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ABSTRACT: A combined density functional theory and ¢ Al;0(BDC)g(DMF);* in 1:1 H,O0:DMF
molecular dynamics study has been used to study reactions PN RN
relevant to the crystallization of a model cluster based upon the ’ y Iy I / oo T e
metastable phase NH,-MOF-235(Al), which has been pre-
viously shown to be an important intermediate in the synthesis i~ /3
of NH,-MIL-101(Al). The clusters studied were of the form
AL,O(BDC)((DMEF),(H,0),,*, where BDC™ = NH,-benzene- TR
dicarboxylate and DMF = dimethylformamide (n = 1-3; m = {n R A
— 3}). The ionic bonding interaction of the Al;O’* core with
BDC" is much stronger than that with a coordinated solvent
and is independent of the bulk solvent medium (water or DMF). The exchange reactions of a coordinated solvent are predicted
to be facile, and the dynamic solvent organization indicates that they are kinetically allowed because of the ability of the solvent to
migrate into the cleft created by the BDC—AL;O—BDC coordination angle. As BDC™ binds to the A;O’* core, the solvation free
energy (G, of the cluster becomes less favorable, presumably because of the overall hydrophobicity of the cluster. These data
indicate that as the crystal grows there is a balance between the energy gained by BDC™ coordination and an increasingly
unfavorable G,. Ultimately, unfavorable solvation energies will inhibit the formation of quantifiable metal—organic framework
(MOF) crystals unless solution-phase conditions can be used to maintain thermodynamically favorable solute—solvent
interactions. Toward this end, the addition of a cosolvent is found to alter solvation of AL,O(BDC)s(DMF);* because more
hydrophobic solvents (DMF, methanol, acetonitrile, and isopropyl alcohol) preferentially solvate the MOF cluster and exclude
water from the immediate solvation shells. The preferential solvation is maintained even at temperatures relevant to the
hydrothermal synthesis of MOFs. While all cosolvents exhibit this preferential solvation, trends do exist. Ranking the cosolvents
based upon their observed ability to exclude water from the MOF cluster yields acetonitrile < DMF ~ methanol < isopropyl
alcohol. These observations are anticipated to impact the intermediate and final phases observed in MOF synthesis by creating
favorable solvation environments for specific MOF topologies. This adds further insight into recent reports wherein DMF has
been implicated in the reactive transformation of NH,-MOF-235(Al) to NH,-MOF-101(Al), suggesting that that DMF
additionally plays a vital role in stabilizing the metastable NH,-MOF-235(Al) phase early in the synthesis.
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B INTRODUCTION discovered by chance rather than design.'®'” Elucidating the

Metal—organic frameworks (MOFs) are a class of network
structures that are characterized by hybrid inorganic/organic
building blocks." They can possess large surface areas with high
porosity, and their physical properties can be tuned by the
appropriate selection of the building blocks and/or post-
synthetic modifications.”> These properties make MOFs
promisingg materials in industry for separation,*”® storage,”®
catalysis, —i drug delivery,lz'13 luminescence,"* and magnet-
ism.”> Yet these applications are highly dependent upon a
reliable and controlled large-scale synthesis.” While new
frameworks of MOFs are reported each year, synthesis methods
with scale-up in large quantities and less synthesis time must be
developed.” One key challenge in the synthesis of MOFs is that
the fundamental crystallization mechanism, its kinetic and
thermodynamic driving forces, has yet to be fully understood.
This is one reason why new MOF topologies are often
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mechanism over multiple length and time scales will ultimately
enable the rational design of next-generation MOFs with
targeted designed topologies and properties.

MOF syntheses are often performed under hydrothermal
conditions, where solution-phase concentrations of reagent
precursors or cosolvents are manipulated to promote ligand
exchange and/or crystallization.”'® Recent experimental studies
have begun to unravel the role of the solution-phase conditions
through in situ measurements of the dissolution and
crystallization kinetics, either by X-ray absorption,'® dynamic
light scattering,' atomic force microscopy,” X-ray diffrac-
tion,”> NMR,** of small- and wide-angle X-ray scattering
(SAXS/WAXS).> In a recent study,” the synthesis of NH,-
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MIL-101(Al) and NH,-MIL-53(Al) was investigated using a
combined SAXS/WAXS approach, wherein it was observed that
a metastable NH,-MOF-235(Al) phase was formed. The
reactivity of this intermediate was found to be modulated by
the concentration of a cosolvent, dimethylformamide (DMF),
in water (H,0). Higher concentrations of DMF stabilized the
crystallization of NH,-MOF-235(Al) and led to an improved
material yield of the final product, NH,-MIL-101(Al), relative
to pure H,O. A follow-up study using in situ NMR and gas-
phase density functional theory (DFT) examined potential
reactions that cause transformation of the NH,-MOF-53(Al)
topology to NH,-MIL-101(Al).** That data indicated that
exchange of the coordinated DMF cosolvent with H,O may
stabilize the NH,-MIL-101 topology and that it may act as a
source of hydroxido ligands, required for transformation of
NH,-MOF-235(Al) to NH,-MIL-101(Al) via a bimolecular
reaction of DMF with AICl,”. Other recent studies have also
implicated cosolvent reactivity, specifically acetone, in the
reduction of Fe™ to Fe' in the formation of metastable MIL-
45(Fe) porous iron carboxylates, which similarly transform into
MIL-100(Fe).>

