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ABSTRACT: The assembly mechanism of hierarchical materials controlled by the choice of solvent and presence of spectator ions.
In this paper, we use enhanced sampling molecular dynamics methods to investigate these effects on the configurational landscape
of metal-linker interactions in the early stages of synthesis, using MIL-101(Cr) as a prototypical example. Microsecond-long well-
tempered metadynamics (WTmetaD) simulations uncover a complex free energy structural landscape, with distinct crystal (C) and
non-crystal (NC) like configurations and their equilibrium population. In presence of ions (Na+, F-), we observe a complex effect on
the crystallinity of secondary building units (SBUs), by encouraging/suppressing salt bridges between C configurations and conse-
quently controlling the percentage of defects. Solvent effects are assessed by introducing N, N dimethylformamide (DMF) instead of
water, where SBU adducts are appreciably more stable and compact. These results shed light on how solvent and ionic strength impact
the free energy of assembly phenomena that ultimately control material synthesis

INTRODUCTION

Tunable materials offer numerous possibilities for synthesis
leading to desirable attributes like high porosity, surface area
and separations capability. Porous materials of this kind include
metal-organic frameworks (MOFs) that attract increasing inter-
est due to their potential applicability in numerous industrial
processes that include CO, capture and sequestration!- to re-
duce environmental pollution, CH, storage* for natural gas ap-
plications, catalysis®’, drug delivery®®, separations!'®!! and wa-
ter production from the air in dry climates'2. MOF properties
can be significantly changed upon the presence of defects!3!4;
for example, defects are known to compromise mechanical sta-
bility!>-16, or they can offer novel ways of functionalization,
without loss of stability!”. Understanding the formation of de-
fects during MOF synthesis is essential'® to devising strategies
that regulate their occurrence.

In recent years, MOF synthesis research has focused on material
discovery by employing various experimental techniques to de-
velop new MOFs. Nevertheless, a thorough investigation in-
volves understanding the mechanism of synthesis that takes
place. In this respect, theoretical models should be validated
with experimental findings. Molecular simulations can intrinsi-
cally access atomic level information and provide mechanistic
details that are not always possible to identify from experi-
mental studies. In this work, we provide insights into MOF syn-
thesis by assessing interactions between its building blocks dur-
ing the early stages of nucleation through molecular simula-
tions. Furthermore, we investigate solvent and ionic effects on
these interactions in order to elucidate their role in MOF assem-
bly.

Due to the metal cations in MOFs, their synthesis is regularly
carried out in presence of counterions. Therefore, studying the
effect that ionic strength has in this process is meaningful in the
modelling of MOF synthesis. More precisely, metal precursors
are introduced in the form of metal nitrate hydrates (e.g.
Cr(NO3)5 - 9H,0 in the case of chromium)' and fluoride has
been used by experimentalists in the synthesis of MIL-101 (Cr)
as it promotes rapid crystal growth of the material?*-2!. Fluoride

anions have an affinity to the chromium at the metal center of
MOF building units and their interaction assists the stability of
the crystal structure?>. Nevertheless, recent studies?>2° have
used alternative synthetic methods by replacing fluoride with
hydroxide anions using deionized water?*2,

In this work, the self-assembly of MIL-101 (Cr) SBU from its
constituent half-SBUs is studied as a prototypical example to
highlight the most important stages of nucleation. Existing data
on synthesis kinetics?’ allows for validation of our models. The
half-SBUs used in this research work are structural isomers of
the MIL-101 (Cr) half structural building unit (half-SBU).

MIL-101 (Cr) half-SBUs are comprised of the tri-metal center
with three coordinatively bound organic linkers, and three
“open” sites available to interact with other half-SBUs during
nucleation. These have been found to be relevant in the study
by Cantu et al.?®, where they emerge from minimum energy
pathways in the formation of a MIL-101 (Cr) SBU. Further-
more, in situ spectroscopy and NMR studies provide concrete
evidence that supports the hypothesis that nucleation proceeds
by the formation and assembly of half-SBUs?-3.

