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Significance of salt-water systems:
two examples
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Hofmeister series
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lon pairing and cooperativity

® Law of matching water affinity
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Salt-water clusters

® Cluster iIs the bridge connecting isolated
atoms or molecules and condensed phases

» The hydration environments of ions.

» How easily do different ion pairs
become solvated by water molecules?

» Does Iion pairing follow the law of
“matching water affinity”?

» Does the ion cooperativity shown in
bulk solutions also exist in clusters?




Model systems
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Approaches for small clusters

Anion photoelectron spectroscopy (APS)
and QM calculations are combined

A VDE = E(neutral) — E(anion)

eKE (both at anion geometry)
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eBE

observed
spectrum

HE R Fig. Schematic potential energy
g surfaces depicting the anion

photoelectron spectroscopy expt.

P.G. Wenthold, W.C. Lineberger., Acc. Chem. Res., 32, 579 (1999)



Difficulties for large clusters

® Experimentally

Thermal motion
» Large clusters only exist in low temperatures.

® Theoretically

Complexity of potential energy surface.

» If one H,0O adapts only four connection
patterns, 2D2A, 2D1A, 1D2A and 1D1A, for
(H,0),,, there would be 41° configurations.



Integrated Tempering Sampling
method

® Effective potential and force in ITS simulation
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® Applications: protein folding, peptide aggregations,
chemical reactions and protein-DNA interactions
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ITS(MM)-OM framework

One starting configuration

ﬂITS simulations

Ensemble of different structures —cj|assical

ﬁEnergy minimization Force fields

Force field optimized structures |

Optimization, frequency, h
Single-point energy >Quantum

QM-optimized local minima ~ _

DFT, MP2, CCSD...



Potential energy evolution
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Structures of (H,0),, & (H,0).,

A. Prism

R.E.(BLYP-M2) 0.28
R.E.(LC-0PBE) 0.00

C. Cage-like
R.E.(BLYP-M2) 1.85
R.E.(LC-oPBE) 2.41

B. Cage

R.E.(BLYP-M2) 0.00
R.E(LC-wPBE) 0.44

D. Fused Cube

R.E.(BLYP-M2) 0.31
R.E.(LC-wPBE) 3.29

All energies are in kcal/mol

(HZO)ZO

A. Fused-like
R.E.(BLYP-M2) 0.00
R.E.(LC-0PBE) 0.00
R.E.(0B97XD) 0.00
R.E.(B2PLYPD) 0.00

B. Clathrate-like
R.E.(BLYP-M2) 0.67
R.E.(LC-0PBE) 1.38
R.E.(0B97XD) 0.55
R.E.(B2PLYPD) 0.70

o -

C. Edge-sharing
R.E.(BLYP-M2) 0.31
R.E.(LC-0PBE) 2.20
R.E.(wB97XD) 0.44
R.E.(B2PLYPD) 1.02

D. Cage
R.E.(BLYP-M2) 3.03
R.E.(LC-0PBE) 2.61
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High level calculations on (H,0),,

Table: Relative energies under BLYP-M2 functional-
optimized structures. Energies are in kcal/mol

BLYP-M2/ACPD* MP2/ACPD*

Structure DAE bAE b)AE

20A 0.00 0.07 0.00
20B 0.67 1.30 0.99
20C 0.31 0.00 0.10
20D 3.03 3.18 3.36

*ACPD: aug-cc-pvdz
a) Zero-point energy corrections are included
b) Zero-point energy corrections are NOT included
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An explanation for stability: balance
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Vertical Detachment Energy (eV)
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VDES and anion structures
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Structures for neutrals

® Lil and Csl interact with
water differently

® Lil ion pair becomes
separated when n=5

Fig. The global minimum structures
for salt-water clusters Lil(H,0),., and
Csl(H,0)16
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Salt-water and water clusters
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Cation-anion distance distribution
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Cation-anion distance distribution
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Structures of NaCl(H,0), 4
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Na-Cl is NOT separated by water.
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How Many Waters Are Necessary To Dissolve a Rock Salt Molecule?

Pavel Jungwirth
J. Heyrouvsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic,
Dolejskova 3, 18223 Prague §, Czech Republic

Received: August 24, 1999, In Final Form: October 19, 1999

6 waters are enough !