The role of cosolvents in MOF synthesis, whether it be as an
active reactant, or as a means for modulating the solubility of
growing MOF crystallites, will be significantly influenced by the
changing dielectric constant of the solution, in addition to
solvation organization and dynamics about the reactive species.
For example, solvent-exchange rates may ultimately play a
limiting role in the reaction kinetics in the same way that it is an
upper bound to the rate of metal-ligand complexation in
traditional solution phase inorganic syntheses. The solvation of
growing MOF intermediate phases (or clusters) is particularly
interesting, because the essential building blocks of the MOF
can contain both hydrophobic and hydrophilic units. It is thus
possible for complex solvation organization and dynamics to
emerge as H,0O and the cosolvent seek to maximize hydrogen
bonding while at the same time minimizing hydrophobic
interactions. Concurrently, the dielectric constant of the
solution will impact the overall solubility of MOF intermediates
and, potentially, the thermodynamics of the individual solvent-
and ligand-exchange reactions relevant to crystal growth and/or
dissolution.

The goal of the current work is 3-fold: (1) to examine
whether exchange of coordinating solvent molecules in binary
solutions can influence the metal—linker binding energy within
a MOF cluster that represents a stable intermediate found
during crystallization; (2) to investigate whether the changing
dielectric constant of binary solutions may impact solvent- and
ligand-exchange thermodynamics; (3) to better understand the
role of solvation upon reactivity of the cluster, particularly when
that cluster has both hydrophobic and hydrophilic regions, by
examining the organization and dynamics of unary and binary
solvents. A combination of DFT and classical molecular
dynamics (MD) has been employed, and a model system
that represents the metastable NH,-MOF-235(Al) phase
described above has been utilized because this system has
been well-characterized in terms of its reactivity and is
representative of other metastable intermediates found during
MOF synthesis. Ligand and solvent exchange, in addition to
solvation dynamics, has been investigated for the clusters
ALLO(BDC)4(DMEF),(H,0),,* (n=1-3; m = {n — 3}) in H,0
and DMF solvents, while AL O(BDC)4(DMF)," has been
studied in binary systems that include 1:1 mixtures of H,O with
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DMF, acetonitrile (CH3CN), methanol (MeOH), and
isopropyl alcohol [(CH,),CHOH].

B COMPUTATIONAL AND SIMULATION METHODS

DFT geometry optimizations, frequency, and polarizable continuum
model (PCM) calculations were performed using Gaussian-09
(G09),*® with Becke’s three-parameter hybrid exchange-correlation
density functional B3LYP*”*® and the cc-pVDZ basis set® on all

atoms. Following gas-phase optimization of Al;O-
(BDC)((DMF),(H,0),,* (n = 1-3; m = {n — 3}) and ALO-
(BDC)s(DMF),(H,0),,* (n = 1-5; m = {n — S}), normal-mode

analysis confirmed each cluster to be a local minimum on the potential
energy surface. The Cartesian coordinates of each optimized cluster
are presented in Tables S1—S10 in the Supporting Information (SI).
The importance of the basis-set supergosition error (BSSE), using the
counterpoise correction of Bernardi,®® was tested in the gas-phase
thermodynamic values for select reactions (Table S11 in the SI) and
was found to be 2—3 kcal/mol using the cc-pVDZ basis set. Thus,
non-BSSE-corrected values are reported. The gas-phase electronic
structure was examined using the localized orbital locator (LOL)
approach, as implemented in the Multiwfn code,®" while bond-order
calculations were performed using the definitions of Mayer®> and that
from natural bond order (NBO) analysis**** in G09. The solution-
phase thermodynamics were studied based upon single-point
calculations at the gas-phase-optimized geometries with the integral
equation variant of the PCM (IEFPCM)*® to determine solution-
phase free energies in pure H,O (dielectric constant, ¢, of 78.4) and
DMF (¢ = 37.2) solvents.

