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• "Microscopic Origin of Different Hydration Pattern of para-Nitrophenol and 
Its Anion: A Study Combining Multiconfigurational Calculations and the 
Free-Energy Gradient Method"  
Bistafa, Kitamura, Nagaoka, Canuto JPCB 122 (2018) 9202

• "Theoretical electronic spectra dependent on pH conditions. A joint 
application of CpH-MD simulations and QM/MM" 
Bistafa, Kitamura, Nagaoka (manuscript in preparation) 
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Systems with Elaborated Ab Initio Potentials"  
Bistafa, Kitamura, Martins-Costa, Nagaoka, Ruiz-López, JCTC 14 (2018) 
3262 

• "Vibrational Spectroscopy in Solution Through Perturbative ab initio 
Molecular Dynamics Simulations"  
Bistafa Kitamura, Martins-Costa, Nagaoka, Ruiz-López (to be submitted to 
JCTC soon)
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FEG-FEP
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w q;s( ) = e−βΔV q;s( )

e−βΔV q;s( )
LL

Using FEP equations, we can proof that the derivatives 
of the free energy at HL are related to the LL by:

We use 10% of the configurations sampled at LL to 
calculate the values at HL.

Where w is a weighting factor expressed by:
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Results: Optimized Structure of Water 
Molecule in Aqueous Solution
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a Standard FEG optimization;
b Benedict et. al, J. Chem. Phys., 24, 1139 (1956);
c Ichikawa et. al., Mol. Phys., 73, 79 (1991);
d Clough et. al., J. Chem. Phys., 59, 2254 (1973);
e Coulson et. al., Proc. R. Soc. London., Ser. A, 291, 445 (1966).

Method Property Gas Liquid ∆
B3LYP/6-311+G(d,p) 
FEGa

dOH (Å) 0.962 0.982 +0.020
⍺ (°) 105.1 105.2 +0.1

µ (D) 2.16 2.91 +0.75
B3LYP::HF 
(FEG-FEP)

dOH (Å) 0.962 0.982 +0.020
⍺ (°) 105.1 105.2 +0.1

µ (D) 2.16 2.95 +0.79
QCISD::B3LYP 
(FEG-FEP)

dOH (Å) 0.959 0.979 +0.020
⍺ (°) 104.4 105.5 +1.1

µ (D) 1.86 2.69 +0.83

Experimental values dOH (Å) 0.957b 0.970±0.005c +0.013
⍺ (°) 104.5b ~106±1.7c +1.5

µ (D) 1.85d 2.6e +0.75
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Motivation

Can we also do that for the Hessian?

If we can, it would allows to obtain results for frequencies 
(consequently, IR and Raman spectra), and also to study 
transition states. 
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Dual level calculations for Hessian (FEP-FEH)

w q;s( ) = e−βΔV q;s( )

e−βΔV q;s( )
LL

By differentiating the FEG-FEP equation, we can proof that 
the Hessian of the free energy obtained at a High Level (HL) 
sampling is related to a low level (LL) sampling by:

We use 10% of the configurations sampled at LL to 
calculate the values at HL.

Where w is the same weighting factor we have obtained for 
the gradient case:
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• System: 1 QM water molecule + 592 TIP3P water 
molecules.  
(small, interesting and data is available for comparison)

• Simulation details:

B3LYP::HF -> QM/MM simulations performed at the HF/
6-31G(d) level, with Hessian calculations corrected to 
B3LYP/6-311++G(d,p).  
In order to validate our approach, usual QM/MM simulation 
and Hessian calculations at the B3LYP/6-311++G(d,p) 
level were also performed.  
NVT, 300K, 40 ps, time-step of 1fs.
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Computational Details



Results 1: Vibrational Frequencies  
 in Gas Phase
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a This work;
b Georg & Canuto, J. Phys. Chem. B, 116, 11247 (2012);
c Nymand & Åstrand, J. Phys. Chem. A, 101, 10039 (1997);
d Benedict et. al., J. Chem. Phys., 24, 1139 (1956);

Bend Symm Stretch Asymm Strech

HF/6-31G(d)a Harmonic 1826 4069 4188

B3LYP/6-311+G(d,p)a Harmonic 1601 3817 3923
Anharmonic 1555 3646 3739

(1539) (3668) (3770)

MP2/aug-cc-pVDZb Harmonic 1631 3846 3972

Anharmonic 1578 3674 3788

CAS/ANO[6s5p4d3f/5s4p3d]c Harmonic 1657 3849 3965

Experimentd 1595 3657 3756

Table 1: Theoretical and experimental vibrational frequencies of the 
water molecule in the gas phase (cm-1). Calculated anharmonic 
frequencies are estimated using the second-order perturbative approach 
or from scaled harmonic frequencies (in parenthesis). 



Results 2: Vibrational Frequencies  
 in Aqueous Solution
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a Bertie & Eysel, Applied Spectroscopy, 39, 392 (1985);
  Schmidt & Miki, J. Phys. Chem. A, 111, 10119 (2007);
  Eisenberg & Kauzmann, The structure and properties of water, Oxford University Press, NY, 1969;
  Bertie & Lan, Applied Spectroscopy, 50, 1047 (1996).

Table 2: Calculated vibrational frequencies in the liquid phase and 
frequency shifts with respect to the gas phase of the water molecule 
using different methods (cm-1). Anharmonic frequencies are obtained by 
scaling the calculated harmonic values by 0.961.

Bend Symm Stretch Asymm Strech
FEP-FEH Harmonic 1755 3501 3571

Anharmonic 1687 3364 3432
∆(Gas-Liquid) +148 -304 -338

FEH Harmonic 1735 3514 3587
Anharmonic 1667 3377 3447
∆(Gas-Liquid) +128 -291 -323

Experimenta 1650 2800-3700
∆(Gas-Liquid) ~ +55 ~ -250
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Theoretical Spectra

Figure 1: Theoretical spectra obtained by the convolution of a Lorentzian 
function over the frequencies and their respective intensity values that were 
calculated in both approaches.
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Theoretical and Experimental Spectra

Figure 2: Theoretical and experimental infrared spectra of water molecule. 
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• We have shown that FEP methods combined with 
samplings from affordable QM/MM simulations are 
capable of reproducing results at high-levels of theory. 

• As a test case, we have investigated the IR spectrum of 
the water molecule in liquid water showing that it can be 
properly reproduced by combining QM/MM simulations 
carried out at the simple HF/6-31G(d) level and 
perturbational corrections calculated at the B3LYP/
6-311+G(d,p) level. 
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Conclusions



• From the computational point of view, the combination of 
QM/MM simulations and FEP corrections is quite 
efficient; 

• The possibility to calculate accurate Hessian matrices, 
combined with the possibility of calculating accurate 
gradients developed in our previous work open a path 
for the study of chemical reactions at unprecedented 
levels of theory. 
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Conclusions


