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Coupling details

Many interesting physical processes are often “rare events”, where the 
characteristic time scale for a given transition is inaccessible for standard 
molecular dynamics due to large free energy barriers separating local 
minima in the free energy landscape. Therefore, a wide range of advanced 
sampling methods have been developed to enhance the crossing of free 
energy barriers. 
 
Here, we coupled Qbox, a first principles MD engine, with SSAGES [1], a 
software suite for enhanced sampling simulations, to enable free energy 
calculations at different levels of theory within DFT. The atomic interactions 
are calculated on the fly from first principles, overcoming the transferability 
issues of classical potentials, and expanding the range of physical processes 
that can be studied. 
 
Using this framework, we studied: 
•  NaCl Dissociation under High Pressure and Temperature 
•  Alanine Dipeptide Isomerization 

The coupling is achieved using QBox’s client-server mode functionality: 
 
Ø  Qbox performs the DFT calculations and the Verlet integration and transfers the 

system information (r, v, F, T … etc) to SSAGES. 

Ø  SSAGES passes the information to the “Method” that we are using, which operates 
on the properties of the system (r’, v’, F’, T’ … etc) and returns them to SSAGES. 

Ø  SSAGES saves the information of the bias, and then returns the information back to 
Qbox. 

 In high P/T water, dissociation of water molecules and formation of complex ionic 
species are expected to influence the dissociation of salts and the solvation of cations 
and anions. We used FPMD and the adiabatic biasing force (ABF) method to 
study the free energy surface of NaCl dissociation in water under extreme 
conditions. 

Ø All empirical potentials used 
here yield a solvent separated ion-
pair (SSIP) minimum of FES 
different from that of PBE. 

Ø  The SPC_SD/TIP3P_JC force 
fields overestimate the depth of 
CIP relative to DFT/PBE; SPC_JC 
force field shows best agreement 
with DFT/PBE. 

Ø Na-O coordination number is 
larger than PBE for all empirical 
potentials. 

Our PBE_HPT (11 GPa/ 1000 K) results is 
compared to PBE_APT (1atm/ 300 K) and 
SCAN_APT (1atm/ 300 K) results from 
reference [4]. 
Ø  PBE_HPT has lower CIP and SSIP 

minima, with respect to transition state, 
than PBE_APT and SCAN_APT. 

Ø PBE_HPT exhibits a larger probability of 
visiting SSIP state than SCAN_APT.  

OH– OH3
+ H4O2 

Pure water 83% 80% 98% 

Water (NaCl) 71% 63% 95% 

Percentage with lifetime < 10 fs 

Water dissociation at high P/T  
Ø Over 80% non-water species are OH–, 

OH3
+, or H4O2 confirming the bimolecular 

mechanism of water dissociation under 
pressure. 

Ø  The dissociation of water occurs on fs 
time scales.  

Ø Amber99sb overestimates the internal energy for configurations other than minima. 
Ø Amber99sb underestimates the entropic contribution to free energy. 
Ø  These differences may affect folding and unfolding of longer peptides. 

were initialized from the PBE results to accelerate convergence
and ran for a total of 100 ps across 16 walkers. The wall time
for the calculation was 2.5 weeks. The initial contribution from
PBE was removed entirely from the final PBE0 result.
The FPMD string method was performed for 50 ps per string

node. FPMD string method calculations were performed on 12
Intel E5-2680v4 processors, each processor hosting two nodes.
In all cases, calculations were performed in vacuum.