Classical MD simulations used DL POLY.>* Cubic simulation
boxes were constructed wherein the optimized DFT geometry of the
MOF cluster Al;O(BDC)4(DMF);* was immersed in solvent media
using Packmole.’ Here, a rigid cluster should be a good approximation
to the true cluster in solution because the low-energy vibrational
modes (<300 cm™) consist of low-amplitude librational modes of the
BDC™ and DMF groups and low-amplitude bends of the terminal
—NH, functionalities (see Table S12 in the SI). While these motions
may couple to the solvent dynamics, it is unlikely to be a large
perturbation to the solvent organization, which is the emphasis of this
study. The simulation of the cluster in pure H,O used 5100 H,O
molecules in a 53.3* A® box, while the simulation in pure DMF used
1000 solvent molecules in a 51.5% A% box, and the 1:1 H,O/DMF
mixture used 1000 H,O and 1000 DMF in a 54.7° A3 box. Other 1:1
binary solutions were studied, including simulation boxes with 3000
H,O and 3000 MeOH (64.8> A% box), 2000 H,0 and 2000 CH,CN
(61.7% A3 box), and 2000 H,O with 2000 (CH,),CHOH (67.5> A3
box). The AICl,~ counterion was not considered in this work because
it is unlikely to be strongly associated with the monocation not only
because of the low overall charge of the ions but also because of sterics
at the AL;O core and because the 1+ charge of ALO(BDC),(DMF);"
is not localized to a single site but rather delocalized across the Al;O™*
core and the coordinating and nearest-neighbor atoms of the BDC™
and DMF units. The nonbonded interactions were represented by a
sum of the Coulomb and Lennard-Jones terms as eq 1

a b qiq.ez ail,z 016
o ]

i 7 Tj 1y (1)
where E, is the interaction energy between centers a and b. The
Dreiding force field*® was used to describe the rigid NH,-MOF-235
cluster, which is capable of predicting the structures and dynamics of
organic, biological, and main-group inorganic molecules. The atomic
charges for the NH,-MOEF-235 cluster were obtained from Mulliken
analysis of the DFT orbitals. H,O was simulated using the SPC/E*”
model, and DMF was simulated using a modified OPLS-AA
model,**™* which represents the pure liquid experimental density
and heat of vaporization. The TraPPE-UA model was used to describe
CH,CN in the H,0/(CH;)CN solution* and the H,0/CH;OH and
H,0/(CH,),CHOH solutions.** Note that these different models
have fairly consistent O-atom charges within the solvent molecules,
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Figure 1. (a) Three-dimensional pore structure of NH,-MOF-23S. (b) B3LYP/cc-pVDZ-optimized ALO(BDC)4(DMF);" cluster. (c) Electrostatic
potential distribution of ALLO(BDC)s(DMEF);". The circle in part a represents the selected cluster model.

with the H,O O atom having a charge of 0.83—, alcoholic H atoms
having a charge of 0.7—, and DMF having an O-atom charge of 0.5—.
In contrast, the Mulliken-predicted charges for the BDC ligands in
ALO(BDC)4(DMF)," are somewhat smaller, 0.3— to 0.15— (Table
S13 in the SI). This may impact the hydrogen-bond formation
between the solvent and noncoordinated carboxylate groups of BDC™;
however, because of the presence of an intramolecular hydrogen bond
between these carboxylate groups and the ortho —NH, group, the
impact upon the qualitative features of solvation is likely negligible.
The standard Lorentz—Berthelot (L—B) mixing rule was applied for
the van der Waals (vdW) interaction of unlike particles. MD
simulations were performed in the isothermal—isobaric ensemble*>*¢
(NPT) at a temperature of 300 K and a pressure of 1.0 atm. The
Nosé—Hoover method*’™* was used for temperature control, and
periodic boundary conditions were used in all three directions.
Newton’s equation of motion was integrated using the velocity Verlet
algorithm®® with a time step of 1 fs. The cutoff distance for nonbonded
interaction was set as 12 A. For each MD simulation, a total 5.0 ns run
was conducted, where the first 3 ns was for equilibrium. Equilibrated
simulation variables are presented in Figures S1 and S2 in the
Supporting Information.

B RESULTS AND DISCUSSION

Validity and Characteristics of the NH,-MOF-235(Al)
Cluster Model. No reported crystal structure coordinates are
available, to our best knowledge, for the metastable NH,-MOEF-
235(Al) phase, and thus the cluster model employed had its
initial coordinates carved from the reported crystal structure
coordinates of NH,-MOF-235(Fe),>" with the replacement of
Fe" with AI"™. As shown in Figure la, this NH,-MOF-235
structure consists of y1;-O-bridged trigonal secondary building
units that are connected through linear NH,-1,4-BDC™ linkers,
creating a three-dimensional pore structure. Each Al atom in
the AL;O* core center has two additional unique types of Al—
O linkages: one is the bond to the O atoms of the carboxylate
BDC" ligands, and the other is the bond to the O atoms of
either solvating DMF or H,0. This structure should capture
the essential features of the growing NH,-MOF-235(Al) phase
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and allow for a study of the solvent-accessible surfaces, relative
hydrophobic and hydrophilic regions, and potential solvent-
and ligand-exchange thermodynamics in solution. Table 1 lists

Table 1. Selected Bond Lengths (A), Bond Angles (deg), and
Bond Orders for the NH,-MOF-235 Clusters
ALLO(BDC)((DMF)," and ALLO(BDC)(H,0),*, Where

