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a b s t r a c t

Gradients in free energies are the driving forces of physical and biochemical systems. To predict
free energy differences with high accuracy, Molecular Dynamics (MD) and other methods based
on atomistic Hamiltonians conduct sampling simulations in intermediate thermodynamic states that
bridge the configuration space densities between two states of interest (’alchemical transformations’).
For uncorrelated sampling, the recent Variationally derived Intermediates (VI) method yields optimal
accuracy. The form of the VI intermediates differs fundamentally from conventional ones in that they
are non-pairwise, i.e., the total force on a particle in an intermediate states cannot be split into additive
contributions from the surrounding particles. In this work, we describe the implementation of VI into
the widely used GROMACS MD software package (2020, version 1). Furthermore, a variant of VI is
developed that avoids numerical instabilities for vanishing particles. The implementation allows the
use of previous non-pairwise potential forms in the literature, which have so far not been available
in GROMACS. Example cases on the calculation of solvation free energies, and accuracy assessments
thereof, are provided.
Program summary
Program Title: GROMACS-VI-Extension
CPC Library link to program files: https://doi.org/10.17632/7yvc8mmnyv.1
Developer’s repository link: https://www.mpibpc.mpg.de/gromacs-vi-extension and https://www.gitlab.
gwdg.de/martin.reinhardt/gromacs-vi-extension
Licensing provisions: LGPL
Programming language: C++14, CUDA
Nature of problem: The free energy difference between two states of a thermodynamic system is
calculated using samples generated by simulations based on atomistic Hamiltonians. Due to the high
dimensionality of many applications as in, e.g., biophysics, only a small part of the configuration space
can be sampled. The choice of the sampling scheme critically affects the accuracy of the final free
energy estimate. The challenge is, therefore, to find the optimal sampling scheme that provides best
accuracy for given computational effort.
Solution method: Sampling is commonly conducted in intermediate states, whose Hamiltonians are
defined based on the Hamiltonians of the two states of interest. Here, sampling is conducted in the
variationally derived intermediate states that, under the assumption of uncorrelated sample points,
yield optimal accuracy. These intermediates differ fundamentally from the common intermediates in
that they are non-pairwise, i.e., the forces on a particle are only additive in the end state, whereas the
total force in the intermediate states cannot be split into additive contributions from the surrounding
particles.
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1. Introduction

Thermodynamic systems are driven by free energy gradients.
Hence, knowledge thereof is key to the molecular understanding
of a wide range of biophysical and chemical processes, as well
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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s to applications in the pharmaceutical [1–3] and material sci-
nces [4–6]. Consequently, in silico calculations of free energies
re popular in providing complementary insights to experiments
r assisting the selection of chemical compounds in the early
tages of drug discovery projects.
The microscopic calculation of the free energy,

G = −β−1 ln Z (1)

= −β−1 ln
∫

∞

−∞

e−βH(x)dx , (2)

requires integration over all positions x of all particles in the
ystem, where Z denotes the partition sum, β = 1/(kBT ) the
hermodynamic β , kB the Boltzmann constant, T the temperature
nd H(x) the Hamiltonian. As an exact integration is not feasible
or high-dimensional x in case of many particles, sampling based
pproaches such as Monte-Carlo (MC) or Molecular Dynamics
MD) simulations are commonly used. Furthermore, in practice,
t oftentimes suffices to know only the free energy difference be-
ween two states, which can be calculated much more accurately.
he most basic approach,

GA,B = −β−1 ln
⟨
e−β[HB(x)−HA(x)]

⟩
A (3)

ests on the Zwanzig formula [7]. The brackets ⟨⟩A indicate an
nsemble average over A is calculated. Another method with close
elations to Eq. (3) that use samples from both A and B is the
ennett Acceptance Ratio (BAR),

GA,B = β−1 ln

⟨
f [β(HA(x) − HB(x) + C)]

⟩
B⟨

f [β(HB(x) − HA(x) − C)]
⟩
A

+ C , (4)

where it has been shown that the variance of the free energy
estimate is minimal f (x) = 1/(1 + exp(x)) is the Fermi function,

and if C ≈ ∆G−β−1 ln
(

nA
nB

)
, where nA and nB denote the number

f sample points in A and B, respectively. A further extension is
he multistate BAR (MBAR) method [8].