3. RESULTS
3.1. Advanced Sampling of Alanine Dipeptide Using

First-Principles Molecular Dynamics. The free energy
surface of the ADP has been studied extensively with classical
force fields and, more recently, using metadynamics with tight-
binding Hamiltonians.14,38,45,46 The collective variables (CV)
used to describe the system are the two dihedral angles, ϕ and
ψ, shown in Figure 1. Using these two CVs, it is possible to
identify three different minima in a Ramachandran plot,
describing the secondary structure of the peptide. The first
minimum, in which the peptide is almost planar, is labeled β
and is located at (ϕ = −2.5,ψ = 2.5) radians. The second and
third minima, both stabilized by an intramolecular hydrogen
bond, are denoted as C7eq and C7ax and are approximately
located at (ϕ = −1.2,ψ = 1.2) and (ϕ = 1,ψ = −1.2) radians,
respectively.
In Figure 2, we show a comparison between the FES of the

ADP obtained with a classical force field, Amber99sb, and with
first-principles molecular dynamics using density functional
theory with two different functionals, PBE and PBE0. To
calculate the free energy surface (FES) as a function of the two
CVs, we use the Adaptive Biasing Force (ABF) method as
implemented in SSAGES.11,35 ABF was chosen over other
methods due to how it generates the estimate of the free
energy. ABF estimates the derivatives of the free energy directly
from changes in momentum each time step. We found it to be
particularly advantageous in simulations using small timesteps,
such as in FPMD, compared to methods that rely on frequency
of visits, as ABF can refine the estimate locally even when
diffusion through the phase space is slow, whereas other
methods might be diffusion limited. In order to accelerate
sampling, up to 16 individual walkers were used for tight
binding MD calculations (see Methods for details).
There are clear differences between the FES calculated with

DFT-PBE and the one calculated with the classical force field,
Amber99sb (Figure 2A). The difference is especially noticeable
near the maximum located at (ϕ = 2.8,ψ = 2.8) in the
Ramachandran plot, which is less pronounced in FPMD. In
addition, the Amber99sb force field predicts a much larger
barrier that spans the entirety of ψ at ϕ = 2, likely restricting
conformational transitions across that dihedral angle. The
smaller barrier observed in DFT calculations is consistent with
earlier FPMD simulations of the alanine dipeptide.38

In order to investigate the dependence of the FPMD results
on the functional chosen, the FES was recalculated using an
hybrid functional (PBE0). Since these calculations are
significantly more demanding than those carried out with
PBE, we estimated the initial PBE0 FES from the converged
ABF histogram obtained from PBE. This strategy allows the
simulations to converge considerably faster. The PBE
contribution to the FES was removed at the end of the hybrid
simulation, yielding the pure PBE0 result. The morphology of
the PBE0 FES is similar to that of PBE, but the PBE0 functional
predicts slightly higher barriers to transitions between β → C7ax

and C7eq → C7ax, as well as a higher relative free energy for the
C7ax minimum than PBE (Figure 2B and C).
While obtaining a converged FES is relatively straightforward

for a small number of collective variables, it may quickly
become prohibitive for systems requiring many collective
variables when using flat histogram methods such as ABF. The
string method and its variants are instead particularly useful for
identifying transition pathways and calculating the free energy
along them, as these methods focus only on the states along the
transition path. This feature allows string methods to only
sample states relevant to the transition, thereby enabling
calculations with increasing numbers of CVs.
To illustrate how the string method may be useful in the

context of FPMD simulations, we performed finite temperature
string method simulations using DFT-PBE for the alanine
dipeptide.40 The computed FES suggests that there are two
possible transitions from β to C7ax: one involves the formation
of the metastable state C7eq and then a transition to C7ax,
without breaking the intramolecular hydrogen bond. A second
transition involves the direct formation of an intramolecular
hydrogen bond to the C7ax state, starting from the β state. We
thus initialized the string to include both transitions, from (ϕ =
0,ψ = 0) to (ϕ = 3.1,ψ = −3.1). The converged string was
found to be consistent with the FES obtained by ABF, being