O, is the O Atom in the ALLO”* Core®
bond order bond angle (deg)
atom pair  r4_o (A) Mayer NBO
A13O(BDC)6(DMF)3+
Al=0,. 1.86 069 037  Al-O.-Al 1200
Al=Oppe 1.94 060 033  Oppe—Al—Opgpe 87.4
Al=Opye 201 055 029  O..—Al-Opgpc 962
Oue—Al-Opyr 1792
ALO(BDC)4(H,0)s"
Al-O,,. 1.83 068 038  Al—O.—Al 1200
Al=Oppe 193 064 036  Oppe—Al-Opgpc 87.8
Al-O, 2.04 053 029  O..—~Al—Ogpc 97.1
0.,.—Al-0, 1784

“Ogpc; Opmp and O, are the coordinating O atoms of BDC™, DMEF,
and H,O, respectively.

selected bond distances and angles for the optimized clusters
ALLO(BDC)4(DME),* and Aly(BDC)4(H,0),", with Figure 1b
presenting the optimized cluster structure of Al;0-
(BDC)4(DMF),", in which the O-centered aluminum carbox-
ylate trimer is included in the cluster model. The Al;O”* plane
in the ALLO(COg) core has an Al—pu;-O—Al angle of ~120°,
which is very similar to the structure in MOF-235(Fe).>" While
the organic structural features are nearly identical with those of
MOF-235(Fe), the Al—Al separation is ~3.2 A, slightly lower
than the distance in MOF-235(Fe).>" 1t is interesting to note
that the bond distance between the Al atom and O atom of
DMF (Al-Opyg) has been elongated by about 0.6 A compared
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Al,O(BDC)s(DMF),*

Al;0(BDC)s(DMF),(H,0)*

Al;O(BDC)g(H,0);*

Al,O(BDC),(DMF),(H,0),*

Figure 2. Illustration of exchange reactions for DMF and H,O coordinating solvents.

with the bond length of Al-Ogp¢. This may suggest a decrease
in the bonding strength of Al—Opyg compared with that of
Al—Ogpc (vide infra).

NH,-MOF-235 Solvent Exchange and Ligand Dis-
placement Reactivity. It is generally believed that the
metal—linker bonds in MOFs are relatively weak.>” Extensive
research has shown that H,O molecules may easily penetrate
into the porous network and participate in ligand replacement
and/or hydrolysis. These observations may be due to changes
in the electronic structure of the reactive MOF with the solvent
because ligating solvent molecules may donate electrons to the
positively charged metal core building blocks, thereby
decreasing the electrostatic interaction between the metal and
anionic linker. To investigate the ability of a solvent to alter
MOF reactivity during the dissolution (or crystallization)
process, the thermodynamics of both solvent exchange and
linker dissociation have been examined with DMF and H,O
coordinating solvents.

Solvent-Exchange Reactions in Binary H,O/DMF Solu-
tions. DMF and H,O molecules are characterized by a very
different electronic structure; however, from an electrostatic
perspective at the coordinating O atom, they are quite similar.
The coordinating O atom of gas-phase DMF has a Mulliken
charge of 0.24—, while the O atom of H,O has a charge of
0.26— (see Tablse S13 and S14 in the SI). If the primary
interaction between the Al;O* core and a coordinating solvent
molecule is electrostatic (e.g, ion-induced dipole), then one
would expect solvent ligation by DMF and H,O to have similar
thermodynamic favorability. Solvent-exchange reactions for
DMF and H,O at the ALLO”* coordination site are illustrated
in Figure 2. Beginning with the cluster A;O(BDC)4(DMF);*,
it is observed that exchange of the first DMF for H,O is mildly
endergonic in the gas phase (Table 2) and in either H,O or

Table 2. Gas- and Solution-Phase Free Energies (AG,,,) in
kcal/mol for Reactions (1)—(3), Representing the Solvent-
Exchange Reaction for the NH,-MOF-235 Cluster

reaction gas-phase free energy in H,O in DMF
1 0.78 0.29 0.83
2 0.41 —0.89 —-0.76
3 -0.4S -1.38 -121

DMF solvents (represented by a bulk dielectric continuum).
These gas-phase values are consistent with prior MOGL*>>*
DFT calculations, wherein solvent exchange was examined
during the transformation of NH,-MIL-53(Al) to NH,-MIL-
101(Al).** They are also within the typical error of DFT
calculations (nominally S kcal/mol), and thus at elevated
temperatures, solvent exchange should be facile. To explore the
role of DFT within these data, single-point calculations at the
B3LYP-optimized geometry have been performed using the
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long-range and dispersion-corrected MOG6L functional.>>**
Although the MOG6L reaction energies for solvent exchange,
AE,,,, are nearly double those of B3LYP, they too are under §
kcal/mol, supporting facile solvent exchange (Table S11 in the
SI). As observed in Table 1, the replacement of all coordinating
DMF molecules with H,O does not significantly alter the
geometry of the MOF cluster studied. Further, the atomic
charges on the BDC™ and AL;O’* core are not significantly
perturbed upon solvent exchange (Tables S13 and S14 in the
SI), indicating that the NH,-MOF-235 cluster has a very similar
electronic structure irrespective of the coordinating DMF or
H,O at the Al positions.