It 1s textbook knowledge that in order to dissolve rock salt in liquid water at ambient conditions at least nine
water molecules per salt molecule are needed. An obvious but until now unsolved question arises: How
many water molecules are necessary to solvate a single sodium chloride molecule? In other words, what is
the smallest water cluster in which a solvent separated Na™/C1~ ion pair becomes stabilized? The answer,
based on accurate quantum chemical calculations, is that simple extrapolation from the liquid is quantitatively
wrong and that the hexamer represents the smallest water species that dissolves the NaCl molecule.

Solvation of Sodium Chloride: An Effective Fragment Study of NaCl(H,0),

Christian P. Petersen and Mark S. Gordon*
Department of Chemistry, Iowa State University, Ames, Iowa 50011

Received: December 29, 1998, In Final Form: March 3, 1999

Analysis of the structures in Figure 3 and the incremental
binding energies in Table 3 clearly suggest that NaCl in the 10 waters are
presence of 10 water molecules is far from fully solvated. NaCl-
(H,O), 1s a contact 1on pair, not a separated 1on pair, and it 1s NOT enou g h !
likely that many more water molecules are needed to attain the
latter state. A simple calculation reveals that NaCl + 10 water
molecules comprises a very concentrated (~6 M) solution. A
dilute solution would require 2—3 orders of magnitude more
waters. Such calculations are certainly feasible with the efficient
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Transition from CIP to SSIP

Structures
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Transition from CIP to SSIP:
temperature effect

0.14 0.14
a b
( )0.12 SA ( )0-12 9A — 9%
2010 2010 = %Z%E
= 0.08 = 0.08 —
2 s — 225K
2 0.06 2 0.06 250K
a 0.04- || a 0.04
0.02 J\ 0.02 J 92B
0.00 38 5 alont © 0.00 3t 5 afal O
stance(Ang. stance(Ang.
(C)o.14 ! (Ang.) (d)o.14 : : 1Ang.)
012 10A 10B 0.12 5 12C
2010 | 2010 12B
S 0.08 5 0.08
3 0.06 8 006 12A
(@] (@]
& 0.04 a 0.04
0.02} 0.02
I 5 6 7 8 00— 5 6 7 8

4 4
Distance(Ang.) Distance(Ang.)

Note: These data come from ITS simulations.

24



Discussions on temperature effect
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|. Effective dissolution

» lon pairing propensity
Csl(1:>20) > NaCl(1:9) > Lil(1:4)
» Solvent/solute ratio In

their saturated
solutions at room

temperature
05 | | | ] | | | | | | |
20 2 4 6 8 10 12 14 16 18 20 Lil: 125 M 45
Number of water molecule NaCl: ~6.2M 9

NiCl,: ~5.3 M 11*

*Xia F-F. et al, J. Phys. Chem. A, 117, 8468 (2013)



Il. Law of matching water affinity

» Interactions of these ions with water
— LI: strongly hydrated Li* Na*// K* Rb* Cs*
— Cs, I: weakly hydrated =1/ CI Br I
— Na, Cl: moderately hydrated

» The overall structures of salt-water clusters are ion
pair specific, indicating ion cooperativity
— CslI(H,0), resemble the structures of (H,O), .,
— Lil(H,0), largely change the structures of (H,O),,,

— NaCl(H,0O),, tend to form cuboid when n is large
enough



I, ITS(MM)-OM framework

» ITS(MM)-QOM framework is validated In
studying pure and salt-water clusters

» ITS part can be described by semi-empirical
methods, such as AM1, PM3, SCC-DFTB etc.

» Improved framework can be used in other
Interesting systems such as

— Chemical reactions In clusters and
water/air interfaces

— Atmospheric species like SO,2 and NO;’



Computational details

® |TS simulations
— Software: Amber9
— Water model: SPC/E
— lons parameter: ions08
— Integrating step: 0.5 fs
— Integrated tempering range: 50-350K

® Quantum calculations
— Software: Gaussian 09 (Version A02)

— Functionals used in optimization: LC-wPBE, BLYP-M2;
wB97XD, B2PLYPD, M06-2X

— Single point energy: MP2, CCSD, CCSD(T)
— Basis sets: Li,Na,CI,H,0:6-311++G(d,p);
Cs,l:Lanl2DZdp ECP
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