Figure 2. Comparison of the Free Eenrgy Surface (FES) obtained
from classical and first-principles molecular dynamics using the
Adaptive Biasing Force method. (A) Classical FES from Amber99sb
force field. (B) First-principles result obtained at the PBE level of
theory.(C) First-principles result obtained at the PBE0 level of theory.
While there are small quantitative differences between the PBE and
PBE0 calculations, the Amber99sb results differs from both. In
particular, Amber99sb predicts a higher barrier in the ϕ = 2 region.
The position of the β, C7eq, and C7ax minima are defined here as●, ■,
and ▼, respectively (Figure 1).
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were initialized from the PBE results to accelerate convergence
and ran for a total of 100 ps across 16 walkers. The wall time
for the calculation was 2.5 weeks. The initial contribution from
PBE was removed entirely from the final PBE0 result.
The FPMD string method was performed for 50 ps per string

node. FPMD string method calculations were performed on 12
Intel E5-2680v4 processors, each processor hosting two nodes.
In all cases, calculations were performed in vacuum.
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first-principles molecular dynamics using density functional
theory with two different functionals, PBE and PBE0. To
calculate the free energy surface (FES) as a function of the two
CVs, we use the Adaptive Biasing Force (ABF) method as
implemented in SSAGES.11,35 ABF was chosen over other
methods due to how it generates the estimate of the free
energy. ABF estimates the derivatives of the free energy directly
from changes in momentum each time step. We found it to be
particularly advantageous in simulations using small timesteps,
such as in FPMD, compared to methods that rely on frequency
of visits, as ABF can refine the estimate locally even when
diffusion through the phase space is slow, whereas other
methods might be diffusion limited. In order to accelerate
sampling, up to 16 individual walkers were used for tight
binding MD calculations (see Methods for details).
There are clear differences between the FES calculated with

DFT-PBE and the one calculated with the classical force field,
Amber99sb (Figure 2A). The difference is especially noticeable
near the maximum located at (ϕ = 2.8,ψ = 2.8) in the
Ramachandran plot, which is less pronounced in FPMD. In
addition, the Amber99sb force field predicts a much larger
barrier that spans the entirety of ψ at ϕ = 2, likely restricting
conformational transitions across that dihedral angle. The
smaller barrier observed in DFT calculations is consistent with
earlier FPMD simulations of the alanine dipeptide.38

In order to investigate the dependence of the FPMD results
on the functional chosen, the FES was recalculated using an
hybrid functional (PBE0). Since these calculations are
significantly more demanding than those carried out with
PBE, we estimated the initial PBE0 FES from the converged
ABF histogram obtained from PBE. This strategy allows the
simulations to converge considerably faster. The PBE
contribution to the FES was removed at the end of the hybrid
simulation, yielding the pure PBE0 result. The morphology of
the PBE0 FES is similar to that of PBE, but the PBE0 functional
predicts slightly higher barriers to transitions between β → C7ax

and C7eq → C7ax, as well as a higher relative free energy for the
C7ax minimum than PBE (Figure 2B and C).
While obtaining a converged FES is relatively straightforward

for a small number of collective variables, it may quickly
become prohibitive for systems requiring many collective
variables when using flat histogram methods such as ABF. The
string method and its variants are instead particularly useful for
identifying transition pathways and calculating the free energy
along them, as these methods focus only on the states along the
transition path. This feature allows string methods to only
sample states relevant to the transition, thereby enabling
calculations with increasing numbers of CVs.
To illustrate how the string method may be useful in the

context of FPMD simulations, we performed finite temperature
string method simulations using DFT-PBE for the alanine
dipeptide.40 The computed FES suggests that there are two
possible transitions from β to C7ax: one involves the formation
of the metastable state C7eq and then a transition to C7ax,
without breaking the intramolecular hydrogen bond. A second
transition involves the direct formation of an intramolecular
hydrogen bond to the C7ax state, starting from the β state. We
thus initialized the string to include both transitions, from (ϕ =
0,ψ = 0) to (ϕ = 3.1,ψ = −3.1). The converged string was
found to be consistent with the FES obtained by ABF, being