ALLO(BDC),(DMF)," + H,0

— ALO(BDC),(DMF),(H,0)" + DMF (1)
AL,O(BDC),(DMEF), (H,0)"H,0

— ALO(BDC),(DMF)(H,0)," + DMF (2)
AL,O(BDC),(DMF)(H,0)," + H,0

— ALO(BDC),(H,0)," + DMF (3)

BDC Linker Replacement Reactions by Coordinating
Solvents. In prior work, the metastable NH,-MOF-235(Al)
phase was observed to form in binary H,O/DMF solutions,
presumably because DMF enhanced the solubility of the BDC™
linker.”* While this may be true, it is useful to examine how the
changing coordination environment of a growing NH,-MOF-
235 cluster may be influenced by the change in the solution-
phase concentrations of DMF and H,O. Because increased
DMEF concentrations do enhance the growth of NH,-MOF-
235(Al), we begin by examining the strength and electronic
nature of the Al;O-BDC electronic interaction when the metal
core is coordinated by DMF, as in ALO(BDC)s(DMF),",
which would be found at higher mole fractions of DMF in
solution. First, the linker replacement reactions were examined,
where either DMF or H,O solvent molecules may replace
BDC™:

ALO(BDC),(DMF),* + DMF

— ALO(BDC);(DMF),** + BDC~ (4)
ALO(BDC)(DMF)," + 2H,0
— ALO(BDC);(DMF),(H,0),”" + BDC™ (5)

The replacement reactions of BDC™ were then examined as the
number of coordinating DMF molecules was decreased and the
coordinating H,O was increased, as might be expected for
binary solutions with smaller mole fractions of DMF:
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Figure 3. LOL for the NH,-MOF-235 cluster ALO(BDC)s(DMF);". (a) Two-dimensional filled-color maps along the Al;0* plane. Regions with
values higher than 0.7 are denoted as white. (b) LOL along the Al-Oppc—Opye plane. (c) Two-dimensional isovalue LOL figure along the Al—

Ogpc—Opyr plane.

AL,O(BDC),(DMF),(H,0)" + 2H,0
— ALO(BDC),(DMF), (H,0),** + BDC~ (6)

ALO(BDC),(DMF)(H,0)," + 2H,0
— ALO(BDC);(DMF), (H,0),** + BDC~ (7)

ALO(BDC)4(H,0)," + 2H,0
— ALO(BDC),(H,0),** + BDC™ (8)

Replacement of BDC™ is highly unfavorable for reactions
(4)—(8), and the free energies are found to be insensitive to the
bulk dielectric constant of the solution. This is particularly
interesting because while DMF and H,O are miscible solvents,
DMF has a dramatically reduced dielectric constant of 37.2,
compared to the H,O value of 78.4 (as implemented in the
PCM of G09). The free energy for BDC™ replacement is
significantly larger than that for the coordinating solvent
exchange, indicating that the metal—linker interaction is quite
strong. Analysis of the Al-O bond order between the metal—
linker and metal—solvent was performed using both the Mayer
and NBO methods. As can be seen in Table 1, although the
Mayer bond orders are modestly larger than those from NBO,
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they both predict that the largest bond order is in Al—O,,
followed by the Al—Ogpc bond, and finally by the nearly
equivalent Al-Opyp and Al—O,,. These data are consistent
with the predicted bond lengths, which systematically increase
from ~1.8 to 2.0 A for AI-O_,,. < Al-Oppc < Al-Opyr ~ Al—
O,,. However, the magnitude of the bond order is <1 for both
methods, indicating a predominantly ionic interaction between
the Al and O atoms for BDC™, DMF, and H,O.

The nature of the Al-O interaction is further elucidated
using the LOL, proposed by Schmider and Becke,> which
provides electron localization information between two
bonding atoms. Figure 3a presents the two-dimensional
projection LOL for the Al;O™* core in the NH,-MOF-235
cluster. No obvious electron localization between Al—O,,.
bonds is observed, whereas there is significant electron
localization for the known covalent bonds (C—C, C—N, etc.).
The two-dimensional LOL for the Opyp—Al—Ogpc plane is
given in Figure 3b, where a similar electronic structure is
observed between the Al and coordinating O atoms of the
DMEF ligand or the BDC™ linker. This is in line with the basic
feature of ionic bonding for all Al-O interactions in the MOF
cluster. Figure 3c gives the relevant isovalue curve. From the
LOL result, only a very small distinction can be found between
the Al-Ogpc, Al—Opyr, and Al—O,, covalencies, in agreement

dx.doi.org/10.1021/ic5006659 | Inorg. Chem. 2014, 53, 8930—8940
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with the bond-order calculations (Table 1). Thus, the large
endothermic reaction energy for the linker dissociation
reactions is reflective of the enhanced electrostatic attraction
of the negatively charged BDC™ with the formally AI** atoms.**
It should be noted that the electrostatic interaction may change
as the MOF cluster grows because of delocalization of the
electron density, which is beyond the scope of the current work
but may be of interest in the study of postsynthetic
modification strategies.