For sampling based approaches, the accuracy of a free energy
ifference estimate between two states A and B generally im-

proves when sampling is not only conducted in A and B, but also
in intermediate states. Commonly, a mostly linear interpolation
between the end state Hamiltonians HA(x) and HB(x) is used,

Hlin(x, λ) = (1 − λ)HA(x) + λHB(x) , (5)

where λ ∈ [0, 1] denotes the path variable. Oftentimes, a λ
dependence of the end state Hamiltonians is introduced that
enables the use of soft-core potentials [9–11]. These potentials
are chosen such that divergences in case of vanishing particle
for, e.g., the calculation of solvation free energies (where the
molecules ‘‘vanishes’’ from solution), are avoided. A step-wise
summation,

∆GAB =

N−1∑
i=1

∆Gi,i+1 (6)

yields the total free energy difference, where N denotes the total
number of states. In the sum of Eq. (6), i = 1 corresponds to state
A and i = N to state B, respectively. Alternatively, for many steps
the difference can be calculated with Thermodynamic Integration
(TI) [12],

∆GAB =

∫ 1

0

⟨
∂H(x, λ)

∂λ

⟩
λ

dλ . (7)

Importantly, advantageous definitions of intermediate states
exist that go beyond the definition of Eq. (5). For example, vari-
ationally derived intermediates (VI) [13,14] minimize the mean
 p

2

squared error (MSE) of free energy estimates using FEP and BAR.
An easily parallelizable approximation for a small number of
states is

HVI (x, λ) = −
1
2β

ln
{
(1 − λ) exp

[
−2βHA(x)

]
+λ exp

[
−2β

(
HB(x) − C

)]}
, (8)

here, similar to BAR, the free energy difference estimate is
ptimal if C ≈ ∆G. It is similar in shape to the minimum variance
ath (MVP) [15–17] for TI [12] (2 vs. 1/2 in the exponents).
nveloping Distribution Sampling (EDS) [18,19], and extensions
uch as Accelerated EDS [20,21] use a reference potential similar
n shape to Eq. (8) to calculate the free energy difference between
wo or more end states.

Note a particular characteristic of the VI sequence and related
ethods: Its Hamiltonians cannot be formulated as the pair-wise
um of interaction potentials for all particles. To see this, firstly
onsider the force on a particle i for the linear interpolation
cheme
lin
i (x, λ) = (1 − λ)FAi (x) + λFBi (x) , (9)

here FAi (x) and FBi (x) denote the sum of the forces on particle i
n end state A and B, respectively. Here, only the particles with a
osition close enough to particle i such that their pair-wise force
s non-negligible contribute to Flini (x). In contrast, the VI force
btained through the derivative of Eq. (8)

VI
i (x, λ) = −

∂HVI (x)
∂xi

(10)

= exp
[
2βHVI (x)

]{
(1 − λ) exp

[
−2βHA(x)

]
FAi (x)

+ λ exp
[
−2β

(
HB(x) − C

)]
FBi (x)

}
.

(11)

till depends on the Hamiltonians HA(x) and HB(x), and therefore
epends on the configurations of all particles in the system. As
consequence, changes in any part of the system will affect

he force on every particle, regardless of the interaction dis-
ance. Hence, the non-linear VI formulation introduces a coupling
etween all particles that goes beyond the physical interactions.
In this work, we, firstly, describe our implementation of the VI

pproach, and, by extension, also the MVP and basic principles of
he EDS methods for two end states, into GROMACS [22–24]. It
s among the most widely used MD software packages; however,
one of the above approaches are available so far in GROMACS.
econdly, we introduce an approach to avoid singularities for
anishing particles with VI.

. Avoiding end state singularities

Interestingly, the VI sequence, Eq. (8), already exhibits soft-
ore characteristics for vanishing particles, as shown in Fig. 1(a)
n the example of a two-particle Lennard-Jones (LJ) potential.
owever, divergences can still occur when configurations from
he decoupled states are evaluated at foreign states, i.e., the ones
hat no sampling is conducted in, but that the Hamiltonian is eval-
ated at such as, e.g., state B in Eq. (3). Furthermore, when two
articles start to overlap, very small changes in their separation
lead to large changes in force, which causes instabilities due to
inite integration steps.