Overall, MOF formation is widely believed to follow a nuclea-
tion and crystal growth mechanism. Our hypothesis is that nu-
cleation of the MOF lattice is the result of the assembly of these
half-SBUs, and is therefore directly impacted by their configu-
ration complexity. In this work we sample the configurational
space of SBUs resulting from the dimerization of half-SBUs
and estimate the equilibrium distribution of their conforma-
tional variants. With this analysis, we ultimately assess the pro-
pensity to develop defects in the early stages of MOF crystalli-
zation. Our analysis finds its context within a number of recent
computational studies on the assembly of complex materials
such as metal nanoparticles®>**, metal-organic frameworks with
single-metal centers**** and “metal-free” covalent-organic
frameworks®®. Implicit solvation and united-atom force fields
are often employed in these works??>* to qualitatively analyze
assembly processes. In this work we make a leap forward in
complexity, by tackling a system that presents a complex metal-
center topology with all-atom, explicit solvent simulations



aimed at exploring and quantifying the free energy landscape in
the early stages of MOF assembly, which has not been compre-
hensively understood yet®’.

To achieve this goal, several microsecond-long metadynamics
simulations have been conducted, unveiling the complexity of
a configurational landscape characterized by hundreds of pos-
sible SBU configurations. Furthermore, the addition of an in-
creasing number of ions to the system allows to uncover the role
of solution composition in the formation of SBUs, and the prob-
ability of assembling defective units from half-SBU assembly.

METHODS

In the following sections, we present the methodology applied
to carry out molecular simulations and processing of the data to
compute equilibrium distributions.

Half-SBUs For the sake of clarity, the MIL-101 (Cr) half-SBU
structural isomers are referred to in this work as MLA, MLB,
MLC: in metal linker arrangement A (MLA), all linkers are on
the same side of the metal center plane; in arrangement B
(MLB), two linkers are on one side and one on the other side of
an open site; in arrangement C (MLC) two linkers are on one
side and one on the other side of an occupied site. Furthermore,
we should note that MLA and MLB are also stereo isomers. A
representation of their chemical structure is illustrated in Fig.
128. We carried out an extensive analysis of the conformational
space of both isolated half-SBUs and all their possible combi-
nations into SBUs at 298K and 1 bar.

MLA

MLC

Figure 1. Structural isomers of the MIL-101 (Cr) half-SBU. Color
code: Chromium - Lime, Oxygen - Cyan, Hydrogen — Grey, Carbon
— Blue. Top: top view, bottom: side view. Considering as a visual
reference the plane defined by the Cr atoms in the metal cluster,
MLA is characterized by having all terephthalate linkers pointing
away from the metal cluster. MLB and MLC instead have only two
linker pointing in the same direction. MLB and MLC display a dif-
ferent connectivity between the metal cluster and the linkers,
whereby the same two Cr atoms are simultaneously coordinating
two linkers. An animated version of this figure is provided as Sup-
plementary Animation. Chemical structures were visualized with
VMD?38

Force fields To achieve an extensive sampling of conforma-
tional isomers of both half~-SBUs and SBUs in explicit solution,
we resorted to a classical representation of molecular interac-
tions. In all simulations we used the OPLS-AA force field* to

model interactions in the terephthalate linkers. To model non-
bonded interactions between Cr atoms and linkers in different
half-SBUs, we tailored the pair-wise interactions between chro-
mium atoms and linkers from a different half-SBU using a Len-
nard-Jones potential following the work of Cantu et al.?®. The
overall procedure is presented in the SI, section I. Regarding
internal half-SBU bonded interactions, the values of the har-
monic oscillator constants of bonds and angles involving Cr
were set to high values to keep the internal half-SBU coordi-
nates close to equilibrium, since the focus of the simulations is
to understand how different half-SBUs assemble. Bond and an-
gle equilibrium values are based on SBU structures optimized
with density functional theory (DFT). Dihedral angles, instead,
are estimated from geometry optimizations of the isolated metal
center.

All simulations have been carried out in explicit solvent. We
investigate both aqueous and N, N-dimethylformamide (DMF)
solutions, with the explicit inclusion of counterions (Na*, F-).
Water is simulated with the TIP3P model*, while ions and
DMEF are modelled using the OPLS-AA¥ force field. For coun-
terions we used the OPLS-AA3 parameters included in
GROMACS*. DMF force field parameters are obtained from
the virtualchemistry.org database***. The dipole moment of
this classical model of DMF is 3.52 D, in good agreement with
the experimental value of 3.86 D%45.

