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Thermodynamic & transport properties of seawater 
depend on composition

current knowledge is limited* 
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* IAPWS, 2017: "Certified Research Need - Thermophysical Properties of Seawater"



Study thermodynamic and transport properties of mixtures 
of seawater and carbon dioxide at different temperatures, 

pressures at various concentrations of CO2
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RESEARCH METHODS

Seawater is a complex mixture
modelled as a mixture of water and sodium chloride

Molecular Dynamics Tools
provide a thermophysical characterisation of the system 

Numerical simulations
Temperature range: 273 K - 313 K 
Pressure range: 1 atm - 1000 atm



WATER MODELS: AMOEBA  FAMILY
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[1] Ren P, Ponder JW. 2003 Polarizable Atomic Multipole Water Model for Molecular Mechanics Simulation. The Journal of Physical Chemistry B 107, 5933–5947.
[2] Wang LP, et. al. 2013 Systematic improvement of a classical molecular model of water. The Journal of Physical Chemistry B 117, 9956–9972. 

Original AMOEBA 2003 [1] & inexpensive-AMOEBA [2]



WATER MODELS
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Original AMOEBA 2003: self consistent induced dipoles

iAMOEBA: directly induced dipoles
Induced Dipoles

Permanent multipoles



SIMULATION SETUP
NpT Simulations with TINKER 8.10.2 (customised)

Computed quantities:
• Density                               
• Isothermal Compressibility   
• Thermal Expansion Coefficient
• Isobaric Heat Capacity           



DENSITY

 950

 960

 970

 980

 990

 1000

 1010

 1020

 1030

 260  280  300  320  340  360

D
en

si
ty

 (k
g 

/ m
3 )

Temperature (K)

Density of Water

(2003) AMOEBA Mutual
AMOEBA Direct
iAMOEBA Direct

Experiment

* Wang LP, et. al. 2013 Systematic improvement of a classical molecular model of water. S.I. The Journal of Physical Chemistry B 117, 9956–9972. 



THERMAL EXPANSION COEFF.
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* Wang LP, et. al. 2013 Systematic improvement of a classical molecular model of water. S.I. The Journal of Physical Chemistry B 117, 9956–9972. 



ISOTHERMAL COMPRESSIBILITY
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* Wang LP, et. al. 2013 Systematic improvement of a classical molecular model of water. S.I. The Journal of Physical Chemistry B 117, 9956–9972. 



ISOBARIC HEAT CAPACITY
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* Wang LP, et. al. 2013 Systematic improvement of a classical molecular model of water. S.I. The Journal of Physical Chemistry B 117, 9956–9972. 
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*Laury ML, et al. 2015 Revised parameters for the amoeba polarizable atomic multipole water model. J. Phys. Chem. B 119, 9423–9437. 

Amoeba14*



Classical M.D. can’t correctly reproduce the temperature behaviour of heat 
capacity at low temperatures where quantum effects have to be considered.



QUANTUM CORRECTIONS
Harmonic oscillators

Classical Oscillators Quantum Oscillator



QUANTUM CORRECTIONS

Horn[1] : 
Use a reduced number of frequencies obtained from experiments

Berens[2]:
Use the full vibrational spectrum computed from velocity autocorrelation function

[1] Horn HW et al. 2004 The Journal of Chemical Physics, vol. 120, pp. 9665-9678.       [2] Berens PH et al. 1983 The Journal of Chemical Physics, vol. 79 pp. 2375-2389. 



FULL SPECTRUM QUANTUM CORRECTIONS
1 Mass Weighted Velocity Autocorrelation Func-

tion

The mass weighted velocity autocorrelation function (VACF) for a molecular sys-
tem is given by:

C(t) =
X

s

msCs(t), Cs(t) = hvs(t
0) · vs(t

0 + t)it (1)

where s runs over the di↵erent species of atomic sites that compose the system,
we referred to the variable t as lag. The value of C at zero lag is related to the
kinetic energy and the temperature via:

C0 = C(0) = 2EK = fkBT (2)

where f is the number of degrees of freedom of the system, for example for Nmol

water molecules in the NpT ensemble we have:

f = 9Nmol � 3 (3)

Note that, as defined above, the VACF has units of energy.

2 Spectral Density of Modes

We define the Spectral Density of Modes (SDOM) as the Fourier Transform of the
VACF normalised by the temperature:

S(⌫) =
2

kBT

Z �1
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dtC(t)e�2⇡ı⌫t (4)

Note that S(⌫) is in units of inverse frequency (time) and that it can be written
as

S(⌫) =
4

kBT

Z 1

0

dtC(t) cos
⇣
2⇡⌫t
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(5)

since the VACF is an even function of time:

C(t) = C(�t) (6)

The cosine in the definition of S is an even function of ⌫ thus we have that

S(⌫) = S(�⌫) (7)
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Vibrational spectrum:

velocity autocorrelation function



FULL SPECTRUM QUANTUM CORRECTIONS

Specific heat capacity correction



VIBRATIONAL SPECTRA
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VIBRATIONAL SPECTRA
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COMPARE QUANTUM CORRECTIONS



CORRECTED SPECIFIC HEAT CAPACITY
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CORRECTED HEAT CAPACITY
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Thank you