To avoid these divergences, a dependence of the end state
amiltonians on λ analogous to common soft-core potentials [9]
s introduced, i.e., HA = HA(x, λ) with HA(x, 0) = HA(x), and
B = HB(x, λ), with HB(x, 1) = HB(x), respectively. For two
article i and j with distance r , the Coulomb and Lennard-Jones
ij
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Fig. 1. Intermediate VI states for a vanishing particle system. The thick red line shows the Lennard-Jones potential between two particles. The blue one shows the
decoupled end state, i.e., the particles do not ‘‘see’’ each other anymore. The interpolated colors represent the intermediate states. (a) The VI sequence without and
(b) with λ dependent end states.
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H
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interactions in state A and B are calculated based on the modified
distances rA and rB, respectively, that are defined as

rA(rij, λ) =
(
ασ 6

ij λ
p
+ r6ij

) 1
6 , (12)

rB(rij, λ) =
(
ασ 6

ij (1 − λ)p + r6ij
) 1

6 , (13)

here α and p are soft-core parameters to be specified by the
ser, and σij the Lennard-Jones parameter in the coupled state.
or a system of two Lennard-Jones particles, Fig. 1 shows the
esulting VI states without (a) and with (b) the use of λ dependent
nd states. As can be seen, the transition to the overlap region
ecomes markedly smoother.
Secondly, for increasingly complex molecules, the likelihood

f barriers between the relevant parts of configuration space of
he end states rises. Aside of additional techniques such as replica
xchange, or meta-dynamics, the factor 2 in the exponent can
e replaced by a user specific smoothing factor s introduced in
he EDS [18,19] method. In the limit of small s, a series expan-
ion of the exponential terms yields the conventional pathway,
.e., Eq. (5). The modified VI sequence thus reads as

HVI (x, λ) = −
1
sβ

ln
{
(1 − λ) exp

[
−sβHA(x, λ)

]
+ λ exp

[
−sβ

(
HB(x, λ) − C

)] }
,

(14)

and the modified force on particle i,

FVIi (x, λ) = −
∂HVI (x, λ)

∂xi
(15)

= exp
[
sβHVI (x, λ)

]{
(1 − λ) exp

[
−sβHA(x, λ)

]
FAi (x, λ)

+ λ exp
[
−sβ

(
HB(x, λ) − C

)]
FBi (x, λ)

}
.

(16)

Along similar lines, the derivate with respect to λ reads as

∂HVI (x, λ)
∂λ

=
exp

[
sβHVI (x, λ)

]
βs{ (

(1 − λ)sβ
∂HA(x, λ)

∂λ
+ 1

)
exp

[
−sβHA(x, λ)

]
+

(
λsβ

∂HB(x, λ)
∂λ

− 1
)
exp

[
−sβ(HB(x, λ) − C)

] }

(17) a

3

nd depends on the derivatives ∂HA(x, λ)/∂λ and ∂HB(x, λ)/∂λ in
he end states. Eq. (17) is used for TI [12].

Due to the dependence of Eq. (14) on C , where the accuracy
s optimal if C ≈ ∆GAB, the free energy difference has to be
etermined in an iterative process,
n+1

= ∆GAB′ + Cn , (18)

here Cn denotes the free energy guess at iteration step n.
he free energy difference ∆GAB′ is obtained from simulations
etween state A and B′, where the latter denotes the end state
hifted by the constant C , i.e., that is governed by H ′

B(x, λ) =

B(x, λ) − C . The difference ∆GAB′ converges to zero, such that
he desired quantity ∆GAB = ∆GAB′ + Cn

≈ Cn at the end of the
teration process.

. Program structure and usage

The end states Hamiltonians,

A(x, λ) = Hλ
A (x, λ) + Hc(x) (19)

HB(x, λ) = Hλ
B (x, λ) + Hc(x), (20)

an be split into the λ-dependent energy contributions Hλ
A (x, λ)

nd Hλ
B (x, λ), respectively, and the common contributions sum-

arized by Hc(x) that are equal in both end states, such as
ater–water interactions. To calculate HA(x, λ) and HB(x, λ), GRO-
ACS only evaluates the λ-dependent contributions separately

or the end states, whereas Hc(x) is calculated only once. Note
hat, due to the λ dependence of the end states, Hλ

A (x, λ) and
λ
B (x, λ) differ for different intermediates for α > 0.
The same holds for the VI sequence, Eq. (14). Inserting Eqs.