Conformational sampling with well-tempered metadynam-
ics. Well-tempered metadynamics (WTmetaD)* was used to
extensively characterize the conformational space of both half-
SBUs and their dimers (SBUs). In all simulations, temperature
and pressure conditions are maintained constant (298 K and 1
bar) by using the velocity rescale thermostat!’ and the Berend-
sen barostat*, respectively. A 10 A cut-off was used for non-
bonded interactions. Long range electrostatic interactions were
treated using a particle-mesh Ewald scheme®. Dynamics were
propagated with a leapfrog integrator using a time step of 2 fs,
while preserving bond lengths using LINCS*. A cubic simula-
tion box with 6500 atoms and an edge of 40 A for isolated half-
SBUs and 12000 atoms and 50 A edge for couples forming an
SBU is used in all cases, respectively, while imposing three-
dimensional periodic boundary conditions. All simulations
were carried out using GROMACS 5.1#! with PLUMED 2.25!,

In the case of isolated half-SBUs in solution, we investigate the
structural flexibility of all three isomers as conformational
isomerism is found to regulate the flexibility of the resulting
framework®. In this context, we sample their conformational
space performing WTmetaD* simulations using the mass-
weighted radius of gyration (Rg,) as a collective variable (CV).

The assembly of half-SBUs into SBUs was examined via en-
hanced biasing of two CVs, defined as the smallest among all
distances between any two chromium atoms (labelled M-M)
and the smallest among all distances between any terminal car-
boxylic carbon in a terephthalate linker and any metal center
(labelled M-T). These CVs are invariant with respect the spe-
cific identity of the chromium or carbon atoms, and are sche-
matically depicted in the SI, Fig. S2.

All simulations were performed updating the WTmetaD*
bias every ps, with an initial Gaussian height of 0.598 kcal/mol
and width of 0.1 A. The isolated half-SBUs simulations were
carried out with a bias factor of 10. In the assembly of half-
SBUs into SBUs instead, the bias factor is chosen as follows:
30 for MLA-MLA (AA), 20 for MLA-MLB (AB), MLA-MLC
(AC), MLB-MLB (BB) and 10 for MLB-MLC (BC), MLC-
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MLC (CC). The choice of different bias factors was dictated by
differences in the characteristic energy barriers associated to
each case. Nevertheless, the final free energy estimates are in-
dependent of this choice. The same WTmetaD* setup was im-
plemented in all aqueous simulations, both the absence and
presence of ions. For simulations in DMF, the bias factors used
were: 50 for AA, 40 for AC, 30 for AB, BB, BC and CC.

Each one of the 6 combinations of half-SBUs, was simulated in
the absence of ions for an overall simulation time of 7 us. To
investigate the effect of the ionic concentration in water all 6
half-SBUs combinations were studied at 6 different ionic con-
centrations, for a total of 32 independent simulations, extended
to a simulation time of 1 us each. In DMF, the simulation time
is 4 us for AA, 2.5 us for AC and 2 us for the remaining four
couples of half-SBUs.

Free energy calculations allow us to study the formation of
crystal-like and non-crystal-like SBUs from detached half-
SBUs. All possible couples of configurational isomers MLA,
MLB, MLC are investigated. The SBU dimers (AA, AB, AC,
BB, BC, CC) are distinguished into two categories as D, for
crystal-like and Dy, for non-crystal-like SBUs, where D indi-
cates one of the aforementioned dimers e.g., AA.

DFT calculations. We further examine the relative stability
of the conformational isomers of half-SBU dimers by compu-
ting their relative energy at the DFT level. Calculations are con-
ducted in Gaussian 167 with the hybrid, gradient-corrected
Perdew, Burke and Ernzerhof (PBE0)**>> functional for ex-
change correlation. Single point energy calculations were car-
ried out in the gas phase. We used the 6-31G**3 basis set for
carbon, hydrogen and oxygen and the “Stuttgart RSC 1997757
along with its corresponding effective core potential for chro-
mium. The latter were obtained from the EMSL basis set ex-
change®-38.

