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On the Role of Enthalpic and Entropic Contributions to the
Conformational Free Energy Landscape of MIL-101(Cr)
Secondary Building Units
Loukas Kollias, David C. Cantu, Vassiliki-Alexandra Glezakou,* Roger Rousseau,
and Matteo Salvalaglio*

The thermo-structural behavior of metal-organic framework (MOF) precursors
is responsible for regulating the introduction of defects in MOF structures
during synthesis. In this paper, factors affecting the flexibility of MIL-101(Cr)
half-secondary building units (half-SBUs) are evaluated in solution using
enhanced sampling methods. In particular, entropic and enthalpic
contributions to the conformational free energy landscape of isolated
MIL-101(Cr) half-SBUs are calculated in water, in the presence and absence of
ionic species (Na+ and F−), and in N, N-dimethylformamide (DMF). This
analysis leads to the observation that the interplay between enthalpy and
entropy determines the most probable conformational state for half-SBUs.
This observation extends to the most relevant SBU intermediate, in which
conformational entropy plays a key role in stabilizing configurations that differ
from those found in the MIL-101(Cr) crystal structure. The findings highlight
the importance of explicitly considering entropic effects, associated with
finite-temperature sampling when estimating the relative stability of different
conformers of SBUs.

1. Introduction

Questions around the enthalpic and entropic nature of inter-
actions in solution are ubiquitous in the scientific literature.
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Notable examples of processes in which
entropic contributions play a decisive role
include peptide-metal nanoparticle interac-
tions, surface stability, solute aggregation,
supramolecular encapsulation, and pref-
erential adsorption.[1–3] Entropy–enthalpy
compensation phenomena in solvated
molecules are key to understand how
specific functional properties emerge from
certain molecular structures.[2–5]

In the field of metal-organic framework
(MOF) synthesis, there is a growing ef-
fort to improve the mechanical stability of
MOFs by taking advantage of novel syn-
thetic techniques.[6] Mechanical flexibility
and thermal expansion of MOFs have been
investigated in previous works.[7] Compu-
tational and experimental studies on en-
thalpic and entropic contributions to the ad-
sorption free energy of guest molecules on
MOFs have been frequently carried out.[8,9]

Nevertheless, assessing the entropic and enthalpic contributions
to the thermo-structural behavior of MOFs is currently an under-
explored area, which has the potential to uncover strategies for
improving MOFs’ intrinsic characteristics during synthesis.[8] A
key characteristic in this context is the density of defects, which
should be minimized in MOF synthesis.[10,11]

In this work, we focus on estimating the role of entropic
and enthalpic contributions to the configurational landscape of
flexible precursors of MIL-101(Cr), namely secondary building
units (SBUs) and half-SBUs. These building blocks play a pri-
mary role in directing MOF synthesis. For instance, Férey et al.
identified a direct structural relation between soluble precursors
(half-SBUs) and SBUs found in the crystal lattice, and connected
the enthalpic and entropic contributions to precursors formation
with structural rearrangements in the MOF lattice.[12] Haouas
et al. observed that half-SBUs and SBUs are the only necessary
units to build a crystal.[13] Also, Haouas compared MIL-101(Cr)
synthesis in water against DMF and observed that solvent effects
are key to determine the final MOF structure.[10,14] Taddei also
described SBU formation as a key step in MOF synthesis.[10]

Working on MIL-53 Embrechts et al. identified the rearrange-
ment of soluble MOF precursors as the rate-limiting step in
MOF synthesis.[15] The limited understanding of the behavior
of molecular precursors of MOFs is a factor currently limiting
the development of synthesis and material design strategies.[16]

For instance, Potter et al. recently suggested that the nature of
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conformational selectivity of SBUs is not yet fully understood and
theoretical investigations should be carried out in this context.[17]

We recently proposed that the early stages of MOF nucleation
are decisively influenced by the assembly of half-SBUs to produce
SBUs.[18,19] In particular, the rich conformational ensemble un-
veiled during the association of SBUs, highlights the importance
of entropic contributions in defining the free energy landscape
of MIL-101(Cr) precursors.[18]

