the inevitable 
molecular-level complexity is embodied in the “fudge factors” called 
the sticking coefficient (for condensation) or evaporation coefficient 
(for evaporation). Many experiments have addressed the determination 
of the evaporation coefficient, with published results spanning three 
orders of magnitude. The most recent determinations cover a more 
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restricted range of 0.05 to 1.0, however, while most cloud models 
employ a value of unity.

We have combined liquid microjet technology with raman 
thermometry for measuring evaporation coefficients.11-14 By simply 
employing jet diameters that are smaller than the mean free path of 
evaporating molecules from the jet in a vacuum, collisions between 
gaseous molecules and between evaporating molecules and the liquid 
jet are minimized, and evaporation rates free from contamination 
by attending condensation, ostensibly the principal uncertainty in 
previous determinations, are easily obtained. With this approach, we 
(with Ron Cohen) obtained an evaporation coefficent of 0.62 +/-0.09 
for h2O and 0.57+/-0.06 for D2O (independent of temperature over 
the range [245-298K] , implying the presence of a small barrier in the 
evaporation reaction coordinate. The change from the value of unity 
used in the cloud models to our value of 0.6 is not expected to cause 
any dramatic changes in the models, whereas values of 0.1 or less 
would indeed engender significant effects.

In addition to determining an accurate value for use in climate 
models, there is also much interest in establishing the detailed 
molecular mechanism by which water molecules evaporate from 
the liquid surface. While this has been attempted via a number of 
molecular dynamics simulations, the results have been unconvincing 
and uncertain. The underlying reason for this is the fact that the 
evaporation event is a very rare occurrence (ca. one event from 
a 1nm2 area every 10 nanoseconds) and thus difficult to model. 
Very recently, Varrily et al. addressed this problem with the use of 
Chandler’s powerful Transition Path sampling (TPs) approach for 
simulating rare events.15 Two salient results emerged from this study: 
1) no barriers were evident in the evaporation coordinate, implying an 
evaporation coefficient of unity 2) the critical feature of the reaction 
coordinate was found to be the amplitude of the thermally excited 
capillary waves on the liquid surface. Water molecules evaporated 
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when an anomalously large amplitude capillary appeared (as a rare 
event) due to constructive interference of the many thermally excited 
wavelengths. The appearance of such a large amplitude protrusion 
weakened the water hydrogen bonds, allowing the molecule to 
dissociate from other interfacial molecules. The relatively small 
difference between the current experimental value of the evaporation 
coefficient (0.6) and the TPS result (unity) remains to be resolved, but 
could be due to factors such as quantum effects not considered in the 
simulations, the use of an effective water model (SPC-E), or to aspects 
of the experiment and interpretation that were not considered in detail, 
e.g. extrapolation of the cooling curve in the supercooled region. 
Meanwhile, essentially the same experimental value of the evaporation 
coefficient has been obtained for 3M solutions of ammonium sulphate 
(the dominant inorganic component of atmospheric aerosols),16 while 
a 25% reduction in this value was found for molar solutions of sodium 
perchlorate-comprising a highly surface active anion.17

Water Clusters in the Atmosphere: Contributions to the “Water 
Continuum”
Water is the third most abundant molecule in the atmosphere and the 
principal absorber of both incoming sunlight and reradiated blackbody 
radiation. however, models of atmospheric absorption that only take 
into account the water monomer rotational and vibration-rotation 
transitions fail to match with measurements of the atmosphere’s 
absorption spectrum.18 Water continuum absorption extending from the 
microwave to the infrared was first discovered in the microwave region 
by hettner in 1918 and elaborated by elsasser shortly afterward, and 
has since been studied by many groups, but still no consensus exists 
as to its origin. It has been determined that for ambient atmospheric 
conditions, this continuum absorption scales quadratically with the h2O 
number density and has a strong, negative temperature dependence. 
Three possible mechanisms have been proposed to account for these 
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observations: Far wing absorption of allowed monomer transitions, 
absorption by water dimers, and collision-induced absorption. No 
consensus exists as to which mechanism is primarily responsible 
[http://www.met.reading.ac.uk/caviar/water_continuum.html], and the 
recent detailed studies by leforestier and coworkers have elucidated 
the difficulties in ascertaining the origin of the continuum.19-22 however, 
they were able to deduce some important conclusions based on the new 
information available, as we discuss below.

The possibility that water dimers and perhaps larger water clusters 
act as sources of excess absorption has been intensely debated for 
over four decades, with recent work suggesting that water dimers are 
indeed involved in both the radiation balance and chemistry of the 
atmosphere.23 However, definitive detection of water dimers in the 
atmosphere has remained elusive. Towards the goal of elucidating 
the abundance and the spectroscopy of dimers in the atmosphere, we 
(with Claude leforestier) have employed successively more accurate 
and sophisticated water dimer potential surfaces and computational 
methods that utilize the available terahertz and Ir data to compute the 
dimer equilibrium constant, that in turn permits abundance and spectra 
to be calculated as a function of atmospheric conditions (temperature, 
pressure, humidity).24-26 Qualitatively, these results do indeed indicate 
that the dimer abundance can be high enough to engender important 
effects, as proposed, especially at high relative humidity.