Equilibrium distribution of species. Free energy differ-
ences obtained from sampling the conformational landscape of
SBUs allow us to compute the equilibrium distribution of SBU
conformers in absence and presence of ions. The equilibrium
probability of forming crystal-like or non-crystal-like SBUs
from any of the six possible half-SBU dimers is estimated from
free energy differences under the assumption that half-SBUs
can only form SBUs without considering their further assembly
into larger structures. It has been reported in the literature that
MOF crystallization quickly follows after SBU formation®.
Two types of dimerization processes are considered:

M1+M2=D, M1+M2= Dy, (1)

where M1 and M2 are any two half-SBUs among the MLA,
MLB and MLC types, and D, and Dy are crystal-like (C) and
non-crystal-like (NC) dimers (SBUs) respectively. This leads to
considering 12 reactions, resulting to the formation of 12 SBUs,
and 15 species (3 half-SBUs and 12 SBUs). Each species is in-
dicated with the index i. For each individual, isolated reaction,
denoted with index j, we compute the free energy of dimeriza-
tion AG]-O, with respect to an ideal reference state common to all
reactions, in which half-SBUs are isolated in solution. Transi-
tions between this reference state and different SBUs are sam-
pled through WTmetaD*, and the convergence of AG]-0 values
is reported in Fig. S12-S14, Supplementary Information (SI).

With this information at hand, we computed the equilibrium
composition of a system in which all reactions are occurring

simultaneously. The equilibrium probability for species i, P;, is
given by:

Pi=Pyy+v; 4 2
where v;; is the stoichiometric coefficient of species 7 in reac-
tion j, P;  is the initial probability of species 7, and 4; is the con-
version associated to the equilibration of reaction j. A system,
in which all 12 reactions are active, is in equilibrium when the

BA

" - 0 vij .
condition e #*% = []; P"” holds for every reaction.

Values of P; that satisfy this condition can therefore be com-
puted from Eq. 2, by numerically evaluating the equilibrium
conversion A; by solving the following system of non-linear
equations:

BAG) + % vy - log(P) =0, 1<j<12 3)

where f8 is the inverse temperature ([kzT]™!, where kj is the
Boltzmann’s constant). A numerical solution is computed using
a trust-region approach with a dogleg step calculation3*.

In order to assess how the uncertainty in the estimates of AG]-O
propagates to the distribution we carry out a bootstrap analysis,
extracting random values for AG]-O within the confidence inter-
val estimated for every SBU conformer (see SI).

RESULTS AND DISCUSSION

Insight into SBU assembly. WTmetaD* simulations exploring
the conformational space of half-SBU couples were performed
at this stage for all combinations of the three half-SBUs — MLA,
MLB, and MLC. Our analysis leads to 48 FES and approxi-
mately 300 dimer structures in total. The resulting free energy
surfaces (FES), reported in Fig. 2 for the AA SBU, exhibits 7
local minima corresponding to (meta) stable SBU configura-
tions. Low values for both CVs correspond to crystal-like SBUs
(states 1, 2C) and high to detached, non-interacting, half-SBUs
(state 5). When M-M is low and M-T is high, non-crystal-like
SBUs are projected to form (states 4, 6, 7). Interactions between
chromium atoms of a metal center and terminal oxygen atoms
of the adjacent terephthalate linker with a planar T-shape repre-
sent structures found in the crystal lattice of MIL-101 (Cr). At
last, we note that crystal-like SBUs resemble the relative orien-
tation found in the crystal structure, shown in Supporting Infor-
mation (SI), Fig. S17; hence they are in accordance with exper-
imental observations. All FES are provided in SI, Fig. S4.

Interactions between MLA half-SBUs result in the most sta-
ble SBUs. The associated FES, in the case of a pure water solu-
tion, is presented in Fig. 2. States 1-3 are characterized by to
interactions between the metal center and a terephthalate linker,
while states 4, 6 and 7 are dominated by interactions between
metal centers. The nomenclature followed to further describe
specific atomic interactions is OMetal: oxygen of the metal cen-
ter, OTerminal: terminal oxygen of the terephthalate linker.
Consequently, we identify the following interactions present, in
state 1: [2 OTerminal — 1 Cr], state 2C: [2 OTerminal — 2 Cr],
state 6: [1 OMetal — 1 Cr] and state 7: [2 OMetal — 2 Cr].

It should be noted that state 2 dominates the equilibrium distri-
bution of species and states 6, 7 correspond to non-crystal-like
SBUs with highly positive values that exceed the current scale.