Moreover, the propensity of healing defects in the crystal lat-
tice, as well as the formation of crystal-like SBUs is impacted
by solution composition. The relative abundance of different iso-
mers of half-SBUs precursors, as well as the presence of spectator
ions emerge as key variables in this context.[18]

In this work, we evaluate entropic–enthalpic contributions to
the free energy profiles associated with structural fluctuations
in half-SBUs and SBUs. In this context, configurational entropy
is associated with molecular flexibility.[20] Elucidating the contri-
bution of enthalpy and entropy to the flexibility of MIL-101(Cr)
precursors is key to understand assembly and thus material
synthesis.
It should be noted that nucleation follows the formation of

half-SBUs.[19] These intermediates—named metal linker A, B
and C (MLA, MLB and MLC)—have been discussed in detail
in previous works.[18,19] In brief, half-SBUs MLA and MLB are
stereoisomers and MLC is a structural isomer of both MLA
and MLB.[18] The SBU resulting from two MLA half-SBUs (AA
SBU) dominates the equilibrium distribution of all possible SBU
combinations.[18] Furthermore, the AA SBU is the largest source
of crystal-like growth units building the MIL-101(Cr) lattice.[18]

This analysis allows for an evaluation of the conformational
freedom that different intermediates experience in solution.
This, in turn, provides a detailed description of their accessible
structural fluctuations, and provides further insight into the na-
ture of the ensemble of configurations sampled by precursors
during self-assembly and nucleation.

2. Results

2.1. Isomer Flexibility

We investigate the driving forces to the conformational complex-
ity of the half-SBUs of MIL-101(Cr) by exploring the energy pro-
file as a function of Rgyr.

[21] We carry out this analysis for all three
half-SBU isomers identified as key in the early stages of MIL-
101(Cr) self-assembly, computing the entropic and enthalpic con-
tributions to free energy.[19]

A first observation is that MLA has considerably different free
energy and entropy minima, unlike MLB and MLC. In MLA, en-
tropy favors compact configurations (Rgyr = 4.77 Å), while en-
thalpy drives the system to larger values of Rgyr (5.87 Å). Higher
temperature conditions (493 K) result to a similar free energy
minimumcompared to 298 K. Enthalpy has aminimumat 5.73 Å
that is slightly less than at 298 K. Entropy is dominated by consid-
erably more compact, but less favorable in entropy space, struc-
tures than the minimum at 298 K (Rgyr = 4.19 Å). The profiles at
493 K are available in Section V (Supporting Information).
MLB presents similar values of Rgyr for the strongest enthalpic

(Rgyr = 5.73 Å) and entropic contributions (Rgyr = 5.65 Å) to the

free energy, corresponding to the largest value of Rgyr among
the three half-SBUs, at 298 K. MLC presents the minimum
enthalpic contribution at a low value of Rgyr (5.23 Å); hence
rendering more compact configurations enthalpically favored.
The entropic contribution has a minimum at 5.37 Å at 298 K.
Another straightforward observation is that the minima for
the enthalpic and entropic contributions correspond to similar
values for Rgyr as in MLB, while for MLA the respective Rgyr

values differ by more than 1 Å.
To summarize the analysis of the energy landscape for half-

SBUs in water, the free energy of MLA is dominated by strongly
contrasting enthalpic and entropic effects. Enthalpy favors
"open" structures with stretched arms, while entropy favors
more compact configurations. In MLB and MLC, enthalpy and
entropy contribute in a similar manner to the free energy profile,
with theirminima exhibiting close values ofRgyr.We note that the
average values (the standard deviation is provided in brackets) of
Rgyr in the crystal are 4.69 (0.16) Å forMLA, 5.44 (0.17) Å forMLB,
and 5.27 (0.13) Å for MLC. Therefore, entropy is the driver to the
structures in the crystal for MLA andMLB. More elaborately, Rgyr
values corresponding to the minimum in the entropic contribu-
tion are closer to the average value in the crystal than those dom-
inating the enthalpic contribution. In contrast, enthalpy is domi-
nated by values ofRgyr closer to the ones in the crystal, than values
corresponding to the minimum entropic contribution, only for
MLC. The resulting energy profiles are reported in Figure 1.