In addition to the generally larger free energies of BDC™
replacement compared to solvent exchange, several other
interesting features emerge from the data presented in Table 3.

Table 3. Gas- and Solution-Phase Free Energies (AG,,,) in
kcal/mol for Reactions (4)—(8), Representing Linker
Replacement from the MOF Cluster

reaction gas-phase free energy in H,0 in DMF
4 148.01 28.61 29.99
S 144.13 20.88 20.35
6 151.74 22.75 21.96
7 153.60 20.28 19.11
8 160.38 20.79 19.36

Note that reaction (4) in solution is ~30 kcal/mol, while
reactions (5)—(8) are all ~20 kcal/mol. Thus, it is consistently
more favorable for BDC™ to be replaced by H,O than by DMF,
irrespective of the coordinating solvent or dielectric constant
representing the bulk solvent. Interestingly, the gas-phase AG,,
values do not follow this trend and instead become more
positive as more coordinating H,O molecules are present
[reactions (6)—(8)], indicating that the presence of coordinat-
ing H,O does not decrease the metal—linker binding energy
relative to when DMF is the coordinating solvent. Instead, the
decrease in AG,, in the solution phase is attributable to more
negative solvation free energies of the MOF cluster when
BDC™ is replaced by H,O. This is due to an increase in the
electrostatic contribution to the free energy in solution caused
by a larger charge buildup near the coordinating H,O, relative
to the bulkier hydrophobic BDC™ ligand. Although this

observation might be dismissed as an artifact of the PCM
approach, the organization of the solvent H,0O and DMF
molecules, as discussed below in the MD simulation data,
supports the overall hydrophobic nature of the
AL (BDC)4(DMF)," cluster, and thus a more negative free
energy of solvation would be anticipated as H,O replaces
BDC™ (vide infra). When this is looked at from a crystallization
perspective instead of a dissolution point of view, the net results
from reactions (4)—(8) indicate that the strong electrostatic
interaction between BDC™ and the Al;O7* core overcomes the
energetic penalty in the solvation free energy as the
hydrophobic BDC™ groups are added to the AL;O™* core
within the growing NH,-MOF-235 cluster/crystallite. This
highlights the importance of including solution-phase correc-
tions to gas-phase ab initio calculations, which have been
generally ignored in prior studies. The solution-phase
conditions, and the ability to tune the solvation free energy
by changing solvent systems, are thus anticipated to become
very important to the ability of the cluster to grow into a
metastable crystalline phase. This thermodynamic and elec-
tronic structure perspective on coordinating solvent exchange
and linker replacement agrees very well with the most recent
experimental studies***° of the transformation of NH,-MOF-
235(Al) into NH,-MIL-101(Al) and provides added insight
into the enhanced stabilization for the formation of NH,-MOF-
235(Al) in binary H,O/DMF solvents.

Dynamic Solvent Organization in Unary and Binary
Solutions. The AL, O(BDC)4(DMF),(H,0),," (n = 1-3; m =
“n — 3”) clusters are interesting solutes because they contain
both hydrophobic and hydrophilic regions. The relative
hydrophobicity/hydrophilicity is evident in the electrostatic
potential surface for the Al;O(BDC)((DMF);* cluster
presented Figure lc. Sites with more negative charges, near
the O atoms of the Al;O7* core and the O atoms from BDC~
and DMF, will have a higher likelihood of participating in
hydrogen bonding, while the weakly positive benzene rings of
the BDC™ linkers will have hydrophobic character.

The organization of H,0 about ALLO(BDC)4(DMF)," in a
pure H,O MD simulation box was first investigated through the

4 5
ra.8(A)

Figure 4. Representative solvent organization (within 12 A of O,,.) about AL;O(BDC),(DMF)," immersed in pure H,O. The solvation within the
BDC—AL;O—BDC cleft is inset along with key integrated RDFs between functional groups of A;O(BDC)4(DMF),;" and H,0 (O, and H,,

represent the O and H atoms of H,0, respectively).
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Figure 5. Representative solvent organization (within 12 A of O,.) about Al;O(BDC)(DMF),* in pure DMF. The solvation within the BDC—
ALLO-BDC cleft is inset along with key integrated RDFs between functional groups of A;O(BDC)s(DMF)," and DMF.
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Figure 6. (a) Representative solvent organization (within 18 A) about Al;O(BDC),(DMF);* in a 1:1 mixture of H,O/DMF. (b) RDFs between the
COM of the cluster and H,0 and DMF molecules, respectively. Contributions of (c) H,O and (d) DMF solvation.