In state 2, we identify a crystal-like structure (labelled 2C, cor-
responding to state 2 in Fig. 2), with two OTerminal — Cr inter-



actions. In the same region of the M-M, M-T CV space a quad-
ruple oxygen — chromium interaction (labelled 2Q) with four
OTerminal — Cr interactions is sampled. This configuration,
which belongs to the set of non-crystal-like SBUs, can be seen
in Fig. S3 — 2a, SI. In order to quantitatively assess the contri-
bution of 2Q and 2C to the species distribution we inde-
pendently compute their free energy difference through an in-
dependent WTmetaD*® simulation (for the details see SI, sec-
tion III). The latter shows that AG,¢ - ;4 is of the order of -10
kcal/mol, hence indicating that in the absence of counterions 2Q

MLA - MLA in Water

is the most stable configuration for an SBU. We note that this
is also the case in DMF, as discussed in detail in the following,
while in the presence of excess ions 2Q is not sampled at all and
2C dominates state 2. In states 3 and 4, oxygen atoms of one
half-SBU and hydrogen atoms of its counterpart interact as
shown in the insets of Fig. 2.
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Figure 2. Free energy surface projected on the 2 CVs biased during the simulation of 2 MLA half-SBUs in an aqueous solution at 298K, 1
bar. The 4 states of interactions and their respective configurations are shown. A structure representing 2C is displayed in state 2. State 5
corresponds to detached half-SBUs. The color code for all atoms except from carbon is consistent with Fig. 1. In this representation, carbon
atoms are colored blue and red in order to distinguish between different half-SBUs.

Characterization of half-SBU flexibility. We examine the
flexibility of isolated half-SBUs in solution via WTmetaD*
simulations performed using the mass — weighted radius of gy-
ration (Ry,, ) of each isomer in solution as a collective variable
for a total simulation time of 0.2 us. The resulting probability
densities are reported in Fig. 3a. We note that MLA displays a
rather rigid structure, showing a narrow distribution of R, .
MLB exhibits a wider distribution with structures characterized

by the largest Ry,,. MLC shows a configuration with two of the
ligands almost parallel to each other at the lowest R, of all
half-SBUs. The latter observation shows that the most probable
configuration for MLC diverges from the orientation found in
the crystal lattice, and supports the fact that MLC, as emerged
from dimerization simulation, is unlikely to produce crystal-like
SBUs; especially in the absence of MLA.
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MLA-MLA SBU energies. Following the analysis of the FES
conformational landscape, we have conducted single point en-
ergy calculations on the AA SBUs in the gas phase. A qualita-
tive agreement with estimates from the classical force field is
observed. Therefore, we report that the rank of the structures in
terms of energy stays the same as at a higher order of theory.
Nevertheless, the potential energy difference (AE) is larger at
the higher level of theory. The reference structure for these cal-
culations is state 2C. All estimates from DFT calculations are
provided in table S1, SI.

Equilibrium probability of crystal-like vs non-crystal-like
SBUs. The probabilities of different species at equilibrium were
calculated to provide an estimate for the likelihood of forming
crystal-like (C) vs non-crystal-like (NC) SBUs starting from an
initial distribution of half-SBUs. Since NC structures dominate
in absence of ions as discussed, the analysis was conducted for
the aqueous simulations in presence of ions, in order to quanti-
tatively assess the effect of the concentration of ions on the pop-
ulation of SBUs conformers.

We investigate two conditions for the initial distribution of
half-SBUs: (1) Equiprobable, (2) Puypao = 45%, Pyrpo =
45%, Py1c0 = 10% (Low initial probability of MLC). The rea-
son for the latter is that the energy barrier is larger in the for-
mation process of MLC than in MLA, MLB?8, We shall evalu-
ate the case of water at very low ionic strength (0.025M). An
Equiprobable initial distribution results in ~ 33% probability of
formation of crystal-like SBUs, which is increased to ~ 45%
when the initial probability of MLC is lower than MLA and
MLB. Detached half-SBUs have a probability of less than ~ 5%
at equilibrium for both (1) and (2). The latter follows after an
appreciable decrease in probability of non-crystal-like SBUs (~

52%) in (2) in contrast to (1) (~ 65%). The resulting probability
distributions, considering AG in the calculations, are shown in
Fig. 3b. The equilibrium probabilities of all SBUs are available
in Fig. S15-S16, SL.

Effect of solution composition. The presence of spectator ions
and choice of solvent changes the FES of dimerization and im-
pacts the probability of formation of crystal-/non-crystal-like
structures.