Figure 2. Comparison of the Free Eenrgy Surface (FES) obtained
from classical and first-principles molecular dynamics using the
Adaptive Biasing Force method. (A) Classical FES from Amber99sb
force field. (B) First-principles result obtained at the PBE level of
theory.(C) First-principles result obtained at the PBE0 level of theory.
While there are small quantitative differences between the PBE and
PBE0 calculations, the Amber99sb results differs from both. In
particular, Amber99sb predicts a higher barrier in the ϕ = 2 region.
The position of the β, C7eq, and C7ax minima are defined here as●, ■,
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were initialized from the PBE results to accelerate convergence
and ran for a total of 100 ps across 16 walkers. The wall time
for the calculation was 2.5 weeks. The initial contribution from
PBE was removed entirely from the final PBE0 result.
The FPMD string method was performed for 50 ps per string

node. FPMD string method calculations were performed on 12
Intel E5-2680v4 processors, each processor hosting two nodes.
In all cases, calculations were performed in vacuum.
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3.1. Advanced Sampling of Alanine Dipeptide Using

First-Principles Molecular Dynamics. The free energy
surface of the ADP has been studied extensively with classical
force fields and, more recently, using metadynamics with tight-
binding Hamiltonians.14,38,45,46 The collective variables (CV)
used to describe the system are the two dihedral angles, ϕ and
ψ, shown in Figure 1. Using these two CVs, it is possible to
identify three different minima in a Ramachandran plot,
describing the secondary structure of the peptide. The first
minimum, in which the peptide is almost planar, is labeled β
and is located at (ϕ = −2.5,ψ = 2.5) radians. The second and
third minima, both stabilized by an intramolecular hydrogen
bond, are denoted as C7eq and C7ax and are approximately
located at (ϕ = −1.2,ψ = 1.2) and (ϕ = 1,ψ = −1.2) radians,
respectively.
In Figure 2, we show a comparison between the FES of the

ADP obtained with a classical force field, Amber99sb, and with
first-principles molecular dynamics using density functional
theory with two different functionals, PBE and PBE0. To
calculate the free energy surface (FES) as a function of the two
CVs, we use the Adaptive Biasing Force (ABF) method as
implemented in SSAGES.11,35 ABF was chosen over other
methods due to how it generates the estimate of the free
energy. ABF estimates the derivatives of the free energy directly
from changes in momentum each time step. We found it to be
particularly advantageous in simulations using small timesteps,
such as in FPMD, compared to methods that rely on frequency
of visits, as ABF can refine the estimate locally even when
diffusion through the phase space is slow, whereas other
methods might be diffusion limited. In order to accelerate
sampling, up to 16 individual walkers were used for tight
binding MD calculations (see Methods for details).
There are clear differences between the FES calculated with

DFT-PBE and the one calculated with the classical force field,
Amber99sb (Figure 2A). The difference is especially noticeable
near the maximum located at (ϕ = 2.8,ψ = 2.8) in the
Ramachandran plot, which is less pronounced in FPMD. In
addition, the Amber99sb force field predicts a much larger
barrier that spans the entirety of ψ at ϕ = 2, likely restricting
conformational transitions across that dihedral angle. The
smaller barrier observed in DFT calculations is consistent with
earlier FPMD simulations of the alanine dipeptide.38

In order to investigate the dependence of the FPMD results
on the functional chosen, the FES was recalculated using an
hybrid functional (PBE0). Since these calculations are
significantly more demanding than those carried out with
PBE, we estimated the initial PBE0 FES from the converged
ABF histogram obtained from PBE. This strategy allows the
simulations to converge considerably faster. The PBE
contribution to the FES was removed at the end of the hybrid
simulation, yielding the pure PBE0 result. The morphology of
the PBE0 FES is similar to that of PBE, but the PBE0 functional
predicts slightly higher barriers to transitions between β → C7ax

