Thermodynamics of water clusters calculated ab initio
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Water clusters play an important role in many adascience, including atmospheric
chemistry, environmental sciences, or biophysicd bhinchemistry. Therefore, they have
attracted great attention of both experimentakstd theoreticians in the past as well as at
present. The geometric structure of water clussed$ principal importance for the chemical
physics and physical chemistry community as ituefices the role water complexes in many
physical and chemical processes. While there isecam extensive literature on the zero-
temperature structure of pure water clusteraich less effort has so far been devoted to theo-
retical investigation of temperature-induced st changes in these clusters, mainly be-
cause of huge computational demands symptomatuidr studies. Whenever water clusters
have been a subject of thermodynamic simulatiorostiynfocused on structural transforma-
tions of these systems with changing temperatumgle and computationally cheap empiri-
cal interaction models have been used (despitattehat they were adjusted to bulk proper-
ties of water, which, nevertheless, shows rathiéereint behavior as compared to what is ob-
served in clusters and nanodroplets). See, e.g.,1Fwhere curves of the heat capacity of
water tetramer are depicted as obtained for twh sutpirical potentials (TIPArRind TIP5P)
together with a curve calculated for an empiricaleptial (TIP6P) re-adjusted using DFT
calculations. Note that DFT methods, often beingstjoned in connection of their reliability,
perform quite well for hydrogen-bonded water netgorprovided proper exchange-
correlation functionals are used. In this caseyi@2 level of theory can be reached.
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Constant-volume heat capacity of pure water tetrame
(H»0),, calculated for two empirical, bulk-adjusted paigis
(TIP4P and TIP5P) and a potential fitted on dateiokd at
the DFT (B97R+aug-cc-pVTZ) level of theory. Local
maxima correspond to a solid-to-liquid phase tit#osiin
the cluster as predicted by the three models used.
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Recent investigations of zero-temperature strustofesmall and medium-sized water
clusters showed that at least MP2 level of theoy @ug-cc-pVDZ basis sets are required for
obtaining realistic results concerning water clisteinding energies and equilibrium struc-
tures’ Such calculations are, however, too demandinghfenmodynamic simulations, in par-
ticular in regions of structural transformationshese a lot of (dozens of millions) sample
geometries have to be generated, either by Montk ©@a molecular dynamics methods, to
reach convergence and avoid unphysical correlati©ons possible way for overcoming these
technical limitations within the Monte Carlo appebais the Boltzmann-weighting (BW)
technology, which first employs a simple, computationally ahenteraction potential (guid-
ing potential) for sampling the configuration spadehe system under study and only then
more sophisticated quantum chemistry calculatisasiaed to refine the simple-potential data
and to reach the required level of theory. The s&aey condition for an acceptable rate of
convergence of the BW approach is that the simptengial and quantum chemistry data do
not differ much from each other for a pre-generaeidof sampled-or this reason we have
used guiding potentials re-parametrized for eaalstdr size using quantum chemistry data
obtained at the same level theory as proposech®BW refinement.

Another problem emerging in relation to the BW agah is that only several thou-
sands of sample configurations are manageable dytgon chemistry methods while much
more are usually required for Monte Carlo chainedovergeTo escape from this trap due to
the technical limitations of present computatioredources, we have combined the BW ap-
proach with recently proposed multiple-histogramHMnethodology and computationally
efficient parallel-tempering (PT) methdd The PT method considerably accelerates the con-
vergence of thermodynamic data by mixing inforntatieached at various temperatures, the
MH scheme assembles the information collected mbws temperatures in a unified form of
density of states and re-uses the collected infooman a new set of calculations performed
at newly selected temperatures that are need fitreiuanalysis. The MH approach reduces
the number of sample configurations per a tempe¥ataint saving thus computer time con-
siderably.

The novel methodology for thermodynamic simulatemmsbining high level of electronic
structure calculations with the Monte Carlo apprbdtas been applied to the pilot system of
pure water tetramer, ()0),. Results are shown in Figure 2.

Figure?2

Constant-volume heat capacity of pure water tetrame

(H0),, calculated using BW Monte Carlo (points) and BW

I & MH Monte Carlo simulations (full lines) for vans simu-

: 00 wG sampes lation lengths. The same level of theory is usednaBig-

00012 o ure 1. Compare the rates of convergence for BW and
/ - 2 BW+MH methodology. Note also that a simple TIP6R po

tential performs well if re-parametrized using cpusm

chemistry (here DFT) data.
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