We investigate the impact of a solvent different than water on
the half-SBU association process. DMF is frequently used in
MOF synthesis®® ¢1-62. Compared with those obtained in water,
SBUs are much more stable and compact in DMF: the values
for the AG (in kcal/mol) are -115 for AA, -55 for AB, AC, -35
for CC and -20 for the rest. In most cases, only one SBU con-
figuration dominates the FES. The configurations that corre-
sponds to this state display 4 OMetal — Cr interactions and the
half-SBUs are parallel to each other (Fig. S3 — 2a) or slightly
bent (Fig. S3 — 2b). The former is the most stable structure in
DMF and it has been formed in water, in absence of ions, as
well, however it is not as stable in the latter. Moreover, AA
again dominates all SBUs from a free energy of association
standpoint. Another interesting structure that is found in DMF
presents the terminal oxygen atoms from 2 linkers of one half-
SBU bound to all 3 Cr atoms of its counterpart (Fig. S3 — 2c¢).
It should be noted that m — 7 stacking of the benzene rings
characterizes these structures. All of the aforementioned con-
formers are provided along with the corresponding FES in Fig.
S3, SL
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configuration at the side of each FES). Reference state (5) is also shown for each concentration of ions. The color code is consistent with

Fig. 2.

Impact of ions on the SBUs configurational landscape. The
same approach is followed after the introduction of spectator
ions to the system of half-SBUs in water, both explicitly repre-
sented. lonic species are Na*and F~ at concentrations of 0.025,
0.125,0.25, 0.5, 0.75 and 1M. In order to characterize the bind-
ing of half-SBUs in the presence of ions, we discuss AA as it is
the most energetically favorable SBU. The FES for AA SBUs
in water at ionic concentrations 0.025M, 0.5M and 1M along

with the corresponding structures are available in Fig. 4, while
the intermediate concentrations are available in Fig. S5, SI.

We note that a small concentration of ions (0.025M) results in
a free energy surface comparable to that obtained in absence of
ions (Fig. 4, top panel). Nevertheless, ions inhibit the spontane-
ous formation of the 2Q configuration, which instead dominates
the pure water case. In these conditions the probability of ob-
serving the crystal-like 2C configuration is the highest as shown
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in Fig. 5. A further increase in the ionic concentration to
0.125M renders crystal-like structures improbable because the
terephthalate-chromium interactions, dominating state 2 are
hindered by ions. On the contrary states 6, 7 characterized by
M-M interactions are stabilized by fluoride anions and domi-
nate the FES. Additional results are reported in the SI, Fig. S5-
S10. An analogous behavior is observed for ionic concentra-
tions of 0.25M and 0.5M, where state 6 is the most stable, while
states 1, 2 and 7 are completely inhibited (AGs-q 5, > +15
kcal/mol, see Fig 5). Additional interactions between metal cen-
ters are observed for 0.5M, where F~ linked to the metal centers
interact with Na* forming salt bridges between the half-SBUs
(state 4U, see Fig. 4).

Beyond 0.5 M, ions have a two-fold effect. On the one hand
ions decrease the total amount of SBUs formed, on the other
hand however the introduction of salt bridges favors the stabili-
zation of crystal-like SBUs. This behavior is apparent observing
state 2 (Fig. 4) at IM.

Impact of spectator ions on the equilibrium distribution of
SBU conformers. Equilibrium probability distributions allow
us to assess the effect of ionic strength on the relative abundance
of conformational isomers of SBUs. Following the procedure
outlined in the previous paragraphs, the equilibrium probability
of detached half-SBUs, crystal like SBUs and non-crystal-like
SBUs has been computed for all the concentrations of ions in-
vestigated. The resulting probability distributions are available
in SI, Fig. S15-S16.

In Fig. 5 we observe that the probability of crystal-like SBUs
presents a non-monotonous trend as a function of the ionic
strength. In particular, we see that in absence of ions, non-crys-
tal-like SBUs dominate the distribution. This is due to the fact
that in these conditions even in aqueous solution, the NC con-
figuration corresponding to state 2Q, discussed in the previous
sections, is the most stable.