2.2. Effect of Solvation Shell

The effect of the solvation shell on the entropic–enthalpic contri-
bution profiles is investigated. Our motivation stems from the
need of assessing the interplay between entropy and enthalpy
in relation with solvation. For instance, strong enthalpic inter-
actions between the solute and the solvent molecules, within a
solvation shell, can induce significant changes in the entropy of
these molecules against those far away from the solute.[5] Re-
cently, Schauperl et al. showed that the water model choice can
only result in minor differences in the entropy and enthalpy of
solvation.[22] Nevertheless, we have validated that our findings
are not affected by this choice through calculating energy pro-
files using the TIP4P model as well (see Section VII, Supporting
Information).[23]

We consider six solvation shell sizes: 2.5, 5, 7.5, 10, 15, and
20 Å.We note that entropy/enthalpy breakdown qualitatively con-
verges for shell sizes larger than 5 Å. Calculating the differences
in the enthalpy contribution at different shell sizes we conclude
that a solvation shell of 7.5 Å is sufficient to capture solute–
solvent interactions. For instance, accounting for a solvation shell
of size 7.5 Å produces a maximum difference with respect to the
enthalpy profile obtained including all the solvent molecules of
the order of kBT. Such a difference becomes negligible for sol-
vation shell sizes larger than 10 Å, indicating that solute reorga-
nization extends to solvent molecules within this distance. We
note that the free energy profile is inherently associated with the
configurational space of the entire simulation box, and it is not
affected by changes in the size of the solvation shell.
An analogous analysis has been carried out for MLA in aque-

ous solution, in the presence of ions. Very similar trends are
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Figure 1. Energy landscape of MLA, MLB, and MLC in water at 298 K as a function of Rgyr. In blue we report the free energy profile, red: enthalpic
contribution, orange: entropic contribution profile. Molecular configurations shown correspond to structures representative of the free energy minima
in the respective profiles. Color code: Cr-lime, C-blue, O-cyan, and H-gray. A thin horizontal line represents zero on the vertical axis. A black vertical line
marks the average Rgyr value of a half-SBU in the bulk of a MIL-101(Cr) crystal.

observed as in pure water; hence the solute–solvent interactions
are fully captured within a solvation shell of size 7.5–10 Å.
The enthalpy and entropy profiles computed as a function of

solvation shell size are reported in Section IV (Supporting Infor-
mation).
In order to understand the effect of solvation on the enthalpic

and entropic contributions to the free energy profiles, the radial
distribution functions are calculated between the central oxygen
of the metal center of each half-SBU (Ou) and a characteristic
atom of each solvent (the oxygen for water and the nitrogen for
DMF). Radial distribution functions are reported in Section II
(Supporting Information). In water, the first solvation shell is lo-
cated 3 Å away from the central oxygen of MLA, in absence and
presence of ions, and it contains three solvent molecules. The
second solvation shell displays a bimodal structure, with the first
peak located at 5.2 Å. At 5.7 Å, water displays a second peak in the
second solvation shell, while in the presence of ions the second
solvation shell is represented by a monomodal peak centered at
5.7 Å. The third solvation shell in water is located between 7.5 and
8 Å in water, both in presence and absence of counterions. This
analysis highlights that the impact on the energetics of the sys-
tem, induced by the conformational rearrangement of MLA ex-
tend up to the fourth coordination shell, involving up to 46 water
molecules. Small discrepancies between the radial distribution
functions in pure water and in water with ions are expected due
to the presence of F− that perturbs the hydrogen bond network
of water.[24]

In DMF, the first solvation shell is centered around 5.2 Å
with the second solvation shell located at 8 Å. This indicates
that in DMF the solute–solvent interplay in the definition of the
enthalpic and entropic contributions to the conformational free
energy landscape only extends up to the second solvation shell,
involving approximately 11 molecules.