radial distribution functions (RDFs) between the H and O
atoms of H,O, labeled H,, and O,, respectively, with the
different functional groups associated with the MOF cluster. In
general, the solvation shell about the MOF cluster is rather
hydrophobic, with the H atoms pointing toward all functional
groups and little hydrogen bonding between H,O and the
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cluster (Figures 4 and S3 and S4 in the SI). A single hydrogen
bond is observed between H,O and the noncoordinating
carbonyl groups of BDC™ (defined by an Ogp¢--H,, distance of
less than 3 A). Yet this hydrogen-bonding interaction is weak
and highly fluxional because it does not serve to organize those
H,0 molecules enough to cause a well-resolved peak in the
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of H,0/(CH,;)CN, (B) a 1:1 solution of H,0/MeOH, and (C) a 1:1 solution of (CH;),CHOH/H,0.

RDF. We note that the atomic charges on the terminal
carboxylate group (0.15— to 0.27—) are also significantly
smaller than the SPC/E charge in the H,O model (0.83—),
which may prevent significant hydrogen bonding between the
cluster and H,O. However, the —NH, group at the position
ortho to the BDC™ carbonyl participates in intramolecular
hydrogen bonding with this group, and while this hydrogen
bond occurs in the optimized gas-phase geometry of the MOF
and is fixed during the simulation, it is likely that within a fully
dynamic cluster the intramolecular bond is preferred over
potential intermolecular hydrogen bonds with the H,O solvent
because delocalization of the 7 electrons maintains a planar
geometry that facilitates the —NH,---OC interaction. In general,
there is a lack of interaction between the H,O solvent and the
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cluster, with the average closest distance between H,O and the
cluster being 4—S A. The angle associated with the BDC—
Al;O—BDC connectivity further prevents solvating H,O from
hydrogen bonding to either O, or any of the binding O atoms
associated with the DMF or BDC™ groups to the Al, although it
does appear that ~2 H,O molecules have a long-enough
residence time within the cleft of the BDC—Al;O—BDC region
to cause an average organization of those two H,0O molecules,
as indicated by the integrated O, -H,, RDF (Figure 4). This
lends kinetic feasibility to exchange reactions between

core

coordinating solvent molecules at the Al sites of the Al;O’*
core in addition to the thermodynamic feasibility described
above.
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Solvation of ALO(BDC)s(DMF)," immersed in neat DMF
was subsequently investigated. While DMF is miscible with
H,0, it may only accept a single hydrogen bond per molecule.
Solvation of the MOF cluster by DMF is characterized by many
points of hydrophobic contact between the DMF methyl
groups and the carbon skeleton of ALLO(BDC)s(DMF);*.
Although there are fewer solvating DMF molecules inside the
cleft of the BDC—AIl;O0—BDC regions, those existing molecules
have their —CHj groups oriented directly over the BDC™ rings
(Figure S). No hydrogen bonding is found between the
noncoordinated carbonyl or —COH groups of BDC™ and the
DMEF solvent.

The importance and favorability of the hydrophobic
interactions between DMF and Al;O(BDC)4(DMF);" is clearly
manifested within the solvent organization of a 1:1 solution of
H,0/DMF. As can be seen in Figure 6, DMF preferentially
solvates the MOF cluster. The RDF between the center of mass
(COM) of ALLO(BDC)4(DMF);* and the COM of solvating
DMF and H,0 molecules (Figure 6b) contains peaks at ~5.5
and ~6.5 A representing organized DMF solvation regions in
the BDC—ALO—BDC cleft and immediately surrounding
BDC™ and the coordinating DMF. In contrast, the RDF
between the MOF cluster and H,O indicates a slow but steady
rise in the concentration of solvating H,O with increased
distance. As shown in Figure 6¢, a small percentage of H,O
may, at any time, penetrate into the BDC—Al;O—BDC cleft;
however, the density of H,O and DMF solvent molecules does
not become equal until a distance of ~12 A from the COM of
ALLO(BDC)4(DMF),". We further evaluate the solvation
structure for the DMF/H,0O mixture at temperatures relevant
to hydrothermal synthesis, 370 K. Although the enhanced
temperature increases the diffusion coefficients of each solvent
(from 1.0 1.0 X 1077 to 2.9 X 10~° m?/s for H,O and from 0.74
X 107 to 2.5 X 107 m*/s for DMF), the preferential solvation
of DMF about the cluster is maintained.

The cause of preferential solvation can be understood in
terms of the distribution of interaction energy energies between
each type of solvent and the MOF cluster. In the neat liquids,
both solvents have a fairly weak electrostatic interaction with
the monocation MOF cluster (Figure 7). This is because the
excess charge is delocalized across the Al;O’™* core and
coordinating atoms in both the classical and quantum
mechanical descriptions. For both liquids, the dominant
contribution to the interaction energy derives from vdW
interactions, and as observed in Figure 7, pure DMF has ~50
kcal/mol more stabilization energy from vdW than H,O. This
is in line with the many points of contact that each DMF
molecule can have with the cluster relative to H,O. For
example, a DMF molecule that exists within the BDC—Al;0—
BDC cleft will have more net vdW contributions than a H,O
molecule at the same position.