For small ionic concentrations (0.025M) crystal-like SBU reach
a maximum in their population, contributing for more than 30%
of the species in solution, as shown in detail in the histogram
reported in Fig. 3b. Increasing the concentration of ions how-
ever, long lived interactions between counterions and metal
clusters are observed. These interactions hinder the formation
of bonds between terephthalate linkers metal clusters, and lead
to a negligible probability of observing crystal-like SBU con-
figurations, such as those corresponding to states 1 and 2 in the
FES reported in Fig. 2 and 4. In these intermediate conditions
non-crystal-like SBUs, characterized by specific interactions
(states 4, 6 and 7) are favored. Nevertheless, when the ionic
concentration exceeds 0.5 M, salt bridges are formed between
half-SBUs. Such ion-mediated interactions hinder rotation of
the linkers and promote crystal-like SBU configurations.

These findings suggest a complex role played by ions during
MOF synthesis:

i. In absence of ions, non-crystal-like SBUs dominate the early
stages of MOF nucleation, hence potentially leading to the for-
mation of highly defective material. This provides a mechanis-
tic rationale for the need of spectator ions in MOF synthesis.

ii. At low ionic concentrations (0.025M) crystal-like SBU con-
figurations represent a large proportion (30-40% see Fig. 3b and
Fig. 5). In these conditions these SBUs are likely to provide the
building blocks for the nucleation of crystalline MOFs.

iii. At slightly higher concentrations, 0.2 - 0.5 M in our simula-

tions - spectator ions completely inhibit the formation of crys-
tal-like SBUs.

iv. Above 0.5 M, instead the formation of salt bridges between
with half-SBUs has the opposite effect, favoring the formation
of crystal-like units. In these conditions salting out effects take
place, whereby half-SBUs act as nucleation centers, and are se-
questrated by large ionic clusters. In these conditions the overall
probability of forming SBUs detached from said clusters re-
mains low, however the SBUs formed are crystal-like, stabi-
lized by salt bridges.

v. The dissociation rate of SBUs with increasing ionic concen-
tration plateaus at values four to seven orders of magnitude
larger hen compared to the case studied in absence of ions. This
observation indicates that with increasing ionic concentrations
the clusters formed by the assembly of SBUs become more dy-
namic and potentially more prone at self-healing defects formed
in the early stages of the crystallization process.
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Figure 5. Blue line: Average probability of formation of crystal-
like SBUs at equilibrium with increasing concentration of ions and
associated standard deviation (error-bars). Red plot: SBU relative
dissociation rate with respect to the system in absence of ions. A
qualitative upper bound estimate of the dissociation rate is provided
by considering it proportional to e (46) where (AG) is the ensem-
ble average free energy of formation of SBUs. The configurations
present at different instances correspond to the AA SBU and the
color code is consistent with Fig. 2.

CONCLUSIONS AND OUTLOOK

This study documents in detail how the complexity of the
configurational landscape controls MOF synthesis. Choice of
solvents can be used to direct speciation towards desired iso-
mers, as shown in the case of DMF vs water. The implications
are that both thermodynamic and kinetic factors are at play, in-
dicating how solvent mixtures can be used to control self-as-
sembly and defect population. We find that structural rigidity of
the SBUs is strongly correlated, with ability to form crystalline
units. This is controlled partially through the molecular identity
of the SBUs, as is dramatically demonstrated in Fig. S4, SI.
Similarly, spectator ions and solution ionic strength can also be
used to selectively shut down or open up pathways and control
defect concentrations. At low ionic strength, higher populations
of crystal-like structures are facilitated by ions (F-) attached to
the metal center which obstruct the occurrence of double metal
center - linker interactions (2Q), whereas higher ionic strengths
salting out effects and blocking of linkers become prevalent.
While our analysis does not provide an exhaustively quantita-
tive estimate of reaction kinetics, it suggests that the composi-
tion of the liquid phase affects significantly the dynamical rear-
rangement of SBUs, and hence is key to control the self-healing
of defects formed in the early stages of nucleation.



The simulations reveal a remarkable conformational ensemble
of 300+ structures that are implicated in the early stages of nu-
cleation of MIL-101. Given that these effects arise from both
enthalpic and entropic drivers, it is not a priori obvious which
will dominate based on simple intuition alone. The identifica-
tion of these factors demands knowledge of the free energy
landscapes and their dependence on synthesis conditions. Mod-
ern molecular simulations methods can be used to discriminate
these critical drivers, and provide a hypothesis-based approach
to synthesis that departs from traditional Edisonian practices.
Although this study is specific to MIL-101, we postulate that
these observations are generalizable and suggest that systematic
theory/experimental studies of solvent mixtures, and varying
ionic strength are likely to illuminate the complex nature of
MOF synthesis.
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