2.3. Addition of Ions

The addition of ions (0.25 m) can significantly alter the energet-
ics of the system due to their strong interactions with partially
charged atoms of the half-SBU. Here we analyze contributions

Figure 2. Energy landscape of MLA in water at 298 K (solid lines) and
493 K (dashed lines) with NaF (0.25 m) as a function of Rgyr. Blue: free
energy, red: enthalpic contribution, orange: entropic contribution profile.
Structure A corresponds to the free energy minimum and B to the en-
thalpic minimum at 298 K. The color code is consistent with Figure 1. A
black vertical line marks the average Rgyr value of a half-SBU in the bulk of
a MIL-101(Cr) crystal.

to the MLA free energy profile as this is the unit that contributes
more significantly to the assembly of crystal-like SBUs. We ob-
serve that fluoride anions tend to interact strongly with the metal
center. This leads to reduced interactions within the half-SBU
and impacts fluctuations in the Rgyr. In particular we note that
the free energy projected on the Rgyr is considerably shallower
with ions than in pure water (see Figure 2). Hence, we conclude
that fluctuations in the apparent size of MLA in solution are fa-
cilitated by ions.
The use of a higher temperature (493 K, see Figure 2) results

to a very similar, but narrower, free energy profile. In contrast,
the enthalpic and entropic contributions present appreciable
changes. Enthalpy has a minimum that corresponds to more
open structures associated with larger Rgyr values (5.35 Å at
298 K and 5.59 Å at 493 K). Entropy, instead, favors even more
compact structures than at 298 K and it has a minimum at lower
Rgyr values (4.65 Å at 298 K vs 4.49 Å at 493 K). Therefore, the
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Figure 3. Energy landscape of MLA in DMF at 298 K as a function of Rgyr.
Blue: free energy, red: enthalpic contribution, orange: entropic contribu-
tion profile. A thin horizontal line represents zero on the vertical axis. A
black vertical line marks the average Rgyr value of a half-SBU in the bulk of
a MIL-101(Cr) crystal.

increase of temperature results in highly contrasting enthalpic
and entropic contributions to the free energy. An analogous
analysis and associated discussion for MLB and MLC half-SBUs
are reported in Section III (Supporting Information).

2.4. Effect of Solvent

The effect of DMF becomes apparent for MLA when the poten-
tial energy is projected on collective variable space. In DMF, the
free energy minimum is very close to the one obtained in water,
but the underlying entropic and enthalpic contributions are con-
siderably different. Both enthalpy and entropy profiles present a
single basin in proximity to the free energy minimum and pro-
vide similar contributions to the overall free energy profile, as it
can be seen in Figure 3.
We note that structural fluctuations away from the free energy

minimum in the case of DMF do not require a high enthalpic
cost. In other words the enthalpy profile projected on Rgyr is shal-
low if compared with its analogous in water (see Figure 1, left
panel). The entropic contribution to such fluctuations is even
shallower, providing only a small contribution to the overall free
energy, without significantly affecting the qualitative behavior of
the system.
This is in stark contrast with the case of water, where fluctu-

ations away from the free energy minimum are associated to a
high enthalpic cost and are driven by the entropic contribution.
Also in this case the free energy profiles inDMFofMLB andMLC
half-SBUs are analyzed in Section III (Supporting Information).

2.5. Isomer Symmetry

Another important aspect that provides insight into the con-
formational flexibility of different isomers is a measure of
symmetry along principal axes of inertia. The moments of iner-
tia corresponding to rotational movement around principal axes
are calculated for each half-SBU. We calculate the major, middle,
and minor axes of inertia and the corresponding moments.

We observe that the major axis is similar for the three isomers.
The middle and minor axes are appreciably different for MLA
compared with the other two.
In water, the moment of inertia corresponding to the major

axis has the highest most probable value for MLA and the low-
est for MLC. Also, MLA and MLB populate a narrower range of
values than MLC. The moment of inertia corresponding to the
middle axis has the lowest most probable value for MLA and the
highest forMLC. Again, MLA andMLB present a narrower range
when compared with MLC. Finally, the moment of inertia corre-
sponding to the minor axis presents a narrow distribution and
the lowest most probable value for MLC. For MLB, the opposite
occurs as it has the highest most probable value and a wide distri-
bution. In addition to water, we assess the probability density of
moments of inertia in DMF.Moments that correspond to thema-
jor and middle axes show very similar densities when compared
with water, while rotation around the minor axis renders the to-
tal moment of inertia for MLA lower than in water and closer to
MLC. This indicates that the molecule adopts a more compact
structure that induces a smaller rotational inertia. This analysis
offers an additional insight into the difference in the configura-
tional ensemble populated by MLA in different solvents. Plots
and additional details of this analysis are reported in Section I
(Supporting Information).