Using the new potential surfaces and spectroscopic information, 
leforestier and coworkers were able to deduce some important 
information regarding the origin and properties of the water 
continuum.19-22 In particular, they could assess the relative importance 
of each of the three proposed continuum mechanisms.22 In the 800–
1150 cm−1 region, which is the window between the pure rotational 
band and the bending vibrational band, contributions from far wings of 
allowed h2O lines are the dominant source of the continuum, whereas 
contributions from dimer absorption are small or even negligible, 
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and those from the collision induced absorption are negligible. In 
the “pure rotational band” between 30 and 500 cm−1, the calculated 
dimer absorption could account for approximately 20%–35% of the 
predicted self-continuum at room temperature and even more at lower 
temperatures. Above 500 cm−1 dimer contributions fall off very rapidly 
as the frequency increases. In the microwave region, dimer absorptions 
could make even larger contributions to the self-continuum. The three 
continuum mechanisms were found to have completely different 
temperature dependences. The dimer spectra exhibit a very strong 
negative T dependence, the far-wing theory exhibits a moderately 
strong negative dependence, while collision induced absorption has 
a weak and predominantly negative dependence. The nature of these 
temperature dependences was also generally complicated.

electrokinetic energy Conversion and hydrogen Generation 
from liquid Water Microjets
The exploitation of water as an essentially limitless source of clean 
energy has been a perennial dream of scientists and engineers- and 
science fiction writers- particularly noting the “Cold Fusion” debate 
of two decades past. On a more modest scale, we have found that by 
simply squirting water through a small hole under the proper conditions, 
it is possible to generate both electrical power and gaseous hydrogen. 
Building on the work of Faubel and coworkers,27 we investigated the 
use of liquid microjets for “electrokinetic energy conversion”, finding 
that 10-20% of the kinetic energy of flowing water could be easily 
converted to electrical power, with the accompanying generation of 
hydrogen.28,29 No serious attempts were made to optimize the efficiency 
of either hydrogen generation or power conversion in these initial 
experiments that used the same liquid microjet metal orfice apparatus 
employed in our initial X-ray experiments.30 however, accompanying 
modeling supported the intuition that electrokinetic current generation 
resulted from the overlap of the interfacial charge distribution with 
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the hydrodynamic velocity profile, assuming that hydroxide ions 
initially adsorbed to the metal nozzle, with hydrated protons forming a 
mobile counterion layer, such that the hydrodynamic flow swept more 
protons than hydroxide out of the nozzle region. A patent was filed for 
this process, with suggestions for improving the efficiency [patent: 
Method and Apparatus for Electrokinetic Co-Generation of Hydrogen 
and Electric Power from Liquid Water Microjets, Inventor(s): richard 
J. Saykally; Andrew M. Duffin; Kevin R. Wilson; Bruce S. Rude].

Towards a Predictive Universal Model for Water
The essential missing ingredient necessary (but perhaps still not 
sufficient) for a definitive resolution of the above issues and the many 
other unresolved “mysteries” of water is a model capable of describing 
water in all its forms and under all conditions with predictive accuracy. 
While literally hundreds of water models have been developed, and 
some of them can describe a considerable number of properties under 
a limited ranges of conditions, none come close to the “universal first 
principles’ “model described above, despite impressive recent progress. 
For over two decades, our group has pursued this goal (with Claude 
leforestier) via the highly detailed study of small water clusters by 
Terahertz Vibration-Rotation-Tunneling (VRT) spectroscopy.31-41 The 
plan is to understand every detail of the water dimer, trimer, tetramer, 
pentamer, etc through the combination of terahertz VrT spectroscopy 
and state of the art quantum chemistry. Initially, we refined Stone’s 
highly detailed (72 parameter) AsP model for the dimer via least 
squares regression analyses of VrT spectral parameters(intermolecular 
vibrational frequencies, rotational constants, tunneling splittings, ...), 

with the philosophy being that the dimer contains the most essential 
components of a complete water potential energy surface, since the 
latter is dominated by pairwise intermolecular interactions, while 
the trimer, tetramer, etc will provide quantification of the three-body, 
four-body, etc terms that account for the famous cooperative nature 
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of hydrogen bonding in condensed water that underlies its unusual 
behavior. The subsequently refined models (called VRT-ASP) were 
shown to reproduce the structures of the small water clusters as well 
as the properties of liquid water reasonably well,42,43 but ultimately 
require a full quantum mechanical treatment of the dynamics with 
this very complex intermolecular potential energy surface, which is 
expressed in molecular coordinates. This is currently beyond the state 
of the art for the liquid.

recently, important advances have been made, both in the ab 
initio description of water potential surfaces and in the treatment of 
the VrT dynamics in the small water clusters. several groups have 
reported new ab initio-based water models that yield improved 
descriptions of both clusters and bulk properties.44,45 leforestier and 
coworkers46 have developed a new formalism for computing the VrT 
dynamics of clusters with a relatively simple model, but requiring 
monomer flexibility. This enables calculation of redshifts in the OH 
bond vibrations from a global potential surface, which is a difficult 
problem.47 Using the flexible monomer CCpol-8sf potential of 
salewicz et al., excellent agreement with Terahertz VrT spectra was 
achieved for the dimer.48 Van der Avoird, leforestier, and salewicz 
describe the progress towards a universal first principles’ water model 
in a recent review, and Bowman and co-workers have developed a 
new model that also yields impressive agreement with experiments 
[J. Chem. Phys. 134, 094509 (2011)].49 Finally, a dramatic advance 
in microwave spectroscopy of water clusters was recently reported 
by the Brooks Pate group,50 who were able to measure microwave 
rotation-tunneling spectra for several low-energy forms of the water 
hexamer, heptamer, and nonamer. rapid progress is indeed being made 
toward the stated goal of this section, which will ultimately enable 
the resolution of many “aqua incognita” issues by a straightforward 
calculation.
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