19) and (20), yields

VI (x, λ) = Hλ
VI (x, λ) + Hc(x) , (21)

here Hλ
VI (x, λ) is described by Eq. (14), where the end states

amiltonians HA(x, λ) and HA(x, λ) have been replaced by the
arts Hλ

A (x, λ) and Hλ
B (x, λ), respectively, that only sum over λ-

ependent interactions. The same principle applies to the calcula-
ion of the forces and λ-derivatives. Therefore, the computational
ffort of VI is very close to the using conventional intermediates.
However, in the current GROMACS implementation structure,

ll force and energy contributions from different interaction types
re interpolated between the end states right after they have
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Fig. 2. Structure of nitrocyclohexane, which is used as an example case.

een calculated, i.e., the overall calculation has the form,
λ
lin(x, λ) =

∑
interaction
type k

...
∑

particles
i,j

(1 − λ)Hk
A(xi,j, λ) + λHk

B(xi,j, λ) (22)

F i
λ(x) =

∑
interaction
type k

...
∑

particles j

(1 − λ)F k
A (xi,j, λ) + λF k

B (xi,j, λ) . (23)

Whereas this has the least memory requirement, for VI, the
full Hamiltonians and forces in the end states need to be known
before the individual forces can be calculated. Therefore, the
end states Hamiltonians and forces are stored separately. Af-
ter all λ-dependent contributions have been collected, first the
Hamiltonian and subsequently the forces are calculated.

The implementation was built based on the GROMACS 2020
version 1 (forked on October 19th, 2019 from the master branch
of the developer’s repository). VI can be used with the new
following entries in the mdp (i.e., input parameter) file:

var ia t iona l –morphing = 1
4

smoothing– fac tor = 2 .
deltag –estimate = 10.3 ; in kJ / mol

Furthermore, the option

nstcalcenergy = 1

should be set, as the force calculation requires the Hamiltonians
of the end state. The λ dependence of the end state Hamil-
tonians for VI are controlled via the already existing soft-core
infrastructure,

sc–alpha = 0.7
sc–r–power = 6
sc–coul = no
sc–sigma = 0.3

By nature of Eq. (14), the transformation only takes place
along a single λ variable, to be specified by the mdp parameter
fep-lambdas. As such, it is not possible to decouple several
interactions simultaneously with different λ spacing for each
type. It is, of course, possible to decouple electrostatic and LJ in-
teractions in a sequence, that can be defined via coul-lambdas
and vdw-lambdas, respectively, whereas the other is set to either
zero (full interaction) or one (no interaction) for all intermediate
states.

4. Example and test cases

When VI is switched off, all interactions are calculated as in
Eqs. (22), (23) and (17). To test that VI collects all contributions
correctly, for the following options in the mdp file,

var ia t iona l –morphing = 1
l inear – tes t = 1
Fig. 3. Free energy differences along intermediate states between A (coupled state) and B (decoupled state). The bars show the differences between the states denoted
elow. The conventional linear interpolation method, panels (a) and (c), is shown in red, whereas VI is shown in blue (panels (b) and (d)). Coulomb interactions
ere decoupled first (with LJ interactions still turned on), LJ interactions second (Coulomb interactions switched off).
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Gromacs-VI calculates the intermediate Hamiltonian based on,

Hλ
VI (x, λ) = (1 − λ)

∑
interaction
type k

...
∑

particles
i,j

Hk
A(xi,j, λ)

  
Hλ
A (x,λ)

+λ
∑

interaction
type k

...
∑

particles
i,j

Hk
B(xi,j, λ)

  
Hλ
B (x,λ)

,
(24)

nd likewise, for the forces and λ derivatives. Setting the seed to
fixed value such as,

ld –seed = 1

t can be validated that all energies required for the free energy
alculation that are stored in the dhdl.xvg file match between
he implementation of the VI and the conventional sequence.

.1. Solvation free energy calculation

As an example case, the solvation free energy of nitrocyclohex-
ne in water was calculated (structure shown in Fig. 2). All input
arameter files, topologies and starting structures have been pro-
ided with the program files available in the CPC Library and in
ur code repository (see code and data availability). Briefly, the
opologies of the solvation toolkit package [25] were used, which
ad been created with the Generalized AMBER Force Field [26]
nd the TIP3P water model [27]. Upon energy minimization using
he steepest decent algorithm, 2 ns NVT (constant volume and
emperature) and 4 ns NPT (constant pressure and temperature)
quilibration were conducted, followed by 100 ns production
uns, using a time step of 2 fs. All simulations were conducted
t a temperature of 298.15 K and pressure of 1.01325 bar. Tem-
erature coupling was conducted via the stochastic dynamics
ntegrator with τT = 1 ps and pressure coupling using the
Parrinello-Rahman [28] barostat with τp = 1 ps and a compress-
ibility of 4.5·10−5 bar−1. Long-range interactions were accounted
for with the Particle-Mesh-Ewald [29] method with a Coulomb
cutoff of 1.2 nm. For van-der-Waals interactions a cutoff of 1.2 nm
was used with the potential switch starting at 1 nm. Hydrogen
bonds were constrained using the LINCS algorithm [30].