2.6. Study of the Rearrangement of an SBU

At last, we concentrate on the analysis of the entropic and en-
thalpic contributions to the free energy landscape associated to
the conformational rearrangements of an SBU in solution.
For this analysis we focus on an SBU formed by twoMLA half-

SBUs. This SBU unit (indicated with the AA label) has emerged
as the most important for the development of crystalline MIL-
101(Cr).[18]

We start the simulation from a crystal-like SBU and sample its
configuration space biasing with WTmetaD the number of con-
tacts between terminal carboxylic oxygens and chromium atoms.
We repeat our calculation at two temperatures, 298 and 493 K.
A value of this collective variable equal to 1.6 corresponds to
two chromium–oxygen interactions as found in the bulk of MIL-
101(Cr). This configuration is labeled C for crystal-like. A value
of 2.5, instead, is representative of three chromium–oxygen in-
teractions, labeled T (for triple chromium–oxygen interaction).
At last, a value of this collective variable equal to 3.3, corresponds
to four chromium–oxygen interactions and is labeled Q (indicat-
ing a quadruple chromium–oxygen interaction, corresponding to
two chromium–oxygen interactions on each side).
We note that, at both temperature conditions, the free energy

landscape underpinning the configurational rearrangement of
the AA SBU, seen in Figure 4, is heavily affected by entropy. For
instance while C emerges as the minimum potential energy con-
formation, and is favored by enthalpy, Q emerges as an entrop-
ically dominated global free energy minimum. Finally we note
that, as expected, the entropically dominated Q configurations is
further even more favored at higher temperatures. Free energy
profiles including enthalpic and entropic contributions at both
temperatures and structures characteristic of each state are avail-
able in Figure 4.
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Figure 4. Energy landscape of the rearrangement of an AA SBU in water at 298 K (solid lines) and 493 K (dashed lines) with respect to the coordination
number between terminal carboxylic oxygen and adjacent chromium atoms. Left panel: Blue: free energy, red: enthalpic contribution, orange: entropic
contribution profile. Right panel: free energy profile in more detail. Configurations corresponding to the C, T, and Q states are shown. The color code is
consistent with Figure 1, except from carbon atoms that are colored blue for one half-SBU and red for its counterpart. A thin horizontal line represents
zero on the vertical axis.

3. Conclusions and Outlook

In this work we examine how different synthesis conditions af-
fect the enthalpic and entropic contributions to the free energy
landscape associated with structural fluctuations of MIL-101(Cr)
half-SBU isomers. In particular we focus on the impact of ions
and solvent (water and DMF). The mass-weighted radius of gy-
ration (Rgyr) is used as a measure of isomer-specific molecular
flexibility.
For MLA, the most important building block of MIL-101(Cr),

we note that the presence of ions leads to larger structural fluc-
tuations, captured by a shallower free energy profile function of
Rgyr, heavily affected by entropy. In contrast, the entropic contri-
bution to free energy does not qualitatively impact the behavior of
MLA in DMF, which compared to pure water also displays larger
fluctuations that are driven by enthalpy.
Lastly, we analyze the conformational rearrangement of an

SBU formed by two MLA units in water, which has been iden-
tified as key for determining the crystallinity of MIL-101(Cr).[18]

Our analysis shows that the crystal-like configuration of the SBU
(C) is enthalpically favored, while SBU configurations display-
ing multiple concurrent linker–metal center interactions (T, Q)
are entropically favored. Therefore, since entropy dominates the
free energy landscape, a simple increase of temperature does not
favor the development of crystalline domains. In fact, tempera-
ture renders the Q state even more probable as its free energy
difference from configuration C is even larger. We thus identify
configurational entropy as the main driver for the formation of
SBUs that depart from a crystal-like configuration and are likely
to result in high-defect materials. In a previous study, we showed
how additive species, such as ions, drastically reduce the prob-
ability of observing configurations like T and Q.[18] Our current

analysis suggests that in the case of full SBUs ions confine the
accessible configuration space of building units by altering the
entropy landscape. A synthetic strategy that carefully tunes the
solution composition, would therefore allow the system to de-
part from an entropically dominated state, and increase the prob-
ability of forming crystal-like units. This observation provides a
rationale for the use of ions during MOF synthesis.[21] From a
computational standpoint, our findings highlight how static po-
tential energy calculations provide only a partial and perhaps in-
sufficient description of the configurational ensemble of MOF
building units. Ultimately, this work provides new insights into
synthetic strategies and optimizing synthetic conditions for en-
tropically dominated processes.

