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Fully quantum (Feynmann path 

integral) simulations of liquid water 

and ice with the developed 

interaction potential: obtaining 

accurate energetics for condensed 

phases

Macroscopic thermodynamic, 

structural and transport properties 

of liquid water and ice

Liquid water

(H2O)96 from an ice configuration

Electronic structure 

calculations and 

empirical potential 

dynamical simulations 

of chunks of ice and 

liquid water: assessing 

the accuracy of the 

developed model

Size effects on energetic 

properties and 

structural transitions

High level electronic 

structure calculations on 

water clusters: quantifying 

the interactions at the 

molecular level

Development of the new 

generation of interaction 

potentials for water

Water octamer (D2d isomer)

Fit to ab-initio cluster data → Perform Quantum MD Simulations → Compare with Experiment

Approach in developing a force field 
for water



Energetics of (H2O)20

“Fused-cubes” -2       -211.5 -212.6        0.06     

TTM3-F MP2/CBS E/n

“Edge-sharing”  -212.3 -217.9 0.28     

“Face-sharing” -210.4 -215.0 0.23     

“Dodecahedron” -196.9 -200.1 0.16      

GS Fanourgakis, E Aprà and SS Xantheas, JCP 121, 2655 

(2004)



GS Fanourgakis, GK Schenter and SS Xantheas, J. Chem. Phys. 125, 141102 

(2006) 

Best estimate: H = 11.2 kcal/mol  (exp. 10.51 kcal/mol)

12.3 ± 0.02 kcal/mol     
(Classical)

11.2 ± 0.02 kcal/mol (Quantum)

Enthalpy H (= -E + kBT)
(T = 298.15 K,  = 0.998 g/cm3)

Overestimated by ~ 6 % with respect to experiment

Fit to MP2 results which produce cluster binding energies that are 3-4% 
overestimated with respect to CCSD(T)

Remaining residual due to higher correlation effects (CCSDT, full 
triples)

New parametrization will be based on CCSD(T) cluster binding 
energies

Convergence of the Enthalpy of Liquid 
Water



Calix[4]arene: endo- vs. exo-complexes

Exo

Endo

Relative stability of computed with

•DFT
•MP2  : endo more stable

•CCSD(T): endo more stable



Calix[4]arene: DFT functionals

MP2 B3LYP

B3LYP: predicted exo- & looses water from 

cavity in exo-
M06-L, M06-2X predicted endo-

B97-D predicted endo-



Calix[4]arene: HW resources utilized

Exo Endo

All the methods use I/O only for checkpoint/restart

DFT: # cores < 2400   numerical cost scales as N-N2

MP2: # cores < 3000   numerical cost scales as N5

CCSD(T) up to 144000  numerical cost scales as N7



Calix[4]arene: MP2 

Exo Endo

Aug-cc-pv5z basis set 

6271 basis functions
I/O algorithm “cheated” by caching I/O operations in 

memory
33K cores used out of 66K (memory requirements)
Wall-time: ~10 hours



Excited-state EOMCC calculations for 
-conjugated  chromophores
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Goal:

Estimate of the role of
particular correlation effects
in description of the excitation
energies in -conjugated
chromophores (light-
harvesting systems & optical
devices by design)

NWChem functionalities: 
EOMCCSD and CR-
EOMCCSD(T) implementations

Conclusions:

We demonstrated that for
singly excited states for
systems of interest the
inclusion of triply excited
configurations is crucial for
attaining qualitative
agreement with experiment.



Excited states in acenes
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Goal:

Description of the low-lying
excited states in acenes

NWChem functionalities: 

CAM-B3LYP; CR-EOMCCSD(T) 



Active-space EOMCCSD(T) methods
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Goal:

Test the novel reduced-
scaling EOMCC methods

NWChem functionalities: 
active-space CR-EOMCCSD(T) 
formulation

Conclusions: see Table



Studies of the effect of dopands on the 
excited states of the TiO2
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Goal:

Study the effect of dopands
in TiO2 rutile

NWChem functionalities: 
(LR/RT)-TDDFT, active-space 
EOMCCSD & Embedded 
Cluster Model

Conclusions:

Visible Light Photoresponse of pure and N-
doped TiO2 (active-space EOMCCSD 
calculations, 400 correlated electrons):
TiO2 EOMCCSd ➔ 3.84 eV
N-doped TiO2 EOMCCSd ➔ 2.79 eV
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Studies of the effect of dopands on the 
excited states of the TiO2 (cntd.)



Excited states of acenes (cntd)
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Excitons in ionic systems
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Surface Exciton Energy: 

6.35 +/- 0.10 eV (expt)

TDDFT→ infty → 5.81 eV

EOMCCSD → infty → 6.38 eV



Calculations of the dipole polarizabilites
for C60 using CCSD method
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Goal:

Calculations for static and
dynamic dipole
polarizabilirties in C60

NWChem functionalities: 

Linear response CCSD 
module

Conclusions:

Electron correlation effects are
very important in describing
static and frequency
dependent properties in
delocalized systems

Wavelength (nm) CCSD            CC2 Expt.

 82.20             92.33 76.5±8 

1064 83.62             94.77 79±4   

532 88.62

Static and frequency dependent polarizabilities of C60 in Å3



Development of Parallel Multireference
CC implementations
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Questions?
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