To assess whether the VI implementation yields accurate re-
sults consistent with the ones from conventional intermediates,
first, through extensive sampling with 101 states (i.e., λ steps
f 0.01), a reference value value of (9.85 ± 0.02) kJ/mol was
btained. It can be divided into (10.46 ± 0.01) kJ/mol electro-
tatic, and (−0.61 ± 0.02) kJ/mol LJ contributions. Next, a set of
imulations with 5 states, i.e., λ steps of 0.25, were conducted.
n all reported cases, the free energy difference between adjacent
tates was calculated using BAR, i.e., Eq. (4).
The distribution of the free energy estimates between the

ifferent states is shown for Coulomb and LJ interactions in Fig. 3
nd differs considerably between the two methods. The bars
enote the free energy difference between the states denoted at
he bottom. Again, A represents the coupled, and B the decoupled
tate. The plots shown for VI were created based on the runs
here C was set to the respective reference value, and, as such,
um up to about zero. When decoupling Coulomb interactions
ith a conventional linear interpolation method, shown in panel
a), the largest differences between the states occur in the first
teps and gradually decreases. For VI (b), the free energy path
long the intermediates has be become very small (note the
iffering unis on the axis). In contrast, for LJ interactions, the
5

Fig. 4. MSEs as a function of simulation time for decoupling (a) Coulomb and
(b) Lennard-Jones interactions. The red line indicates the use of the conventional
linear interpolation method, the blue and green line the VI approach, Eq. (14),
using two different s values. The solid line indicate the MSEs that were obtained
by using an exact initial guess, whereas a guess of 1 kJ/mol is indicated by the
dashed lines.

differences for VI (d) become larger than for the linear interpo-
lation (c). The reason is, most likely, that the differences in the
contributions from the attractive and the repulsive part of the LJ
potential do not cancel for all intermediates.

To compare the accuracy of both methods, Fig. 4 shows the
MSEs with total simulation time, distributed equally over all five
states. The MSEs were obtained by dividing the trajectories of the
production runs into smaller ones, and comparing the resulting
free energy difference to the reference value. For VI, two different
smoothing values were considered (blue and green lines), as well
as an exact initial estimate (solid line) and one that is 1 kJ/mol
oo low (dashed lines).

For electrostatic interactions, the MSEs in Fig. 4(a) are sig-
ificantly better for VI with s = 2 and an estimate close to
he exact one than the MSE obtained with linear intermediates,
hereby validating the result of Ref. [13]. However, in this case the
SEs are quite sensitive to the initial guess. For Lennard-Jones

nteractions, Fig. 4(b), VI and linear intermediates yield similar
SEs, but the VI estimates are less sensitive to the initial guess.

n both cases, the MSEs corresponding to VI with a smoothing
actor of 0.1 are close to the linear ones and insensitive to the
nitial guess for most of the trajectory lengths in Fig. 4. As such,
t is advantageous to start the iteration process with a smaller
moothing factor that is gradually increased with an improved
stimate for C .



M. Reinhardt and H. Grubmüller Computer Physics Communications 264 (2021) 107931

5

G
i
s
t
e
a
t
t
a
l
a
s
o

D

c
t

C

g
g
r
w
w
r

t
i

A

a

R

. Summary

We have implemented the VI sequence of states into the
ROMACS MD software package. For Coulomb interactions, our
mplementation yields significantly smaller MSEs and, in this
ense, higher accuracy as compared to linearly interpolated in-
ermediates. This result requires a sufficiently accurate initial
stimate, which for the test cases presented here requires only
few percent of the overall simulation time. Furthermore, using
he λ dependence of the end states added to VI, for LJ interac-
ions, similar MSEs as for conventional soft-core approaches are
chieved. Given the many stepwise improvements that eventually
ed to the accuracy of current soft-core protocols, the fact the VI
pproach achieves similar accuracy already in the first attempt
uggests that future refinements, e.g., of the lambda dependency
n the end states, will push the accuracy even further.
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The source code is available at https://www.mpibpc.mpg.de/
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ndex.html for detailed instructions.
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