4. Computational Details
Simulation Setup: Molecular dynamics (MD) simulations were per-

formed in explicit solvent. The leapfrog integrator was used to propagate
dynamics of the system with a time step of 2 fs. The LINCS algorithm pre-
served the distances of bonds involving hydrogen atoms.[25] The cutoff for
non-bonded interactions is 10 Å. Long range electrostatics were treated
using the Particle-Mesh Ewald (PME) scheme.[26] The velocity rescaling
thermostat developed by Bussi et al. and the Berendsen barostat preserved
the temperature and pressure at 298 K and 1 bar, respectively.[27,28] To in-
vestigate higher temperature conditions, additionalNVT simulations were
performed at 493 K, using the thermostat of Bussi et al., consistent with
MIL-101(Cr) experimental synthesis.[27] The system is simulated under a
high pressure as in an autoclave employed during synthesis.[21] In more
detail, the system of isolated half-SBUs (MLA, MLB, andMLC) in solution,
which consists of 6500 atoms, was simulated in a cubic box of edge 40 Å
with periodic boundary conditions in three dimensions.[18,19] The system
of an SBU in solution has 12 000 atoms in a cubic cell with edge equal to
50 Å. Solvent has been treated explicitly with the TIP3P model and ions
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with the OPLS-AA force field.[23,29] The force field for the half-SBU species
is discussed in detail in a previous work.[18] Simulations were carried out
using GROMACS 2018 and PLUMED 2.5.[30,31] Chemical structures were
visualized using VMD.[32] All the data and PLUMED input files required
to reproduce the results reported in this paper are available on PLUMED-
NEST (www.plumed-nest.org), the public repository of the PLUMED con-
sortium, as plumID:19.073.[33]

Well-tempered metadynamics (WTmetaD) was employed to enhance
sampling and construct free energy surfaces along chemically intuitive col-
lective coordinates.[34] In this context, a bias potential as a function of the
mass-weighted radius of gyration (Rgyr) to assess the flexibility of the MIL-
101(Cr) half-SBUs was constructed.[19] The radius of gyration had been
chosen as a low dimensional descriptor of the conformational state of
half-SBUs. In particular, the value of Rgyr for each unit in the crystal on
all the plots was reported.

Gaussians of width 0.1 Å and initial height 0.5975 kcal mol−1 were
deposited every 1 ps with a bias factor of 10 in absence of ions, and
a bias factor of 50 in presence of ions. The total simulation time
in water in absence and presence of ions (0.25 m), and DMF was
0.5 µs.

Furthermore, a simulation studying the rearrangement of an AA SBU in
solution was performed through biasing two variables. The first variable
is the number of terminal carboxylic oxygens with a coordination num-
ber with chromium atoms larger than 0.5, using a coordination sphere
of radius 2.5 Å. The second variable is the total potential energy of the
system. Simulations were carried out for 1.5 µs at 298 K and 1.0 µs at
493 K. Gaussians of width 0.01 and 47.8 kcal mol−1 for coordination num-
ber and potential energy were deposited every 1 ps with initial height
and bias factor equal to 0.598 kcal mol−1 and 100, respectively. A ra-
tional switching function with parameters (d0 = 0, n = 2, m = 4) was
used in order to calculate the set of coordination numbers.[31] At last,
a harmonic restraining potential (Vr) acted on the lowest component of
the set of all distances between any chromium and any terminal car-
boxylic carbon atoms. The potential, characterized by a force constant of
35.85 kcal mol−1 was active when the minimum distance exceeded 3.5 Å.
Finally, the errors were calculated on the energy profiles due to sampling
following a block analysis. A detailed description is available in Section VIII
(Supporting Information).

Enthalpic and Entropic Contributions to the Conformational Free Energy
Landscape: As a result of WTmetaD calculations, a free energy surface is
the direct output, as a projection of the free energy of the system G on
the space of collective variables, denoted with s.[34] The Gibbs free energy
can be expressed as the sum of its enthalpic and entropic contributions
as shown in Equation (1).