and C7eq → C7ax, as well as a higher relative free energy for the
C7ax minimum than PBE (Figure 2B and C).
While obtaining a converged FES is relatively straightforward

for a small number of collective variables, it may quickly
become prohibitive for systems requiring many collective
variables when using flat histogram methods such as ABF. The
string method and its variants are instead particularly useful for
identifying transition pathways and calculating the free energy
along them, as these methods focus only on the states along the
transition path. This feature allows string methods to only
sample states relevant to the transition, thereby enabling
calculations with increasing numbers of CVs.
To illustrate how the string method may be useful in the

context of FPMD simulations, we performed finite temperature
string method simulations using DFT-PBE for the alanine
dipeptide.40 The computed FES suggests that there are two
possible transitions from β to C7ax: one involves the formation
of the metastable state C7eq and then a transition to C7ax,
without breaking the intramolecular hydrogen bond. A second
transition involves the direct formation of an intramolecular
hydrogen bond to the C7ax state, starting from the β state. We
thus initialized the string to include both transitions, from (ϕ =
0,ψ = 0) to (ϕ = 3.1,ψ = −3.1). The converged string was
found to be consistent with the FES obtained by ABF, being

Figure 2. Comparison of the Free Eenrgy Surface (FES) obtained
from classical and first-principles molecular dynamics using the
Adaptive Biasing Force method. (A) Classical FES from Amber99sb
force field. (B) First-principles result obtained at the PBE level of
theory.(C) First-principles result obtained at the PBE0 level of theory.
While there are small quantitative differences between the PBE and
PBE0 calculations, the Amber99sb results differs from both. In
particular, Amber99sb predicts a higher barrier in the ϕ = 2 region.
The position of the β, C7eq, and C7ax minima are defined here as●, ■,
and ▼, respectively (Figure 1).

Journal of Chemical Theory and Computation Article

DOI: 10.1021/acs.jctc.8b00192
J. Chem. Theory Comput. 2018, 14, 2881−2888

2883

Ø We carried out hierarchical calculations of free energy surface: from empirical to 
PBE and eventually PBE0. 

Free Energy Surface 

Entropic contribution (T∆S)  

Ø  Qbox and SSAGES are compiled independently  
(no patches required) --> ease of development. 

Ø  It is straightforward to create multiple instances of Qbox or SSAGES, e.g. to speed 
up the calculation using multiple walkers, or Hamiltonian Replica Exchange. 

Ø  The coupled SSAGES-Qbox framework permits a hierarchical coupling: High level 
of theory (hybrid-functional) calculations can be restarted from previously 
converged lower level of theory (GGA) calculations. 

 
 

 We calculated the free energy of isomerization using both classical and first 
principle Molecular Dynamics [5]. DFT results are compared to a frequently used 
force fields. We also demonstrated the power of hierarchical coupling: we 
obtained PBE0 FES by restarting from PBE results. 

Internal energy contribution of different potential 

Ø  PBE and PBE0 results are in 
agreement with those of 
CCSD(T) calculations. 

Ø  Amber99sb overestimates 
the minima with higher 
energy. 
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2D Free energy surface at high P/T obtained with different potentials 

1D Free Energy Surface of PBE high P/T, PBE ambient P/T, SCAN ambient P/T 

2D Free Energy Surface obtained with DFT/PBE at high P/T and with SPC_JC at 
ambient P/T 

Ø  Two minima in both CIP and SSIP at 
ambient conditions, but only one at extreme 
conditions. 

Ø  Increase in the number of molecules in Na 
first solvation shell at extreme conditions. 

CIP TSIP SSIP 

SSIP 

CIP 

SSIP 

CIP 

SSIP 

CIP 

SSIP 

CIP 

CIP: Contact Ion-Pair; SSIP: Solvent Shared Ion-Pair 
Empirical potential: SPC_JC/TIP3P_JC [2] and SPC_SD [3] 