The extent of preferential solvation for other solvent
mixtures that contain hydrophobic functional units was also
examined so as to confirm whether this is a general trend that
should be considered during MOF synthesis. 1:1 mixtures of
H,0 and CH;CN, (CH;),CHOH, and MeOH were examined.
While the overall preference for the cosolvent to form a distinct
solvation shell about the MOF cluster is maintained, distinct
trends in preferential solvation are observed (Figure 8).
Ranking the cosolvents based upon their observed ability to
exclude H,O from the MOF cluster yields CH;CN < DMF ~
MeOH < (CH;),CHOH. Note that this ranking does not
correlate well with either the molecular volume of the cosolvent
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or the previously reported partial molar volumes of aqueous
solutions at a mole fraction of 0.5.577%° Thus, the molecular
solvent—solvent and solvent—solute interactions appear to be
the fundamental origin of this behavior. The preferential
solvation is anticipated to impact the kinetic aspects of the
growth or transformative reactions of the MOF cluster because
it should stabilize the topology via its enhanced solute—solvent
vdW interactions. Further, these results are likely applicable to
the NH,-MIL-100(Al) intermediate cluster, which has a
coordinated OH™ at one of the Al sites in the Al;O* core,
because the predominant solute—solvent interactions occur on
the exterior of the cluster where vdW interactions will be
essentially unchanged by the presence of a coordinated OH™ in
the center of the cluster.

B CONCLUSIONS

A combination of DFT-based cluster calculations and MD
simulations has been used to explore key features believed to be
important to crystallization of a model MOF crystallite/cluster
based upon the metastable phase NH,-MOF-235(Al). These
clusters are of the form Al;O(BDC)4(DMF),(H,0), (n=1—
3 m {n — 3}). The thermodynamic favorability of
coordinated solvent- and ligand-exchange reactions has been
studied with the aim of understanding whether or not the
coordinated solvent influences the metal—linker binding energy
and the sensitivity to the dielectric constant of the solvent
medium. The ionic bonding interaction of ALO”* with BDC™
(characterized by LOL and bond-order analyses) is found to be
much stronger than that with coordinated solvent (H,O or
DMEF) and is independent of which solvent is bound to AL,O™*
and also the dielectric constant of the solvent medium. The
exchange reactions of coordinated solvent molecules are found
to be facile at room temperature, and the solvent organization
observed in the MD studies indicates that solvent exchange is
kinetically allowed because of the ability of both solvents to
migrate into the cleft created by the BDC—AL;O—BDC
coordination angle. This supports the kinetic viability of
DMEF-promoted reactions that may transform NH,-MOF-
235(Al) into NH,-MIL-101(Al). Because BDC™ binds to the
ALLO™" core, the solvation free energy (G,,,) of the cluster is
observed to become less favorable. Within the context of the
PCM approach for determining G, this arises from a decrease
in the stabilizing electrostatic contributions caused by the
essentially hydrophobic BDC™ ligand. Thus, as the crystal
grows, there is a balance between the energy gained by ligand
binding and an increasingly unfavorable free energy of
solvation. Ultimately, unfavorable solvation energies will inhibit
the formation of quantifiable MOF crystals unless solution-
phase conditions can be used to maintain thermodynamically
favorable solute—solvent interactions.

The relative hydrophobicity of the ALO(BDC)s(DMF);*
cluster is manifested in preferential solvation within binary
solutions containing H,O with either DMF, MeOH, CH;CN,
or (CH;),CHOH. Here the relatively hydrophobic cosolvent
has a more favorable solute—solvent interaction, leading to the
formation of a separate solvation layer near the MOF cluster,
with H,O excluded to far distances from the cluster. The
preferential solvation is maintained even at high temperatures
analogous to those used in the hydrothermal synthesis of
MOFs. While all cosolvents exhibit this preferential solvation,
trends do exist. Ranking the cosolvents based upon their
observed ability to exclude H,O from the MOF cluster yields
CH,CN < DMF ~ MeOH < (CH;),CHOH. These
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observations are anticipated to impact the intermediate and
final phases observed in MOF synthesis by creating favorable
solvation environments for specific MOF topologies. The
preferential solvation will presumably act to stabilize the
growing cluster and keep it from precipitation longer than if
neat H,O is used because of the enhanced vdW interactions
that the relatively hydrophobic cosolvent has with the cluster
relative to H,O. This report suggests that, in addition to any
role that DMF may have in the reactive transformation of NH,-
MOF-235(Al) to NH,-MOF-101(Al), the cosolvent plays a
vital role in stabilizing the metastable NH,-MOF-235(Al) phase
early in the synthesis.
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