ΔG(s) = ΔH (s) − T ⋅ ΔS (s) (1)

where G(s) is the free energy, H(s) the enthalpy, and S(s) the entropy, and
∆ represents the difference with respect to an arbitrarily chosen reference
state in s.[35]

To systematically decompose the free energy surface ∆G(s) the method
discussed in the work of Gimondi et al. was employed, which is based on
mapping the ensemble average of the enthalpic component of the free
energy in s, and then obtaining the entropic contribution to free energy by
difference.[35]

In the case of conformational transitions in solution, associated to neg-
ligible variations in the excluded volume, the P∆V(s) contribution to en-
thalpy (where P is the pressure and V(s) the volumemapped on CV space)
is constant. Hence ∆H(s) reduces to the internal energy ∆U(s). Further-
more, at constant T, the kinetic energy does not depend on s, and therefore
the internal energy contribution ∆U(s) further reduces to the potential en-
ergy of the system ∆EP(s).

[35]

Since in this work conformational transitions in half-SBUs or SBUs em-
bedded in a solvent are analyzing, it is highlighted that the potential en-
ergy of the system is dominated by the potential energy of the solvent. To
limit the statistical uncertainty in the decomposition of the free energy sur-
face ∆G(s), the contributions further decomposed to ∆EP(s) as follows in

Equation (2).

ΔEP (s) = Δ
⟨
EsoluteP

⟩
s
+ Δ

⟨
Esolute−solventP

⟩
s
+ Δ

⟨
EsolventP

⟩
s

+Δ
⟨
ELRP

⟩
s (2)

where adopting the notation introduced in the work of Gimondi et al.,
⟨EP

solute⟩s and ⟨EP
solvent⟩s represent ensemble averages of the poten-

tial energy projected on s, including all the bonded terms (bond, angles,
proper dihedrals, and Ryckaert–Bellemans dihedrals) of solute and sol-
vent, respectively; plus the non-bonded, short-range terms for solute–
solute and solvent–solvent interactions.[35,36] Long-range interactions,
〈EP

LR〉s, were also accounted for all species.
The term ⟨EP

solute–solvent⟩s accounted instead for the non-bonded,
short-range potential energy terms associated to solute–solvent interac-
tions. It was noted that the term ⟨EP

solvent⟩s was independent from the
conformation of the solute mapped on s, hence ∆〈EP

solvent〉s = 0.
In order to compute ∆⟨EP

solute⟩s and ∆〈EP
solute–solvent〉s from biased

sampling, Boltzmann weights using the method of Tiwary and Parrinello
were estimated.[35,37]

Solvation Shell: In order to investigate the role of the solvation shell
on the enthalpy and entropy of rearrangement of half-SBUs, contributions
to the potential energy by changing the convention for the molecules con-
sidered in the calculation of the term ∆〈EP

solute–solvent〉s were calculated.
In particular, now it was explicitly distinguished between solvent

molecules found within a certain distance from the solute, constituting
the solvation shell interacting with the half-SBU. By considering solvation
shells of increasing size (from2.5 to 20 Å) andmonitoring the convergence
of the potential energy contribution ∆〈EP

solute–solvent〉s as a function of the
solvation shell size, it was quantified the impact of the conformational re-
arrangement of half-SBUs on the surrounding solvent environment and
assessed solvation shell impact on the conformational entropy.

Effect of Ions and Solvent: The role of ions and the changes in the free
energy and the enthalpy–entropy profiles were investigated. Ions (Na+,
F−) were added (0.25 m with respect to the volume of the simulation
box), in order to evaluate half-SBU flexibility in excess of ionic species.
The interactions between the solute and the solvent with those between
the ionic species and the solute were complemented. Furthermore, a dif-
ferent solvent could significantly affect the energetics of conformational
transformations in the solute. This was due to entropic and enthalpic con-
tributions being affected by the nature of solvation.[2] To assess this ef-
fect on MIL-101(Cr) SBUs, in addition to water it was investigated N, N-
dimethylformamide (DMF). TheOPLS forcefield parameters for DMFwere
obtained from the virtualchemistry.org database.[38]
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